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The aim of the present work was to compare the structural organization of excitatory synaptic contacts in
intraocular septal transplants showing normal and epileptiform activity. Experiments were performed using
Wistar rats. Donor material for transplants was obtained from the septal area of the brain from 17-day-old
rat fetuses. The electrophysiological properties of transplants were tested three months after surgery using
short-term stimulation with single electrical pulses. Test results were used to divide transplants into two
groups: those with normal and those with epileptiform activity. Microscopic examination of neurotrans-
plants of both groups showed that nerve and glial cells, as well as the neuropil, consisting of axons, den-
drites, synaptic terminals, and astrocyte processes, were well differentiated. Axodendritic and axospinous
synaptic terminals were regarded as three-component structural complexes (tripartite synapses), which in-
cluded not only pre- and postsynaptic components, but also their surrounding astrocyte processes. Most had
the morphological signs of excitatory contacts with clear postsynaptic densities whose sizes were taken as a
correlate of the efficiency of nervous transmission. Morphometric analysis of these synapses from function-
ally different types of transplants revealed no significant differences in the extent of postsynaptic densities
or the cross-sectional areas or perimeters of presynaptic boutons. At the same time, large differences were
seen in the extent to which synapses were surrounded by astrocyte processes. The proportion of perisynaptic
processes was 1.8 times lower in transplants characterized by epileptiform activity than in controls. These
data provide evidence that presynaptic astrocyte processes were the first to react to electrical stimulation
and initiated the development of epileptiform activity. It is suggested that decreases in astrocyte sheaths
of excitatory synapses promoted the propagation of neurotransmitters across intercellular spaces and the
involvement of neighboring neurons in synchronized neuron activity.

Keywords: intraocular neurotransplants, septum, epileptiform activity, ultrastructure, synapse, astrocyte process,
morphometry.

Changes in the structure and function of nerve and gli-
al cells in epileptic brain activity have been quite well stud-
ied. Epilepsy involves the death of neurons, impairments
to the domain organization of astrocytes, reactive astroglio-
sis, and significant increases in intermediate gliofilaments.
Surviving neurons show reorganization of nerve process-
es: aberrant axon branching, loss of dendritic spines, and
degeneration of synaptic terminals [1-3]. However, these
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studies are usually carried out on parts of the brain already
profoundly altered by convulsive activity due to the actions
of chemical convulsants or electrical stimuli. Questions of
submicroscopic abnormalities in nervous tissue during ini-
tiation of epileptic states remain unstudied. In addition, in
the whole brain it is difficult to identify the epileptogenic
foci from which pathological excitation spreads. Many data
on the generation and prevention of convulsive activity at
the cellular level have therefore been obtained by modeling
of pathological foci in vitro [4-7]. In the present study, the
model for investigating the cellular and subcellular mech-
anisms of the development of epileptogenic foci consisted
of intraocular neurotransplants developing in the anterior
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chamber of the eye. Neurons in transplants functioning in
isolation from the CNS in conditions or a stringent deficit
of natural afferent and efferent influences form autosynap-
tic connections of atypical contacts with neighboring nerve
cells. Electrophysiological studies of analogous intraocular
neurotransplants of the hippocampus and septal area of the
brain show increased excitability and easy provocation of
epileptiform discharges [8]. However, in the hippocampus,
which has a densely packed layer of pyramidal neurons,
epileptiform synchronous activity can be due to connex-
in-containing gap junctions between nerve cells without
involvement of glutamate-mediated excitation [9]. To con-
centrate attention on synaptic processes and to exclude the
possibility of generating pathological activity as a result of
electrotonic communications between closely located nerve
cells, we selected transplants of the septal area as our exper-
imental model; neurons in this structure are located diffuse-
ly and do not form dense layers.

The main excitatory neurotransmitter in the septal area
of the brain, as in most other sections of the CNS, is glu-
tamic acid [10], while the morphological correlates of exci-
tation are type I synapses, which have asymmetrical active
zones with marked electron densities on the postsynaptic
side [11]. Current concepts hold that excitatory synaptic
complexes must also include surrounding astrocyte process-
es, which control the extracellular glutamate level [12—14].
The aim of the present work was to compare the ultrastruc-
tural organization of synaptic contacts in intraocular septal
transplants displaying normal or epileptiform activity. This
was approached by morphometric analysis of the tripartite
organization of excitatory synaptic terminals in intraocular
neurotransplants of the septum.

