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Ibotenic acid-induced calcium deposits in rat substantia nigra

Ultrastructure of their time-dependent formation*

Cordula Nitsch and Alessandra L. Scotti

Section of Neuroanatomy, Institute of Anatomy, University of Basel, Pestalozzistrasse 20, CH-4056 Basel, Switzerland

Received May 11, 1992/Revised, accepted June 30, 1992

Summary. The excitotoxin ibotenic acid (IBO) induces
local calcium deposits upon injection into rat substantia
nigra. Their formation has been investigated at the
ultrastructural level in a time course study from 2 days to
8 weeks survival. Potassium bichromate stain was used
to visualize pathological calcium accumulation. Two
days after IBO application, reaction product for calcium
was observed in mitochondria of degenerating perikarya
and dendrites, but not in axons, boutons or glia. Four
days after the lesion, calcium stain was found, in
addition, in a seemingly free form in a few dendrites,
especially those still contacted by intact boutons and not
sequestrated by invading glia. Two days later, most of
these calcium-accumulating dendrites were separated by
astroglia from their synaptic partners. At the border
between glia and dendrite a fibrillar matrix was formed
which further accumulated calcium. During the follow-
ing weeks this matrix enlarged stepwise and was infil-
trated with calcium, thus giving a picture resembling the
annual growth rings of trees. The evolving bodies
incorporated smaller deposits in their vicinity, finally
representing the large concretions seen at the light
microscopic level from the 4th postoperative week
onward. Similarities and dissimilarities of these obser-
vations with the results from other ultrastructural stud-
ies on excitotoxin lesions are detailed. It is suggested
that the different outfit of neuronal subpopulations and
of glia with ligand-gated and metabotropic glutamate
receptors in the single brain region, as well as the local
response repertoire of glial cells towards the excitotoxic
injury with the subsequent formation of a calcium-
accumulating matrix provide the molecular basis for the
formation of calcium deposits.
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Ibotenic acid (IBO), a conformationally restricted ana-
log of the excitatory amino acid glutamate, is widely
used to place locally circumscript axon-sparing brain
lesions. The neurotoxic potential of IBO as well as of the
previously identified kainic acid (KA) [7] is due to the
affinity of these substances to the glutamate receptor.
IBO is preferred to KA in lesion studies as it does not
produce distant brain damage [18, 41]. The different
effects are most probably caused by the different
properties of the glutamate receptor subtypes to which
these substances bind. IBO has an affinity for the
N-methyl-D-aspartate (NMDA) type of receptor
[23, 51] which gates a ligand-operated Ca?* channel
[22]. The Ca?* influx generated upo IBO binding is
thought to play a pivotal role in the cascade leading to
nerve cell death [19]. The IBO-induced neuronal degen-
eration, thus, imitates the events considered to be
responsible for nerve cell death inischemia, epilepsy and
possibly other neurodegenerative disorders [38].

In the course of our investigations on the long-term
effects of different lesions in the striato-nigro-thalamic
loop [30] we applied IBO to rat substantia nigra (SN)
pars reticulata. Upon routine histological control of the
lesion site 4 months after treatment, in the former SN
basophilic concentric bodies were found which reached a
diameter of up to 50 pm. They resembled calcium
concretions, which was, in fact, verified histochemically
[28, 29]. Subsequent studies revealed that the calcium
deposits were specific to the SN, and that they could not
be elicited in the caudate-putamen (CP) complex in the
same form or frequency. The development of the
deposits was time dependent and partially concentration
dependent [28].

The ultrastructural appearance of the mature concre-
tions has been shown in a preliminary communication
[29]. In the present study it was our aim to elucidate in
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which tissue element(s) — neuronal or glial — the calcium
accumulation originated and to investigate the process
by which the deposits developed into the large masses
visible in the light microscope.

