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Fig. 4: A tectal graft examined 10 months after transplantation. Adjacent sections through the graft were immunostained for PLP
(A,B), CAII (C,D) and GFAP (E,F). The dorsal myelin deficient patch arrowed in A is outlined in the high power
fluorescence photomicrographs in B,D and F. Note the paucity of CAII positive cells in this localized region (C,D). This
area does however contain large numbers of fibrous astrocytes (E,F). In this particular graft, the thin band of faint
immunofluorescence seen at the surface of the PLP and CAII immunoreacted sections (A-D) was also present in control
sections processed without primary antibodies and does not reflect specific immunostaining. Calibration bars: A,C,E
150 tm; B,D,F 50 tm.
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localized area contiguous with the dorsal surface of
the tectal graft and containing little PLP and CAII
immunoreactivity is arrowed in Figure 4A,C. This
region is shown at high power in Fig. 4B,D,F and is
highlighted by the dashed line. Although there was
a clear decrease in PLP staining and in the number
of CAll immunoreactive oligodendrocytes, the
number of GFAP positive astrocytes was not
obviously different within or outside the patch area.
Note also the lack of a band of myelinated fibres
and CAII immunoreactive cells at the graft surface
just below the external glial limitans (Fig. 4B,D), a
feature typical of the SZ of normal SC (Fig. 1B-E).
The pattern of CAII and PLP staining was similar
in all grafts, irrespective of whether they had
physical continuity with the underlying host SC. As
in normal SC, no cell body staining was evident in
sections of tectal grafts immunoreacted with PLP
or MBP antibodies.

DISCUSSION

Technical considerations

In the CNS, the use of antibodies to GFAP
permits the identification of astrocytes but only
that part of the astrocytic population expressing
immunohistochemically detectable levels of the
intermediate protein /8,9/. Injury causes a rapid
increase in the level of GFAP immunoreactivity
and in the number of astrocytes seen to express
GFAP/8,44,48/, suggesting that in the normal CNS
there may be many astrocytes which go undetected.
Indeed, it was recently reported that the pattern of
GFAP immunoreactivity seen in normal brain
tissue is dependent upon the type of fixation used
/71/. The formaldehyde-based fixatives used by
most workers resulted in GFAP staining in the
cortical gray matter, but very few GFAP-positive
astrocytes in white matter. This pattern was
completely reversed after acid-alcohol fixation, the
predominant immunoreactivity now being found in
white matter. In the present study para-
formaldehyde was the only fixative used in both
the normal rats and rats that received tectal
transplants at birth. It is therefore valid to make
direct comparisons between the levels of GFAP
immunofluorescence seen in the tectal grafts and in

the host SC. However, it would be of interest to
determine the staining pattern of astrocytes in
normal and grafted colliculus using the acid-
alcohol fixation protocol/71/.

Antibodies to PLP and MBP (major constituents
of CNS myelin) have been well characterized
/7,33,56,77/. There has, however, been
disagreement in the literature concerning the
immunostaining characteristics of antibodies to the
enzyme carbonic anhydrase (CA). Antibodies to
CA have been reported to stain astrocytes in vivo
/67/, and in vitro/55/. More recently, Cammer and
co-workers reported that antibodies to CA stained
some GFAP positive astrocytes in developing and
mature cortical gray matter/17,18,20/. They also
reported the co-existence of CA and glutamine
synthetase in CNS glia, although this enzyme has
now been found in oligodendroglia as well as in
astrocytes/16/. After EAE sensitization, Cammer
et al. /19/ described CA immunoreactivity in GFAP
positive reactive astrocytes, particularly in those
regions most severely affected by the injury.

Others have reported that the CAll isoenzyme is
found only in oligodendroglia in the CNS/e.g. 28,
30,58/. Using the electron microscope,
immunostaining was located on oligodendroglial
cell bodies, their processes and peripheral lamellae
of myelin. Recently, tissue culture studies utilizing
a cDNA CAII probe and in situ hybridization have
demonstrated that CAII is exclusively restricted to
oligodendroglia /29/. These authors suggested a
number of reasons why CA immunoreactivity
might apparently be associated with astrocytes,
including the possibility of antisera contamination
or poor fixation of non-bound enzyme released
from CAll-rich oligodendroglia. However, more
recent studies by Cammer argue against these
factors being important/21/. A further possibility
may be that, given the acquisitive nature of
astroglia, a proportion of these cells may normally
accumulate and store low levels of CAll in vivo
and thus the enzyme may, under certain conditions,
be detected immunohistochemically within
astrocytes.

The specificity of the polyclonal antibody used
to identify CAII in our present work has been
described in the Methods section. It has not
previously been reported to stain astrocytes/7,32/
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and although we did not undertake double-staining
analysis, the disposition of GFAP and CAll
immunoreactive cells was clearly different, both in
normal SC and in tectal transplants. In our hands,
using this antibody and polyester wax embedding
techniques, the oligodendrocyte appeared to be the
primary locus for detectable CAll immunostaining.
Thus the observed pattern of CAII
immunofluorescence is interpreted as showing the
distribution of oligodendroglia and their processes
in the rat midbrain and within fetal tectal grafts.