Methods. Intraocular transplantation into the anterior
chamber of the eye was carried out using Wistar laborato-
ry rats kept in standard institute animal house conditions.
Experiments were performed in compliance with the re-
quirements for working with animals (directive 2010/63/
EU) and the recommendations of the Bioethics Committee
of the Institute of Theoretical and Experimental Biophysics,
Russian Academy of Sciences. Donor material was obtained
using females on day 17 of pregnancy, which underwent
Caesarian section under deep Nembutal anesthesia and ad-
ditional local anesthesia with 2.0% novocaine solution, with
harvesting of fetuses, which were placed in sterile physio-
logical saline. A binocular microscope was used to collect
fragments of the septal area of the brain, and these were kept
in Eagle’s medium prior to implantation into the anterior
chamber of the eye. Recipients were male rats of the same
strain, anesthetized with ether vapor. Atropine (1.0%) drops
were applied to recipients’ eyes 15 min before surgery to
dilate the pupil; 1-2 drops of dicaine were also applied for
local anesthesia. Implantation of fragments of donor tissue
into the anterior chamber of the eye was performed through
small incisions in the cornea using a Microman pipette.
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At three months after surgery, transplants, along with
pieces of iris, were extracted from the anterior chamber of
the eye and placed in the experimental chamber with a flow
of Ringer—Krebs solution for testing electrophysiological
properties. Electrical stimulation was applied using single
(no more than 10) pulses, using nichrome electrodes at the
junction of the transplant and the iris. Local potentials and
multicellular activity were recorded using tungsten mi-
croelectrodes. Test results were used to divide transplants
into two groups depending on the type of activity — normal
(controls) and epileptiform. In the control group (n = 3),
responses consisted of single evoked potentials with latent
periods of 3—7 msec; in the experimental group (n = 3), re-
sponses consisted of repeated multiple discharges follow-
ing with intervals of 5-20 msec. Each experiment lasted no
more than 5-7 min. electrophysiological testing of trans-
plants was performed by A. G. Bragin.

Microscopic studies were performed after fixation of
transplants in 2.5% glutaraldehyde. General studies were
carried out on histological sections stained with cresyl vi-
olet by the Nissl method. Transplants for electron micros-
copy were cut into pieces of no more than 0.8-1.0 mm3,
post-fixed in 1.0% osmium tetroxide, and embedded in Epon
blocks; ultrathin sections were cut on an LKB ultratome
(Switzerland). Sample preparation has been described in de-
tail elsewhere [15, 16]. Ultrastructural studies were conduct-
ed using a JEOL JEM 100B electron microscope (Japan).
Morphometric analysis was performed by selecting from
each group at least 100 microimages of synaptic terminals,
mainly located on dendritic spines and having clear ultra-
structural signs of excitatory contacts: asymmetrical active
zones with clear densities on the postsynaptic side [11].
Microphotographs were digitized and stored as computer
files and analyzed using UTHSCSA Image Tool software.
Synapses were compared using the following parameters:
total perimeter and cross-sectional areas of presynaptic ter-
minals (T), extent of astrocyte dendrites adjacent to termi-
nals (A), and length of postsynaptic density (PSD). The ex-
tent of development of the perisynaptic glia (Ka) was com-
puted as the ratio of the length of the astrocyte process (A)
to the perimeter of the terminal (T). significant differences
were identified using Student’s 7 test.

Results and discussion. Histological sections of intra-
ocular septal transplants consisted of cellular formations
located in the anterior chamber of the eye between the cor-
nea and the iris. Large blood vessels grew from the iris into
the neurotransplant, with wide perivascular spaces (Fig. 1).
Previous studies have shown that in the depth of the trans-
planted tissue the vessel walls become thinner and gradual-
ly acquire the morphological features typical of the CNS
capillaries forming the blood-brain barrier [15]. Nerve and
glial cells in septal transplants were distributed diffusely,
without any particular orientation. Neurons were complete-
ly differentiated, had large, light nuclei with intensely stain-
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Fig. 1. General view of intraocular transplant of septal area of the rat brain. Nissl staining. T — transplant; I —iris; C — cornea.

Scale bar: 1.0 mm.

Fig. 2. The neuropil area of an intraocular septal transplant. Excitatory synaptic contacts are shown by arrows; fine perisynaptic
astrocyte process are shown by asterisks. A — Larger astrocyte processes; D — dendrites; T — synaptic terminals. Scale bar: 0.5 pm.

ing nucleoli and extensive cytoplasm containing clumps of
Nissl substance.