Material and methods

Male Wistar rats (n = 11) 280-310 g in weight were used. Under
chloralhydrate (0.4 g/lkg i.p.) or pentobarbital (0.06 g/kg i.p.)
anesthesia, they were fixed in a stereotaxic apparatus. IBO (Sigma,
14 ug in 0.7 pi buffered saline) was injected with a Hamilton
microsyringe at the coordinates AP + 2.8 mm, L2mm and
V 2 mm below ear zero plane according to the atlas of Pellegrino
et al. [35]. Injection time was 10 min, and further 10 min elapsed
before the needle was withdrawn and the wound closed. After the
effects of anesthesia had subsided, the rats showed a marked
tendency to rotate to the side contralateral to the injection [30]; a
behavior which correlates which the exact localization of the
excitotoxin injection.

After the survival times of 2 days (n = 2), 4days (n = 1),
6 days (n =2), 14 days (n=1), 4 weeks (n =2) and 8 weeks
(n = 3), rats were reanesthetized and perfused transcardially with
4% paraformaldehyde and 0.2 % glutaraldehyde in 0.1 M phos-
phate buffer, pH 7.4. The dissected brains were immersed in
fixative overnight, and serial sagittal sections, 50 um thick, were cut
with a vibratome.

Alternating sections of the midbrain were further processed
for:

1. Histological control of needle position and extent of nerve cell
loss: mounting on slides, defatting, staining with 2 % cresyl violet,
dehydration, coverslipping with Eukitt

2. Light microscopic verification of calcium accumulation: mount-
ing on slides, staining with Alizarin red (1% in 0.028 % NH,OH,
pH 6.4) for 2 to 4 min and differentiation in acidified 96 % ethanol
[39], dehydration, coverslipping with Eukitt

3. Routine electron microscopy to study effect of lesion: postfix-
ation in 0.1 % OsO4 in 0.9 % NaCl for 1 h, blockstaining in 2 %
uranyl acetate in 70 % ethanol for 1h, dehydration in graded
ethanol and propylenoxide, flat-embedding in Epon

4. Visualization of calcium accumulation at the ultrastructural
level according to the method of Probst [37]: postfixation
and staining in 1 % OsOy4and 2.5 % K,Cr,O; for 1 h, continued as
under 3

5. Control of the specificity of the potassium bichromate stain:
pretreatment with 10 mM EGTA overnight, continued as
under 4.

Light microscopy analysis was carried out with a Zeiss Axio-
phot. For the ultrastructural studies, ultrathin sections were
obtained from the first 5 pm of the embedded vibratome slices.
They were treated with lead citrate and viewed at in a Zeiss 10
electron microscope.

Results
Light microscopic observations

During the short survival periods of up to 14 days, the
histological aspect of the IBO-induced lesion in the SN
did not differ from that described in the literature (e.g.,
[40, 49]). A small globular necrotic center, where the
needle tip had been positioned and in which all tissue
elements were destroyed, was surrounded by a large
zone of nerve cell loss. With optimal positioning of the
injection in the center of the SN, the major part of this
nucleus was destroyed from AP +4.4to +2.8, and L: 1.4

to 2.9 according to the atlas of Paxinos and Watson [34]
(see Fig. la, c, €). Damage to neighboring nuclei was
minimal. Neuronal perikarya of both the SN pars
compacta and the SN pars reticulata (Fig. 2a) were
equally affected. Neurons were not detectable with the
cresyl stain in animals with survival times of longer than
2 days. Gliosis became prominent 4 days after induction
of the lesion (Fig. 1a) and was maximal 6 days post
lesion (Figs. 1c, 2b).

After 4 weeks, apparently in a random distribution,
basophilic calcium deposits were found across the whole
extent of the neuron-depleted SN (Figs. le, 2¢), with
the exception of the immediate vicinity of the needle tip
[29]. They varied in size between 5 and 25 um. The
number and size of calcium concretions increased over
the following weeks (Fig. 2g), while gliosis subsided.