Normal superior colliculus

The distribution of CAll immunoreactive
oligodendroglia in the rat SC has not previously
been described. Oligodendroglia were found in
relatively high density in most SC laminae,
especially in SO and SAI. In these layers, paired
CAII positive cells were seen; these
oligodendroglial couplets were always in the same
focal plane and the ceils appeared to be in close
contact with each other/58/. Similar profiles have
been described in other parts of the CNS using
different oligodendrocyte-specific markers /30/.
Oligodendroglia were least numerous in the SGS.
Punctate CAII staining associated with cell
processes/28,56/was also at its lowest level in this
superficial layer.

The pattern of PLP and MBP immunostaining
in the rat SC was similar to the myeloarchitectural
organization described previously /45,54,83/. In
accord with the pattern of CAII staining, the lowest
level of PLP and MBP immunoreactivity was
found in the SGS. Interestingly, levels of PLP
mRNA and MBP mRNA have also been shown to
be lowest in this tectal lamina/72/. As described in
the Introduction, oligodendroglia and central
myelin have been shown to possess molecules
which inhibit axonal growth in vitro and which
may act to prevent CNS regeneration in vivo
/3,6,22,24,70/. The relative lack of myelinating
cells in the SGS is thus of particular relevance to
studies aimed at promoting axonal regrowth and
target reinnervation in the rodent visual system/15,
34,41,53,80,81/. In adult rat and hamster, at least
some retinal ganglion cell axons regenerating
through peripheral nerve autografts can grow out
into a deafferented host SC and form functional

synaptic contacts with tectal neurons/15,53,80,81/.
The limited outgrowth is mostly restricted to SGS
and it may be that the relative paucity of
oligodendroglia and myelin in this layer is a factor
that contributes to this pattern of axonal growth.
Indeed, recent studies on retinotectal growth after
unilateral tectal ablation in the neonatal hamster
have shown that neutralization of oligodendrocyte-
derived neurite growth inhibitors results in an
expanded retinal projection/51/.

With regard to the disposition of GFAP positive
astrocytes in the rat SC, we observed intense
immunoreactivity associated with the external glial
limitans, around major blood vessels and at the
midline between the two colliculi. GFAP-positive
astrocytes were also prominent at the medial aspect
of the SGS/SO border. These data are in accord
with those described previously by Hajos and
Kalman /31/. In addition, however, and unlike
Hajos and Kalman /31/, who used a
paraformaldehyde and picric acid fixative, we also
observed many GFAP immunoreactive astrocytes
scattered throughout the SC, particularly in SGS.

Tectal transplants

Compared to host SC, tectal grafts possessed
greater GFAP immunoreactivity and contained
larger numbers of GFAP positive astrocytes. This
increase in GFAP expression was seen in all grafts,
irrespective of whether they had tissue continuity
with the underlying host brain. Increased levels of
GFAP appear to be a characteristic feature of fetal
brain grafts, whether the tissue is transplanted into
the brain parenchyma or into the anterior chamber
of the eye. A higher than normal density of GFAP-
positive cells and processes has been described in
intracranial grafts of fetal hippocampus /84/,
cerebellum/12,57/, cortex/11,47,57/and substantia
nigra/46/, and in intraspinal grafts of fetal spinal
cord/66/. In the present study, as in hippocampal
grafts /84/, the increase in fibrous astrocytes
appeared to be greatest in transplants physically
isolated from the host brain. Increased GFAP
expression has also been observed in intraocular
grafts of fetal cortex, hippocampus, cerebellum and
septum/10,25,27,75/. There is less of an increase
in GFAP immunoreactivity when tissue is co-
grafted with other fetal brain regions/10,25,27/.
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In grafts of fetal neural tissue, the level of
GFAP increases over a period of time and is
comparable or higher than that of the host 30 days
post-transplantation /57/. These authors showed
that GFAP expression was temporally advanced
and greater in grafts compared to normal
development. Why is there this gliotic reaction in
fetal brain grafts? Many of the GFAP positive
astrocytes resemble the reactive astrocytes seen in
injured or metabolically compromised brain tissue
/44/. In normal brain there is a gradual increase in
GFAP content and in the size and number of GFAP
positive astrocytes with age/13/; however, even in
old host rats (some of the host rats in the present
study were 18 months of age) the level of GFAP
expression in transplants is still higher than in
comparable regions of the host brain. Thus ageing
alone is not sufficient to explain the reactive
appearance of astrocytes in fetal grafts.

