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SUMMARY KEY WORDS

Embryonic dentate fascia was grafted into a
cavity in the area of the adult rat neocortex
which represents the vibrissae (barrel field). We
wished to test the possibility of development of
connections between the two brain areas which
do not have synaptic or tissue contacts in situ.
The unique characteristics of the giant synaptic
boutons of the dentate mossy fibers were used
for detection of the dentate synaptic contacts
with neocortical neurons at the electron
microscopic level. Ultrastructurai analysis nine
months postgrafting has shown that the bundles
of mossy axons enter the host neocortex and
develop multiple terminal and en passant
contacts with typical characteristics. Neuronal
perikarya, large dendritic trunks and fine
caliber terminal dendritic branches were used
by the mossy fibers as postsynaptic targets, as
well as spines of various complexity and
configurations. The subsynaptic dendrites
seemed to be modified by synapsing giant
boutons. Accumulation of cytoplasmic organelles
was observed at these sites. Various bumps and
protuberances were formed by the subsynaptic
dendrite surface. The contents of these
appendages were variable; some of them
contained organeiles typical of dendroplasm,
while others were more spine-like, often with
inclusion of ribosomes. It is concluded that
mossy fibers growing into the host neocortex can
develop typical contacts with inappropriate
targets with all the ultrastructural features of
functional synapses.

giant synapses of dentate mossy fibers,
ultrastructure, transplantation, neocortex, post-
synaptic elements, modification, specificity of
connections

INTRODUCTION

One of the important problems of the
developmental and restorative plasticity of the brain
is that of degree of specificity of connections
established by growing or regenerating axons with
neuronal targets. Neurotransplantation has been
used as a method for evaluation of specificity of
connections between the graft and host brain;
however, the experimental data are still
contradictory. While some authors demonstrate
highly specific connections established by the
graed neurons which avoid inappropriate targets
/33,42,53/, there is also evidence of atypical
contacts, depending mainly upon the spatial
proximity of the available targets /38,57/. As
indicated by many authors, it is possible that
biochemically specified brain areas with "diffuse",
widespread connections (belonging either to the
host brain or to the transplant) are more prone to
regrowth and establishment of connections with
unspecified targets, rather than specific, "point-to-
point" systems /44,45/. However, unusual
connections established by some specific structures
of the brain (neocortex, cerebellum) have also been
demonstrated in transplantation experiments/9,38,
39/.

The purpose of the present work was to
determine whether the mossy fibers of the dentate
fascia establish synaptic connections with the
surrounding host tissue after transplantation into rat
somatosensory neocortex (barrel field). The mossy
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fiber system can be regarded as a highly selective
one, establishing synaptic contacts with definite
dendritic levels of the hippocampal regio inferior.
The unique characteristics of the giant synapses of
the mossy fibers can be used for their identification
in the host neocortical tissue surrounding the graft.

MATERIALS AND METHODS

Donor material

The fetuses of Wistar rats, taken on the 20th day
of gestation (E20), were used as donors. The
hippocampal anlage was exposed by a parasagittal
incision of a hemisphere 1 mm lateral to the midline.
The dentate tissue was carefully dissected from the
ventral ridge of the hippocampus. Precautions were
taken to avoid the adjacent hippocampal tissue as
far as possible. Approximate volume of the tissue
taken for grafting was about 0.3 cubic mm. The
excised tissue was placed into cooled Eagle
medium.

Preparation of the recipients

Young adult (3 months) male Wistar rats (n=l 1)
were used as recipients. Under Nembutal (40
mg/kg, i.p.) and local Novocaine anesthesia a small
trephine opening was made in the skull. The dura
was incised over the barrel field of the primary
somatosensory neocortex (AP=+2.0; L=5.5). A
small volume of gray matter (1 cubic mm) was
aspirated through a slit in the dura using a syringe
with an attached glass capillary tube. The trephine
opening was then closed and the scalp sutured. The
recipients were allowed to survive for nine months.