With an improved Alizarin red stain, as compared to
our previous reports, we were now able to observe the
first indication for calcium accumulation in the lesioned
SN 4 days after IBO application (Figs. 1b, 2¢). It was
seen in the form of an amorphous to dust-like stain
which in rare cases seemed to be concentrated in a few
cells which could still be recognized as neurons. They
were located at the outer perimeter of the SN. Six days
after IBO application the Alizarin stain was found over
the whole of the SN with the exception of the injection
center (Fig. 1d). Occasionally the impression arose that
the single dust-like particles concentrated to larger
deposits (Fig. 2d). During the following weeks the
grains further accumulated around the enlarging concre-
tions, filling the whole extent of the SN, while leaving
Alizarin-free areas in between (Figs. 1f, 2f). Eight
weeks after IBO injection the mature calcium concre-
tions had developed with their onion-shaped layered
structure (Fig. 2h). These typical calcific bodies were
mostly of ovoid to round shape, but occasionally were
multilobulated and appeared to expand similar to a
growing cauliflower.

Electron microscopic observations

Injection of the excitotoxin IBO elicited in the SN
basically the same characteristic features of axon-
sparing nerve cell degeneration, at least for the early
survival periods up to 4 to 6 days, as described for
comparable excitotoxic lesions. Perikarya of degenet-
ated neurons could be recognized as such up to 4 days
survival. Degeneration was characterized by clumping of
chromatin and disintegration with later loss of nuclear
envelope (Fig. 3a). Cytoplasm was mostly condensed,
but could contain irregularly shaped vacuoles. Rough
endoplasmic reticulum (RER) as well as the Golgi
apparatus were not detectable. Accumulations of mito-
chondria with partially disturbed matrix were prominent
and dense bodies were present. The perikarya were
surrounded and invaginated by astroglia (Fig. 3a).
Dendrites exhibited basically the same features
of degeneration:  condensation of dendroplasm
(Fig. 3b, ¢), and accumulation of often enlarged mito-



Fig. 1. Sagittal sections through rat substantia nigra (SN) after
ibotenic acid (IBO) injection, stained for cresyl violet (a,c,e) or
Alizarin red (b,d,f). a,b Four days survival. Neuronal cell loss in
whole extent of SN is accompanied by a homogenous to fine-
grained Alizarin stain, confined to the SN area. c¢,d Six days
survival. Massive astrogliosis in lesioned SN is paralleled by an

chondria (Figs. 3c, 4). The surfaces of the dendrites
were covered by intact boutons (Figs. 3b, c; 4a),
although an occasional local bouton, probably of intrin-
sic origin, was also seen to degenerate (Figs. 3c, 4a, Se).
A quite characteristic feature was the invagination by
astroglial processes into the larger dendrites and their
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intense Alizarin red stain which starts to concentrate to small
bodies in the anterior-basal parts of SN. e,f Four weeks survival.
Prominent calcium deposits occupy whole extent of SN and can
now be depicted as basophilic bodies in the cresyl stain.
Bar = 1 mm applies for all micrographs

subsequent sequestration (Fig. 4a, ¢). In rare cases,
microglia served the same purpose (Fig. 4b).

The potassium bichromate stain as applied by us did
not stain the tissue of control rats or tissue outside the
lesioned field of the SN (not shown). Thus, with this
technique, physiological Ca2* concentrations would not






be detected, rather only pathological accumulations of
Ca?" would be visualized.

Two days after IBO application single mitochondria
with the electron-dense reaction product of potassium
bichromate were found in degenerating neurons
(Fig. 3a) and dendrites (Figs. 3c, 4a). It should, howev-
er, be noted that by far not all of the degenerating
neuronal elements exhibited organelles with an
increased Ca®" signal. In particular, they were not found
in degenerating boutons (Figs. 3c, 4a).

Four days after IBO injection, the number of Ca?*-
containing organelles, mostly identified as mitochondria
in dendrites and neuronal somata, was greatly increased
(Fig. 4). In addition, single, small dendrites exhibited
electron-dense reaction product free in their cytoplasm,
i.e. not associated with organelles (Fig. 5a).