In terms of ultrastructural characteristics, neurons and
gliocytes also corresponded to fully fledged mature cells,
whose cytoplasm contained all the necessary organelles. The
neuropil areas of transplants, with their complex organiza-
tion, consisted of mutually interconnected glial processes,
axons, dendrites, and synaptic terminals. The glial compo-
nent consisted of astrocyte processes, some containing glio-
filaments. Most synaptic junctions in the neuropil had clear
signs of excitatory contacts: light synaptic vesicles of diam-
eter 35-40 nm were present on the presynaptic side, while
marked accumulations of electron-dense material were pres-
ent on the postsynaptic side beneath the plasma membrane
(Fig. 2). Starting with the classical studies of Gray [11],

carried out using neocortex, these structural characteristics
of synapses in other CNS organs were also associated with
glutamatergic neurotransmission [17, 18]. Synaptic contacts
of this type were seen in intraocular septal neurotransplants
from both experimental groups, both on dendritic spines and
on fine dendrite branches. At the visual level, there were no
fundamental structural differences between the numerous
synaptic connections in transplants with the normal and
pathological types of functional activity. Both groups of
neurotransplants contained synapses with relatively large
and quite small presynaptic boutons. At the same time, epi-
transplants often showed numerous active zones where 2-3
terminals abutted onto a single spine and, conversely, 2—-3
dendrite branches formed synaptic connections with a single
axonal bouton or the head of a dendritic spine. In addition,
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TABLE 1. Morphometric Data for Excitatory Synapses in Intraocular Neurotransplants with Different Types of Functional Activity (M + m)

Synaptic terminal parameters Normal activity (control), n = 100 Epileptiform activity (n = 112) Significance
Extent of position density, um 0.366 +0.014 0402 +0018
Area of presynaptic bouton, pum? 0.52+0.03 049+0.03 Not significant
Perimeter of presynaptic bouton, um 2.14+0.09 2.13+£0.07
Astrocyte.pr];)cesses in contact with 0.96 + 0.06 0554005
presynaptic bouton, pm p <0.001
Coefficient Ka 045+0.03 0.25+0.02

many synaptic contacts within them had active zones of the
perforated type. These distinguishing features of transplant-
ed tissue characterized by pathological activity are consis-
tent with electrophysiological data showing hyperactivity in
neurons developing in the anterior chamber of the eye [8].
Other investigators have also shown that active zones with
perforations of the postsynaptic density expressed more ex-
citatory receptors and were more efficient [19, 20].

Presynaptic glial processes surrounding synaptic pro-
files to different extents had tortuous outlines and seemed to
fill the space between nerve elements, not reaching synaptic
clefts. Fine processes did not contain cytological organelles
but were filled with some kind of filamentous material. The
distances between synapse and astrocyte membranes var-
ied from short nearby parts to areas widened to several tens
of nanometers (Fig. 2). On the presynapse side, the area of
contact with the astrocyte process often showed micropino-
cytic figures and empty vesicles. These observations provide
grounds for the view that synapses in intraocular transplants,
as in the brain in situ, correspond to the current concept of
the tripartite organization of synaptic contacts. The num-
bers of synapses in different parts of the brain making tight
contact with astrocyte processes are known to differ [21].
Our comparison of the two groups of intraocular neurotrans-
plants showed a decrease in the number of synapses associ-
ated with astrocyte processes. Thus, while these were seen in
the control material in 94.0 +2.5% of cases, the proportion in
tissue displaying epileptiform activity was only 72.3 +4.2%
(significant difference, p < 0.001). This is evidence of the
important role of astrocytes in maintaining the normal level
of functional activity in transplanted tissue.

Comparative morphometric study of synaptic complex-
es in neurotransplants with normal and epileptiform activity
addressed all three structural components of tripartite synaps-
es. Assuming that the increased excitability of nervous tissue
must be reflected in the sizes of synapse active zones, the
extents of postsynaptic densities were measured, these be-
ing key loci containing neurotransmitter receptor molecules.
The sizes of postsynaptic densities were very variable in both
experimental groups (from 0.1 to 1.28 um) and generally
showed a positive correlation with the sizes of presynaptic
boutons. However, comparison of the mean values of these
indicators in transplants with normal and pathological activ-

ity revealed significant differences, though there was also a
minor tendency to an increase in postsynaptic densities in ep-
ileptized tissues (Table 1). In combination with the ultrastruc-
tural signs of greater efficiency described above for some
synaptic contacts (numerous active zones, perforated PSD),
epitransplants nonetheless contained morphological grounds
for the generation of anomalous activity. Morphometric anal-
ysis of presynaptic boutons in terms of cross-sectional area
and perimeter in both experimental groups revealed no sig-
nificant differences. In addition, larger differences were seen
in the third, i.e., astrocyte, component of synaptic complexes.
In material with epiactivity, the proportion of astrocyte pro-
cesses in the immediate vicinity of presynaptic boutons (Ka)
was 1.8 times lower than in controls (Table 1).