Electron microscopy

The animals were given injections of heparin
(2500 units in 0.5 ml, i.p.), and were then perfused
intracardially, first by oxygen-saturated saline, and
second by a 2.5% solution of glutaraldehyde with
0.1 M phosphate buffer at pH 7.2 for 30 min. Next
the brains were removed and placed in the same
solution for additional fixation. The neocortical
slabs containing the dentate grafts were dissected
under a stereomicroscope. The tissue samples taken
for investigation were rinsed in phosphate buffer,

postfixed in 1% osmium tetroxide, dehydrated in
ethanol of increasing concentrations and absolute
acetone, and embedded in Epon 812.

Semi-thin sections, stained by methylene blue, or
soaked in vaseline oil, were used for orientation and
selection of the areas for further analysis (see/56/).
For the purposes of the present experiments the
areas of the host neocortex adjacent to the graft
(0.3-0.5 ram) were selected. To avoid any mistakes
in identification ofthe cellular elements as belonging
to donor or recipient, only areas of the neocortex
separated from the graft by a definite glial interface
were selected for analysis. Ultrathin sections of
these areas were contrasted by standard methods
(uranyl acetate and lead citrate) and analyzed under
a Tesla BS 513 electron microscope.

Criteria for identification of the mossy fiber synapses

A short description of the mossy fiber synapses,
based on the data of many authors/5,21,24,26,36/
including our own observations/55/, is necessary to
show the criteria used for identification of these
synapses in the neocortical tissue surrounding the
transplanted dentate fascia. It has been shown that
the bundles of thin (diameter 0.2-0.3 lam)
unmyelinated axons of the dentate granule cells
(mossy fibers) have terminal synapses which are
among the largest in the CNS (diameter 4-6 lam).
They are characterized by a very high content of
densely packed, small, clear, round vesicles. Larger
dense-core vesicles are usually present among them
The synaptic bouton also contains several
mitochondria. The terminal giant synapses, as a
rule, contact large ramified dendritic spines
(excrescences) on the proximal part of the apical
dendrites of CA3 large pyramidal cells (stratum
lucidum). The multiple active zones of a single giant
synapse sometimes contact the spines of different
adjacent pyramidal neurons and are asymmetric
(Gray I). Besides the giant terminal contacts, the
mossy fibers make contacts "en passant" with hilus
cells, dendritic shafts ofthe CA3 pyramidal neurons,
and also with spineless dendrites of pyramidal
basket cells /16,17,50/. Smaller terminal synapses
are also made by mossy fiber collaterals, as shown
recently /10/. The peripherally cut parts of
irregularly shaped giant synapses, as well as smaller
synaptic boutons on dendrites and usual types of
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spines, can be idemified as belonging to the mossy
fibers on the basis of their vesicular content,
especially if they are observed in the vicinity of giant
synaptic profiles, or can be traced to the parent
mossy axon. Besides the typical active zones the
mossy fiber synapses usually have desmosome-like
contacts with the dendritic surfaces, characterized
by prominent symmetric thickenings of the apposing
membranes.

These unique ultrastructural features were used
in the present work to search for and identify mossy
fiber synapses in the host neocortex after dentate
fascia transplantation.

RESULTS

Investigating the interface between the dentate
fascia grafts and host neocortex, we have previously
shown /56/ that the border areas, constituted by
accumulation of glial cells and their processes, are
penetrated by numerous axons, some dendrites and
accompanying astrocytic processes. Among the
axons growing into the host neocortex, dense
bundles of thin unmyelinated processes, as well as
single axons with the characteristics of mossy fibers,
were conspicuous. The narrow (intervaricose) parts
of these axons contained longitudinally oriented
microtubules. Their varicose expansions also
contained clear synaptic vesicles, whose density
increased near the sites of synaptic contacts made
en passant. The parallel course of such bundles,
which is typical for normal hippocampus, usually
cannot be traced in the host brain for any
considerable distance, because of its tortuous route
among the elements ofthe neocortex.