Six days after IBO-mediated nerve cell death numer-
ous small dendrites (Fig. 5b) as well as larger ones
(Fig. 6) exhibited an increased Ca?* content both in
their mitochondria and free in the dendroplasm. In
some cases the fine needles of the reaction product were
situated in a floccular to fibrillar matrix (dD; in Fig. 6).
Similar bodies with floccular matrix and Ca’* stain
(often with a mitochondrion in the center) were found
completely engulfed by astroglia and separated from
vacated boutons (Fig. 5d). In one case, an EGTA-
treated section, such a body, now without Ca?* stain, was
found which still possessed a synaptic contact with a
bouton (Fig. 5c). In the direct vicinity of the Ca®*-
accumulating dendritic remnants, degenerating den-
drites and boutons were present without any patholog-
ical Ca?* signal (Fig. Se). Increased Ca’* was never
found in traversing myelinated or unmyelianted axons,
nor in astroglia or microglia.

By 2-8 weeks after IBO application the picture had
completely changed. Characteristic degenerating ele-
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ments were no longer observed. Bundles of traversing
axons were in good shape but intact boutons were rare.
Instead, large conglomerates surrounded by astroglia
and/or microglia were seen (Figs. 7-9). In the center of
these bodies, remnants of neuronal material were found:
mitochondria, membrane whorls, dense bodies, lyso-
some-like material, and occasionally also neuronal
nuclei with parts of their perikaryon as exemplified in
Fig. 9a for 8 weeks survival.

The Ca?' stain of the neuronal debris itself was
moderate, but it was surrounded by a rim of intense
electron-dense material. This was especially evident in
the case of the frequent vacuoles (Figs. 7a, 8b). Exter-
nal to the debris floccular to fibrillar material was found
which contained a moderate uneven density of Ca’*
precipitate. Both the fibrillar matrix and the Ca’*
deposition seemed to develop stepwise. After 2 weeks,
1 to 3 rings were seen (Fig. 7a). During the following
weeks, more material was added: at 4 weeks survival 8
(Fig. 8a) to 15 rings could be counted. This alternation of
layers of low and high electron density resembled the
annual growth rings of trees. In cases where the outer
perimeter of the concretions was sectioned a nearly
evenly dense Ca’* precipitate was seen over the whole
structure (Fig. 9b, c). In most cross-sectioned cases,
however, the staining was most intense on the outer
surface (Fig. 9a). Pretreatment of the sections with
EGTA which preferentially removes free Ca?* [47, 50]
resulted in a nearly complete loss of the fine electron-
dense neddle-shaped material in the vacuoles (Fig. 8c)
and the growth rings (Fig. 9d) of the deposits.

In addition to fibrillar materials which was contin-
uously added, together with calcium, in a concentric way
to the bodies, the bodies also appeared to participate in
the growth, as shown by the formation of coral-shaped
protrusions (Fig. 8b, c¢). These protrusions often ex-

Fig. 2a-h. Histological analysis of SN various times after IBO
lesion. a SN contralateral to the lesioned side shows in cresyl stain
the characteristic densely packed neuroms of pars compacta
contrasting with the dispersed nerve cells of the pars reticulata.
Note also normal density of glial cells and compare with b. b SN
6 days after IBO injection in cresyl stain. Neurons of pars compacta
and pars reticulata have disappeared, gliosis is massive. ¢ Four days
after IBO application. Alizarin red stains the lesioned area
relatively homogenously. Single grains of higher intensity can be
recognized. In addition, single cells exhibit stain in their cytoplasm.
d Six days after IBO application. Alizarin red stain increased in
intensity. Accumulation of single grains to larger deposits can be

observed. e Four weeks after IBO injection, basophilic deposits are
clearly visible in cresyl stain. Probably due to the fusion of
neighboring particles some of them have a multilobulated cauli-
flower-like shape. f Parallel section to e, stained with Alizarin red.
Next to the large calcium deposits smaller grains are situated which
are not yet incorporated in the concretions. g Eight weeks after
IBO injection the basophilic bodies have obtained their mature
appearance: round to ovoid, multilayered, occasionally multilobu-
lated. Astrogliosis has subsided. h Parallel section to g, stained
with Alizarin red. Smaller grains have disappeared, probably by
incorporation in the large concretions. Bar = 100 um applies for all
micrographs