It has been suggested/57/that the gliosis may
be a general reaction to the transplantation
procedure and the disruption of the glial scaffold
within the grafted tissue. Other evidence suggests
that astrocytes do indeed participate in the
formation of cytoarchitectonic boundaries and
neuronal topographies during normal development
/63/. Certainly, the imparting of mechanical
strength and stability to the developing graft may
be a factor in the gliotic response; however, the
relation between GFAP expression and neuronal
connectivity should also be taken into
consideration. GFAP levels in intracranial or
intraocular grafts are lower in grafts connected to
the host or co-grafted with other parts of the
developing neuraxis. This has led authors to
propose that the glial reaction in grafts may, in part,
be the result of a lack of appropriate afferent
innervation and/or efferent interactions with
specific targets/10,11,57/.

During development there is a transient increase
in GFAP mRNA in rats in the second and third
postnatal weeks /59,79/. A similar transient
increase in immunohistochemically detectable
GFAP has been described in the mouse visual
pathway /14/ and in the opossum SC /4/. The
decrease in GFAP after this peak appears to
correlate with a number of developmental events,
including interaction with growing axons/44/and

the onset of synaptogenesis/4/. In the opossum SC,
the transiently high expression of GFAP in the SGS
is "temporally correlated with late transformations
of the retino-collicular projections"/4/--- after the
period of maximal elimination of optic axons and
before the onset of myelination. Perhaps in tectal
grafts, as in other fetal CNS grafts, a reduction in
the normal complement of afferent input (and
perhaps lack of appropriate targets for efferent
connections) may influence the differentiation state
of astrocytes. They may remain relatively
immature, similar to the transiently reactive glia
seen in normal development. Whatever the cause of
the gliosis, it is clear that many transplanted
astrocytes are in an abnormal state of
differentiation. Given the diverse functional roles
proposed for astrocytes in the normal CNS
(reviewed in the Introduction), it would seem likely
that neuronal activity in grafts may in some way be
affected by the altered phenotype of at least some
of these glia, and this should be taken into
consideration when studying graft function and the
morphological and physiological integration of
grafts within the host brain.

To our knowledge the organization and
distribution of oligodendroglia has not been
systematically studied in fetal neural grafts. The
development of myelin in the normal SC has been
described in the rat/83/, hamster/50/and opossum
/23/. It has been suggested that oligodendroglial
precursors may colonize the SC by migrating from
the optic tract along ingrowing retinal axons/50/
and that the rate of myelination in the SC is related
to the onset and refinement of visual input/23,50/.
In the present study considerable PLP and MBP
immunoreactivity was seen in most parts of the
tectal grafts, even in grafts physically isolated from
the host brain. Previous experience has shown that
such grafts receive little or no host afferent input
/36,37,60/; thus in these isolated grafts myelin must
have been associated with intrinsic axons and must
have developed independently of any specific
functional innervation from the host. In addition,
these data clearly demonstrate that El5 rat
mesencephalon (which has not yet been innervated
by retinal axons) already contains oligodendrocyte
precursor cells and that the transplanted tectal
tissue can provide all the signals necessary for
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oligodendrocyte proliferation, differentiation and
rn’yelination.

Unlike astrocytes, which seemed to be
randomly scattered in tectal transplants, CAII
immunoreactive oligodendroglia were not
distributed homogeneously throughout the graft
neuropil. Many oligodendroglia were found in
heavily myelinated (PLP,MBP positive) regions of
the grafts and their density appeared similar to that
seen in most layers of the SC. However these glia
were considerably reduced in number in the
relatively myelin free patches. These localized
areas, found superficial or deep within the grafts,
corresponded to AChE-dense patches in adjacent
histochemically stained material. AChE-dense,
fre-free patches in tectal grafts are believed to be
homologous to the superficial gray layers of normal
$C and to contain presumptive SGS neurons
137,38,40,60,78/. The low density of CAII
immunoreactive glia in the patches in transplants
corresponds to their low density in the SGS of the
SC in situ and thus whatever local factors control
the disposition of oligodendroglia in the normal
tectum also appear to be operating within the graft
neuropil. The nature of these factors is unknown at
present, although oligodendrocyte-type 2 astrocyte
progenitors have been shown to migrate towards
specific molecules, such as platelet derived growth
factor/2/. Other factors may also be involved and it
is interesting to speculate that the distribution of
oligodendroglia may in some way be influenced by
the neurons with which they are associated.

Finally, it is important to note that in all grafts
the PLP and MBP antibodies stained only
myelinated processes, not oligodendroglial cell
bodies. This is similar to the immunostaining
pattern seen in normal adult brain. In immature
brains, however, antibodies to either MBP or PLP
tain oligodendroglia during the period before and
during myelinogenesis /e.g. 33,77/. These
observations provide further evidence that the
oligodendroglia in tectal grafts were indeed mature
and in a relatively normal state of differentiation.
This is in contrast to the transplanted astrocytes,
which seemed to possess a reactive, perhaps
immature phenotype.
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