However, in some cases such mossy-like fibers
could be seen terminating with typical giant
boutons. At low levels of magnification the giant
mossy fiber synapses dispersed in the host neo-
cortical tissue were easily identified. Their distrib-
ution in the investigated area was relatively homo-
geneous, without areas of accumulation or regions
free of these synapses. Nor was a gradient of their
density with increasing distance from the graft
found in the area examined. Though the aberrant
giant terminal synapses were relatively oten en-
countered in the host neocortex, they constituted
only a limited proportion of the total amount of

synaptic terminals. Solitary profiles of the giant
synapses could be observed in some cases, but more
often they were grouped in small clusters around
some neuronal somata or dendritic trunks. Such
clusters usually consisted of 3 to 6 giant axonal
expansions, and also included several smaller
boutons (1-2 gm). Some of them could be identified
as peripherally cut parts of giant synaptic bags of
complex ramified configurations on the basis of
identical inner ultrastructure. In some cases it was
possible to see that different presynaptic profiles
represented expansions of a single mossy fiber.

Giant synaptic boutons detected in the neocortex
often had very complex configurations, densely
packed with lucid round synaptic vesicles, and with
the usual admixture of dense-core vesicles. The
growth vesicles were also present in some
preterminal mossy fibers and their boutons. It is
notable that the boutons, containing a significant
number of the growth vesicles, were usually
clustered together. Several mitochondria were
always present in the giant boutons; up to 10-15
mitochondria could be found in a single terminal.
However, at least some of them seemed to
represent fragments cut off a single mitochondrion
of complex configuration (Fig. 1A). Bundles of thin
unmyelinated mossy-like fibers were otten present
in their vicinity, encircling and even penetrating
some giant synapses (Fig. 1B).

The postsynaptic elements, contacted by giant
synapses growing into the host neocortex, were
very variable. The typical asymmetric synapses with
accumulations of vesicles on the presynaptic sides
could be observed directly contacting neuronal
perikarya and large dendritic trunks (Figs. 1,2). In
such cases it was sometimes possible to detect that
the postsynaptic cells were represented mainly by
neocortical pyramidal neurons and their apical
dendrites. However, giant synapses were also
present on more distal levels of dendritic shafts,
areas of their branching and on thin peripheral
dendritic branches (Fig. 3).

The mossy fibers not only contacted the
neuronal somata (Fig. 2A), but sometimes were
deeply invaginated into neuronal cytoplasm.
Transversely cut single mossy fibers, and whole
bundles of mossy fibers with multiple contacts en
passant, as well as terminal boutons, could be seen
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Fig. 1" Mossy fibers and their giant synaptic boulons (GB) in the host neocortcx. A. A cluster of GB making chemical synaptic
contacts (s) and desmosome-like contacts (d) upon the surface of a large dendritic trunk (D). Several synaptic contacts
are seen on round or olive-shaped dendritic spines (asterisks). Arrowheads lnark slacks of cisterns of agranular
reticulum in the dendroplasm, resembling spine apparatus. Note accumulation of mitochondria in synaptoplasm adjacent
to desmosome-like contacts. A bundle of thin unmyelinated mossy-like axons (a) is seen at the right lower part of the
microphotograph. Acculnulations of vesicles (arrows) are present in some of these axons. Bar 0.5 mm.
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Fig, 1B: Giant synapse partly surrounded and penetrated by a bundle of mossy-like fibers. All indications as in Fig. 1A. Bar 0.5

mill.

completely surrounded by neuronal cytoplasm (Fig.
2B).

Though in many cases the dendrites contacted
by giant synapses had a usual, undisturbed
structure, at times the subsynaptic areas appeared
modified. Some dendritic branches contacted by
giant boutons contained numerous cytoplasmic
organelles, such as polyribosomes, mitochondria,
multivesicular bodies and single cisterns of
agranular endoplasmic reticulum, though normally
dendrites of such caliber contain mainly (or only)
neurotubules (Figs. 3A, 5B). Some mossy fiber
synapses contacted the growing tips of small
(terminal) dendritic branches, which contained
groups of cisterns of rough endoplasmic reticulum
(Fig. 3B). Large protuberances were occasionally
present on the dendrites contacted by giant boutons.
These protrusions contained cytoplasmic organelles
(Fig. 4A,B) and also had variable and complex
configurations. The larger and more complex

protrusions had more abundant and variable
contents.