Fig. 3a—c. SN, 2days after local IBO injection, treated with
potassium bichromate. a Degenerating neuronal perikaryon (dN)
with condensed chromatin, disintegrated nuclear envelope,
vacuoles, dense bodies and accumulation of partially damaged
mitochondria. A few of the mitochondria exhibit Ca?* reaction
product (white asterisk). The neuron is engulfed by reactive
astroglia (Ag). b A degenerating dendrite (dD), contacted by
morphologically intact boutons (B), is surrounded by astroglia
(Ag). Microglial processes (Mg) invade the field. ¢ besides

degenerated masses (d) completely engulfed by astroglia (Ag),
whose previous identity cannot be discerned, two degenerated
dendrites (dD), contacted by intact boutons (B) are present. The
central dD contains an organelle completely filled with potassium
bichromate reaction product (white asterisk). A few degenerating
boutons, identified by their synaptic contacts (arrowhead), do not
contain Ca?* in visible quantities. Note also that mitochondria of
intact boutons, traversing axons and microglia are free of reaction
product. Bars a—¢ =1 um



Fig. 3a—c.



Fig. 4a—c. (for legend see next page)
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hibited a matrix-free center with a high density of Ca?*
reaction product. Thus, they resembled the vacuoles in
the mature concretions. It is, therefore, possible that
these profrusions are not so much metastases of a large
primary deposit, but rather that growing deposits incor-
porate smaller degenerated Ca?*-containing materials
(e.g., Fig. 8b).

Local IBO application also caused peculiar vascular
reactions, not previously described to our knowledge
after excitotoxgin lesions. They consisted of shrinkage of
the capillary endothelium, resulting in vessel luminal
diameter much smailer than 7 um (Fig. 7¢), of bizarre
networks of basal laminae which penetrated between
astroglial and microglial cells towards the neuropil
(Fig. 7c), and of perivascular glia which exhibited large
interconnected cavities filled with a floccular matrix
(Fig. 7d). The outer membrane of these cavities was
covered by electron-dense granular material which could
potentially represent ribosomes, suggesting that these
structures represent swollen RER.

Discussion

In the present study we tried to elucidate the formation
of calcium deposits in IBO-lesioned SN observed pre-
viously at the light microscopical level 4 weeks after the
excitotoxin lesion. For this endeavor we started our
investigation with short survival times to determine
possible early differences in the exitotoxin-induced
degeneration in the SN as compared to the results of
other investigators. However, routine light and electron
microscopy showed no obvious differences: within
2 days of IBO application neuronal perikarya were
either undetectable or showed sign of degeneration in
the cresyl stain, as demonstrated by Schwarcz et al. [40]
and Tanaka et al. [49] in the SN, and by Kohler and
Schwarcz [18] in other brain areas. At the ultrastructural
level this was paralleled by the presence of dark

Fig. 4a—c. Degenerating dendrites 2 and 4 days after IBO appli-
cation in SN. Potassium bichromate stain. a Intact presynaptic
boutons (B) demarcate the contours of a degenerating dendrite
(dD) which has been invaginated by astroglial processes (Ag), as
suggested by the presence of glycogen. A small dendrite in the
upper right corner, contacted by two intact boutons (B) and a
degenerated one is extremely shrunken. It contains two mem-
brane-covered bodies filled with precipitate (white asterisk). b
Only the left perimeter of a former large dendrite (dD) can be
recognized due to the presence of synaptic contacts with intact
boutons (B). From the left microglia (Mg) has invaded the
neuronal structure. Some of the disintegrated dendritic mitochon-
dria exhibit potassium bichromate stain. Ag, Astroglia. ¢ The
previous outline of a dendrite can be recognized by the position of
the intact synaptic contacts which are in most parts covered with a
thin rim of condensed dendroplasm and a larger accumulation of
mitochondria (dD). Astroglia lamellae (Ag) characterized by glial
filaments and glycogen have invaded the former dendrite and form
there a gap junction (opposing arrows). Bars a—¢ = 1 ym