Giant boutons also established multiple synaptic
contacts with dendritic spines of variable shapes:
small and round or olive-shaped buds on the
dendritic surfaces as well as simple slender spines
characteristic of neocortical neurons (Fig. A).
However, relatively large branched excrescences,
resembling those in the hippocampal stratum

lucidum, were found on some neurons identified as

pyramidal cells (Fig. 5B). The heads of such
dendritic spines contained flocculent material with
membranous and vacuolar inclusions. The typical
spine apparatus was seldom observed in them, and,
if present, its cisterns were not usually organized
into an ordered structure.

Besides the typical asymmetric chemical
synapses, the giant boutons also made contacts of
another type. These were desmosome-like contacts
with symmetric electron-dense thickenings on both
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Fig. 2: Pcrikarya of the ncocortical neurons (N) as postsynaptic targels for the ingrowing mossy fibers. A. A cluster of giant
synaptic boutons (GB) making mulliplc synaplic contacls with the somatic membrane and with a somatic spine
(aslcrisk), the head of which conlains flocculent malcrial, typical of dendritic spines. Bar 0.5 ram. B. A bundle of mossy
fibers, deeply invaginating into neuronal cytoplasm, with a terminal giant synapse (GB) and multiple contacts en
passant with the pcrikaryon membrane. Besides the usual vesicles, a few growth vesicles (arrowheads) are present in
some axons (a). Bar 1.0 ram.
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Fig. 3:

A

Dendriles of varying caliber as largels of ingrowing mossy fibers. A. Giant boulon (GB), wilh chemical contacls llpon
bolh a large dendrilic Inmk (D) and a lhin dendritic branchlel (b). Bar ).5 ram. B. Two giant synapses (GB) encircling a
thin dendrilic branchleI (b). Profiles of invaginaled dendritic spines (aslerisks) wiIh synaptic contacts are present in the
synapses. Elemenls of agranular (in A) and granular (in B) endoplasmic reIiculum can be seen in lhe dendritic branches.
Bar 0.5 mm.
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Fig. 4: Dendritic protuberances of complex shape and with various contents contacted by the giant synaptic boutons. A.
Protuberances (p) with contents characteristic of dendroplasm. Bar 0.5 mm. B. Dendritic protuberances (p), which have
spine-like contents, but also include ribosolnes (see the upper one). Bar 0.5 ram.
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Fig. 5: Axo-spinous giant synapse on the apical dendrite of a neocortical pyramidal cell. A. General view, permitting the
identification of the pyramidal neuron (N) with its apical dendrite (D). The area in the box is shown in B at higher
magnification. Bar 2.0 ram. B. The branched spine on the dendrite, contacted by a giant bouton (GB). Arrow indicates
the place of outgrowth of the spine from the parent dendrite. The area of the dendrite adjacent to the GB conlains
accumulations of cisterns of granular endoplasmic reticulum. Bar 1.0 mm.
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sides. They were usually present on dendritic shafts
and perikarya. Accumulation of synaptic vesicles
was never present in areas of such contacts.
However, clusters of mitochondria in the adjacent
synaptoplasm was typical of them (Figs. 1A,3B).
Unitary elements of granular or agranular
endoplasmic reticulum were present at the opposite,
dendritic side ofthe contact. Some flattened cisterns
of granular reticulum were packed into stacks,
resembling spine apparatus (Fig. 1A). Single
mitochondria were also often present in
dendroplasm near desmosome-like contacts.
Sometimes such symmetric contacts were observed
on the dendrites in the immediate vicinity of the
asymmetric chemical contacts. The desmosome-like
contacts in the grafted mossy fiber system seemed
to be more numerous, and single contacts seemed to
have larger dimensions than in the normal
hippocampus.

DISCUSSION

Presynaptic endings of the mossy fibers

The above data show that the dentate fascia
granule cells, grafted into the host barrel field
without hippocampal pyramidal cells, or with a
minimal admixture of them, gave rise to mossy
fibers growing into the host neocortex and ending
with typical giant synapses. This was observed in all
analyzed tissue samples comprising graft/host
astroglial interface and adjacent host neocortical
tissue. It should be noted that, in an attempt to use
the most rigorous criteria for identification of the
host tissue, we selected for analysis the areas
separated from the graft by clear glial
accumulations, though vast areas of direct
confluence of dentate and neocortical neuropil were
present in the majority of the grafts (n=8). It is
possible that mossy fiber terminals were even more
numerous in the neocortex adjacent to such areas,
though bundles of mossy fibers can also penetrate
the glial interface, as shown by us previously/56/.

The terminal synaptic bags of the mossy fibers in
the neocortex retained their typical large
dimensions. They contained large amounts of
densely packed clear round vesicles, as well as a
few dense-core vesicles /24,26/ and made

asymmetric chemical and symmetric desmosome-
like contacts with the postsynaptic elements/5,21/.
Thus, the ultrastructural features of the giant
synapses were preserved and expressed in the host
tissue. The desmosome-like contacts and clustering
of mitochondria near them seemed to be more
prominent in the synapses of dentate grafts than in
normal synapses, where mitochondria are more
evenly distributed in the synaptoplasm, and the
symmetric contacts were more limited. The
accumulations of mitochondria on the presynaptic
side and cisterns of endoplasmic reticulum on the
postsynaptic side of symmetric contacts suggest
their probable participation in metabolic interactions.
This relative prominence of the desmosome-like
contacts may indicate some plastic changes in the
mossy fiber synapses depending on unusual targets,
or their incomplete ontogenetic development. Some
authors have demonstrated that the synapses at an
early stage of development resemble desmosomes
/2,7/. The presence of growth vesicles in some
clusters of giant synapses also suggests their
continuing growth and development.

Postsynaptic targets of the mossy fibers

The most specific and typical postsynaptic
elements of the terminal mossy fiber synapses in situ
were large branched excrescences on the proximal
segments of the apical dendritic shafts of large CA3
pyramidal neurons. Such spines were limited only to
the area of mossy fiber termination (stratum
lucidum) in the hippocampus, and were totally
absent from the neocortex. However, the smaller
synaptic boutons of the mossy fibers’ collaterals
made contacts with ordinary smaller spines on the
branches of apical dendrites /10/. Some giant
boutons had contacts with dendrites, among which
were spineless dendrites of the hippocampal non-
pyramidal neurons, including basket cells/16,50/.

The axonal terminals of the granule cells grafted
into the neocortex made contacts with a wide
spectrum of elements, from neuronal somata to very
thin terminal dendritic branches. It is noteworthy
that in those cases where the postsynaptic neurons
could be identified (axosomatic giant synapses or
contacts upon apical dendrite shafts), they were
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represented by neocortical pyramidal neurons. The
origin of smaller dendrites cannot be identified in
electron microscopic material.

The dendritic surfaces contacted by the mossy
synapses seemed to be in a continuous dynamic
state. Probably the various subsynaptic expansions,
bumps and large protrusions with greater or smaller
accumulations of cytoplasmic organelles, such as
polyribosomes, mitochondria, multivesicular bodies,
etc., represent various stages of the postsynaptic
dendritic modifications under the influence of the
mossy terminals. Large, branched spines with
relatively normal contents, atypical for neocortex
and resembling those in the hippocampal CA3
stratum lucidum, may be regarded as the final stage
of such active modification. Accumulation of
polyribosomes has been observed in dendritic spines
during their induction and growth in ontogenesis
/49/, regeneration /32,48/, and plastic reorganiza-
tion/21/. Both induction of large branched spines in
the unusual target neurons (pyramidal cells of the
CA1) /41/, and accumulation of polyribosomes in
the spines /46/, have also been described in
intrahippocampal dentate grafts. Smaller dendritic
branches contacted by the mossy synapses also had
abnormally high contents of cytoplasmic organelles.
This, together with the presence of dendritic growth
tips invaginated by gigantic boutons, suggests
induction by the mossy fibers of continuous growth
of both dendritic terminal branches and additional
protuberances on the larger dendrites.

Some authors, on the basis of experiments with
regeneration /8,22,23/, have concluded that
presynaptic elements may be modified to a great
extent by inappropriate postsynaptic targets.
Contrary to those views, we did not find any
ultrastructural changes of the mossy fiber
presynaptic boutons contacting the unusual targets,
though induction of growth and modification of
cortical postsynaptic elements may be suggested.