degenerating neuronal perikarya and dendrites and
dissolution of cytoplasmic organelles, together with
well-preserved axons and axon terminals. Similar ultra-
structural studies have not yet been carried out in the
SN, but observations in IBO-injected CP [43], in
KA-injected CP [8, 12], and in KA- or NMDA -infused
spinal cord [13, 26] provide results identical to ours, as
do the investigations in the hippocampus after systemic
KA [44, 47] or domoic acid [46]. A possible difference
concerns the glial reaction, in particular the massive
infiltration and sequestration of perikarya and dendrites
in the presence of still intact surface plasmalemma
covered with preserved boutons. However, astroglial
reaction of similar distribution and intensity has been
described, among other things, during retrograde
degeneration in the thalamus [4], in the deafferented
vestibular nucleus [17] and, particularly well illustrated
after 3-acetylpyridine intoxication in the inferior olive
[3]. Thus, the astroglial reaction observed by us is surely
not unique for the toxin, IBO, or for the brain area, SN,
although a certain region-specific variability in the
response to an injury [4] cannot and should not be
excluded.

Massive swelling of perivascular glia has been demon-
strated by Lassmann et al. [20] in the hippocampus and
entorhinal cortex 3h to 2 days after systemic KA
injection, which occasionally resulted in collapsed capil-
laries with only a slit-like lumen. Our ultrastructural
observations show that capillaries with reduced luminal
diameter may persist in an excitotoxically lesioned area
for more than 2 weeks. In addition, perivascular glia
themselves are altered, as evidenced by the massive
swelling of RER. Together, these changes seem to affect
the extracellular matrix in that the basement membranes
lose their defined orientation. These vascular changes
could represent endothelial proliferation. According to
the older neuropathology literature vascular sprouts are
found at the border of ischemic necrotic infarcts [45].

Visualization of Ca’* accumulation after systemic
KA has been mostly carried out under the viewpoint of
epileptic brain damage and, thus, has been restricted to
the first few hours after injection [10, 47, 48]. In these
studies, the oxalate-pyroantimonate technique was used
in such a sensitivity that the localization of Ca?* in the
control preparations was also revealed. A seizure-
induced accumulation of Ca?* above control level was
mainly found in mitochondria of neuronal perikarya and
dendrites and occasionally not associated with a partic-
ular organelle in dendrites [10, 47, 48]. However, cau-
tion should be taken when comparing seizure-induced
Ca?* accumulation with degeneration-induced calcium
deposits. The former process is reversible for cells
surviving the insult {10, 11], only degenerating neurons
retain Ca?* in perikaryal vacuoles [11], thus imitating
the situation after transient ischemia [42].

Interestingly, a quantitative analysis of changes in
Ca’* content after KA-induced seizures showed con-
tinuous increases over the 2- to 4-h value towards the
highest concentrations at 7 days [48]. This observation
was not paralled by morphological analysis. It would be
important to know whether also in this model, the Ca2*



Fig. 5. IBO induced changes of peripheral dendrites in SN 4 days
(a) and 6 days (b—e) after application of the toxin. Potassium
bichromate stain. a Vibratome section treated with potassium
bichromate exhibits electron-dense precipitate in the dendroplasm
(D) and in the mitochondrion. The plasmalemma of the dendrite is
preserved, contacted by intact boutons. Astroglial sheets con-
nected by gap junction (opposing arrows) only cover the complex in
the periphery of the boutons. b Comparable dendrite processed as
in a shows 2 days later an increased accumulation of dense
precipitate. The plasmalemma is irregular but still contacted by
intact boutons. ¢ Vibratome section pretreated with the Ca?*-
chelator EGTA. An object, comparable in size and appearance to
that shown in d, but lacking the elctron-dense precipitate, is nearly
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completely engulfed by astroglia (Ag). Only a small contact zone
with a bouton (B) is preserved, suggesting that this structure has
been a dendrite. d A roundish object with a mitochondria-like
structure in the center exhibits some electron-dense reaction
product in a floccular matrix (white asterisk). It is completely
engulfed by astroglial extensions (Ag) which are joined by gap
junctions (opposing arrows). The astroglia separates the particle
from bundles of unmyelinated axons and from an isolated bouton
(B). e In the direct neighborhood of d a degenerating dendrite
(dD) is found without any Ca?* precipitate. It is contacted by an
intact bouton (B) and a degenerating one (dB), as evidenced by the
dark synaptoplasm and the aggregation of enlarged mitochondria.
Bars a~e = 1 ym
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Fig. 6. SN 6 days after local IBO application. Potassium bichro-
mate stain. In a large dendrite (dDj), still discernible by the
plasmalemma intensified by synaptic contact zones with an intact
(B) and a degenerating bouton (dB), an electron-dense precipitate
is found in the remnant of the mitochondrion (white asterisk) and
accumulated in its vicinity. The remainder of the dendrite is filled by

condensed, floccular material. A smaller electron-lucent dendrite
(dD;) which is in synaptic contact with a degenerating bouton
(arrowhead) contains the Ca?* stain free in the cytoplasm as well as
concentrated in a rounded organelle (asterisk). A third Ca?*
aggregation (dD;3) is completely engulfed by astroglia (Ag).
Bar =1um

—

Fig. 7Ta—d. SN 2 weeks after local IBO application. Potassium
bichromate stain. a Neuronal cellular debris, which occasionally
can be identified as mitochondria and vacuoles with Ca?* stain at
the membrane, is embedded in a floccular matrix. The layered,
onion-shaped structure of the deposits, resembling the growth
rings of trees, can be recognized. Ca?* stain is most intense at the
border zones to the next layer. b Vibratome section pretreated with
EGTA. A large amorphous deposit containing mitochondria,
dense bodies and membrane whorls possesses at its surface fibrillar
to floccular material, possibly one of the focuses for Ca?+*
accumulation. It is surrounded by macrophages (Mg). ¢ The thick

endothelium of a capillary with enlarged nucleus leaves only a
narrow lumen of 3-um diameter. The endothelium is covered by a
complex net of basal lamina (arrows). They are in turn only
partially covered with astroglia (Ag); microglia (Mg) also border
the basal lamina of the vessel. d A large diameter capillary is
engulfed nearly in its whole circumference by an astrocyte (4g),
which exhibits interconnected compartments, the membranes
towards the cytoplasm covered with a dense precipitate. d,
Degencrated dense masses covered with microglia. Bars
a—d = 1 um
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accumulation is most prominent between days 4 and 6
and whether this is associated with organelles or in a
seemingly free form in the dendroplasm (see Fig. 6).
Whether the excessive Ca?* accumulation is now the
signal for the astroglia to engulf the dendrite and to
separate it from its remaining boutons (compare
Fig. 5b, c and d) is still a matter of speculation.

In any case, the present ultrastructural findings
strongly suggest that at the border of the primary
accumulation of seemingly free calcium and the sur-
rounding glia, a fibrillar matrix is formed which is able to
further accumulate calcium. From studies of calcifica-
tion processes, be it on the basis of necrotic tissue
damage or the age-related formation of concretions in
the pineal gland, it is generally accepted that the matrix
consists of acid mucopolysaccharides complexed to a
protein [1, 5, 14, 16]. The source for these matrix com-
ponents is still completely open for speculation. Based
on studies from cerebral artherosclerosis it has generally
been taken for granted that the initial process starts in
blood vessels which deposit acid mucopolysaccharides in
the outer layer of the vessels and in perivascular tissue
[1, 27]. Also, macrophages activated by inflammation or
by release of free radicals during neuronal degeneration
can produce a mucopolysaccharide matrix [5, 21]. In
fact, calcification in basal ganglia is found in autoim-
mune diseases [31] and inflammatory conditions of the
brain [25]. Extracellular matrix proteins could provide
the glycoproteins postulated to be a component of the
fibrillar matrix of the calcium concretions [33]. The
continuously enlarging concretions are then obviously
able to incorporate smaller deposits, thereby forming
bodies of considerable size. Thus, the crucial event for
the generation of microscopically detectable growing
concretions seems to be the ever-enlarging formation of
a matrix which allows the deposition of calcium. Surely,
in a next step the constituents of this matrix must be
analyzed.