Specificity versus non-specificity of connections
established by the grafts

The degree of specificity of connections
established by nervous tissue has been investigated
in numerous experiments on regeneration in the
CNS, in co-cultures of explants of various brain
structures, and in homotopic and heterotopic
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transplants. It is clear that attempts to find factors
controlling brain organization during development
and regeneration after injury have important
theoretical significance and potential practical value.
Some authors, using the method of neuro-
transplantation, have described a high degree of
specificity of connections established between the
graft and the host brain. The axons of the grafted
cells have been described as avoiding inappropriate
targets and innervating selectively distant, but
appropriate, ones/33,42,53, 54/. This suggests the
action of some tissue-specific biochemical markers
controlling propagation of the axons. However,
experiments on neuronal regeneration in the early
postnatal brain have demonstrated that elimination
of the normal target results in the development of
aberrant connections with quite unusual brain
structures, or in the substitution of the lesioned
afferent axons by the remaining afferent and
intrinsic fiber systems /14,34,40/. In the
hippocampal formation, aberrant sprouting after
partial deafferentation has been described in adult
animals / 12,13,28,31,52/.

Grafting of neocortical tissue into an
inappropriate area (e.g., visual cortex into motor
area, or cerebellum) had led to the conclusion that
both afferent and efferent connections of such grafts
are determined primarily by the factor of proximity
and reproduce patterns typical of the recipient area
of graft placement and not that of the donor tissue
/9,15.,38,39,43/.

The hippocampus, with its layered organization
of fiber systems, has been widely used in
experiments on specificity of reinnervation. It has
been shown, for example, that axons growing from
septal cholinergic grafts into the hippocampus,
deprived of cholinergic connections, can reproduce
a highly specific distribution of cholinergic terminals
/4,29/. However, the same pattern has also been
reproduced by cholinergic cells from other brain
structures (brain stem, habenula, caudate) grafted
into the denervated hippocampus /1,30/. The
authors have insisted upon the specificity of
developing connections, because the volume of the
ingrowing fibers was maximal for the homotopic
septal grafts/11,39/. However, this finding suggests
only relative, not absolute, specificity in control of
the development of innervation. It has also been
shown that grafting embryonic septal tissue to the
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posterior ridge of the hippocampus reproduces the
pattern of cholinergic afferents in the septally-
denervated hippocampus. If the septo-hippocampal
connections were not interrupted, however, the
additional cholinergic fibers from the graft grew
aberrantly into the area vacated by the damaged
perforant path/3/.

Transplants of the dentate fascia into the
hippocarnpus have also been shown to establish,
besides the normal connections to CA3 pyramidal
cells, aberrant ones to basal and apical dendrites of
the CA1 cells /41,47/. Nevertheless, Raisman and
Ebner/41/ have insisted on the specificity of this
pattern of connections, arguing (i) that the mossy
fibers tend to establish contacts close to the CA1
pyramidal cell bodies, and (ii) that mossy fiber-CA1
contacts are present in the hippocampus of some
mammals (hedgehogs and Siamese cats /18,27/).
These arguments are not completely convincing.
Our experimental data show that, though the
dentate never has synaptic contacts with neocortical
neurons in any animal species, its grafts project
mossy axons to neocortical neurons establishing
synapses with the ultrastructural features of
functional contacts.

Fiber exchange between the graft completely
deprived of its own extrinsic connections and the
adjacent, damaged recipient brain may be stimulated
both by the presence of denervated loci and by
production of neurotrophic factors in both tissues
/19,25,35/. There are also reasons to suggest that
the presence within the graft of the natural target
neurons, matched in their structural, biochemical
and ontogenetic characteristics, may represent a
very strong factor, preventing (or limiting) the
outgrowth of axons into the surrounding host brain.
At least, as was demonstrated in our previous
investigations /6,51/, the grafts of isolated
hippocampus proper seemed to be well integrated
with the neocortex by physiological criteria, while
the hippocampus grafted together with dentate
showed complete functional isolation.
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