How is it possible that this IBO-induced calcification
has not been observed beforehand? One reason might
be that prominent deposits are found at the ultrastruc-
tural level only after 2 weeks, and at the histological
level in routine stain only after 4 to 8 weeks. IBO
injections in the SN with longer survival periods have not

-~
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yet been carried out. Injections with KA in the SN with
survivals of 3 months did not show any histological
pecularity [36], and the same was the case with IBO
injection in the CP with survivals of 60 days [43],
4 months [32] and 6 months [15]. Our own investigation
on Ca’* accumulation visualized with Alizarin red stain
in IBO-injected CP also showed that, although calcium
signal increases in a few cases, formation of deposits
does not occur [28]. From this it can tentatively be
concluded that both the nature of the toxin as well as
structural and metabolic pecularities of the brain region
determine whether or not calcification will take
place.

The toxin, IBO, was for a long time considered as a
relatively specific agonist of the NMDA type of the
glutamate receptor which gates a Ca2* channel [9, 51].
Recent evidence, however, indicates that IBO is in
addition a powerful agonist at the metabotropic gluta-
mate receptor. This receptor is directly coupled to a
second messenger cascade which, via inositol 1, 4, 5-
triphosphate, mediates the release of Ca?* from intra-
cellular stores [6]. Thus, accumulation of free Ca?* in
dendroplasm could proceed via two sources: extracellu-
lar via NMDA- and voltage-gated Ca?* channels and
from intracellular stores. In this context it is noteworthy
that astrocytes also possess a metabotropic glutamate
receptor [2]. The regional distribution of NMDA recep-
tors is different from brain region to brain region — it
is comparably low in the SN [24] — and surely the
metabotropic glutamate receptor is also unevenly dis-
tributed. Of course, regional differences only mirror in
part differences at the cellular level: different receptor
outfits of neuronal and glial subpopulations. Thus, it is
quite possible that distinct intrinsic factors in the SN, be
it the neuronal and glial outfit with various glutamate
receptors, or the response repertoire of astro- and
microglial cells to the injury, provide the molecular basis
for the formation of calcium deposits.

The conditions under which brain calcification is
observed in human patients have been reviewed, among
others by Adachi et al. [1] and Beall et al. [5]. The
idiopathic calcification, Fahr’s disease, is bilateral and
shows a certain predilection for the cerebellar dentate
nucleus, the basal ganglia, and the globus pallidus, in

Fig. 8a—c. SN 4 weeks after local IBO application, potassium
bichromate stain. a Two large bodies exhibit Ca?* precipitate in
layers of varying densities in a floccular matrix accumulated around
cellular debris in the center. The profiles are engulfed by thicroglia
{Mg) or astroglia (Ag). b Multilobulated Ca®* deposits with high
Ca?* signal in their matrix-free centers and in vacuoles (v) are
surrounded and invaginated by glial processes (G/). Tiny coral-
shaped profiles (open arrows) seem to bud off from (or fuse with)
the main body. Note preserved bundle of myelinated and unmye-
linated fibers (Ax). ¢ Treatment of the section with EGTA
completely abolishes the Ca?" stain in the matrix-filled and in the
matrix-free areas of the body and in the vacuoles '(v). The
onion-layered coral-shaped protrusion has contact with a bouton
(B). Elsewhere the body is covered by astroglia (Ag) or microglia
(Mg). Bars a~¢ = 1 pm

Fig. 9a-d. Ca’* deposits 8 weeks after IBO injection. Potassium
bichromate stain. a In the center of this deposit, remnants of a
neuronal perikaryon (nucleus, mitochondria, dense bodies) are
found in a fibrillar matrix infiltrated to a varying degree with Ca?*
precipitate. Toward the surface the highest density of Ca?* stain is
found. b High magnification (see bar in d) of the surface area of a
huge deposit densely infiltrated with Ca®* precipitate. ¢ Round
body whose fibrillar matrix is intensely covered with Ca2* stain. d
Removal of Ca?* by EGTA allows the visualization of the floccular
to fibrillar matrix of the mature concrements. Bars
a,c,d = 1 um



Fig. 9a—d.



particular [1]. It is not known, but worth to be con-
sidered, whether this calcification process occurs on the
basis of an excitotoxic neurodegenerative event. In any
case, the highly reliable IBO-induced calcification in the
SN can serve as a model to study the molecular basis of
non-arteriosclerotic calcification.
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