The numerical data obtained here indicate that the
action of short-term electrical stimulation, which induces
pathological discharges in some intraocular transplants, had
virtually no effect on the morphometric parameters of the
presynaptic compartments or sizes of postsynaptic densities
of synaptic terminals. In addition, data on the significantly
reduced surrounding axon terminals of astrocyte processes
in transplants with epileptiform activity was very impres-
sive. Fine terminal branches of astroglial processes consti-
tute an important component of the neuropil and were in
close contact with synaptic terminals and take part in mod-
ulating glutamatergic synaptic transmission. Only 20% of
glutamate released from synaptic vesicles reaches postsyn-
aptic neurons, the remaining 80% of neurotransmitter be-
ing returned to the astrocyte cytoplasm by highly specific
astroglial membrane transporters to be converted into inac-
tive glutamine. This molecular-cellular mechanism for the
uptake of excess glutamic acid from synaptic clefts prevents
hyperexcitation and excitotoxicity of neurons [22, 23].
Astrocytes also control ion homeostasis close to function-
al contacts. They utilize membrane transporters to clear
the extrasynaptic space of potassium ions and redistribute
them to sites with low concentrations [24, 25]. Astrocytic
perisynaptic processes are very plastic and react to changes
in neuron activity. Thus, sensory stimulation and long-term
potentiation lead to significant increases in the perisynaptic
glia on activated synapses in the neocortex and hippocam-
pus [26, 27]. Our experiments, conversely, demonstrated
weakening of the astrocyte component around synapses in
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transplants with epileptiform activity. As compared with
controls, decreases in the astrocyte sheath of excitatory syn-
apses allow neurotransmitter freer diffusion from the synap-
tic cleft into the intercellular space, with activation of recep-
tors on neighboring synapses. This leads to synchronization
of the activity of groups of neurons and further propaga-
tion of the focus of epileptiform activity. This suggestion
is consistent with current views that astrocyte regulation of
synaptic transmission occurs not only on individual synaps-
es, but also leads to changes in activity at the level of neu-
ral networks [28]. The important role of diffuse (volumic)
propagation of signal molecules across intercellular spaces
and the modulation of information processes in the brain
have been addressed in other studies. [29, 30].

Finally, additional factors promoting the generation of
pathological discharges operate in intraocular nervous tis-
sue neurotransplants. For example, our previous experi-
ments revealed significant decreases in the numbers of in-
hibitory GABAergic neurons in in oculo neocortex [31].
The transplants from the septal area of the brain studied
here may also have abnormalities in the phenotypic differ-
entiation of nerve cells, though in this case the pathological
imbalance between excitation and inhibition should be seen
both in controls and epitransplants. Considering the short
duration of exposure of the transplanted tissue to electrical
pulses, we suggest that perisynaptic astrocyte processes are
the first to react to increases in neuronal excitation and ini-
tiate the development of epileptiform activity.

The authors would like to thank A. G. Bragin for elec-
trophysiological testing of the type of functional activity in
intraocular neurotransplants.

This study was supported by the Russian Foundation
for Basic Research (Project No. 17-04-00786).

REFERENCES

1. N. A. Oberheim, G.-F. Tian, X. Han, et al., “Loss of astrocytic do-
main organization in the epileptic brain,” J. Neurosci., 28, No. 13,
3264-3276 (2008).

2. K. K. Thind, R. Yamawaki, I. Phanwar, et al., “Initial loss but later
excess of GABAergic synapses with dentate granule cells in a rat
model of temporal lobe epilepsy,” J. Comp. Neurol., 518, No. 5,
647-667 (2010).

3. O. W. Castro, M. A. Furtado, C. Q. Tilelli, et al., “Comparative neu-
roanatomical and temporal characterization of FluoroJade-positive
neurodegeneration after status epilepticus induced by systemic and
intrahippocampal pilocarpine in Wistar rats,” Brain Res., 1374, 43—
55 (2011).

4. G. Losi, I. Marcon, L. Mariotti, et al., “A brain slice experimental
model to study the generation and the propagation of focally-induced
epileptiform activity,” J. Neurosci. Meth., 260, 125-131 (2016).

5. S.L.Malkin, D. V. Amakhin, E. A. Veniaminova, et al., “Changes of
AMPA receptor properties in the neocortex and hippocampus fol-
lowing pilocarpine-induced status epilepticus in rats,” Neuroscience,
327, 146-155 (2016).

6. D. V. Amakhin, S. L. Malkin, J. L. Ergina, et al., “Alterations in
properties of glutamatergic transmission in the temporal cortex and

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

hippocampus following pilocarpine-induced acute seizures in Wistar
rats,” Front. Cell. Neurosci, 11,264 (2017), https://doi.org/10.3389/
fncel 2017.00264.

U. Hasan and S. K. Singh, “The astrocyte—neuron interface: an over-
view on molecular and cellular dynamics controlling formation and
maintenance of the tripartite synapse,” Methods Mol. Biol., 1938,
3-18 (2019).

A. G. Bragin and O. S. Vinogradova, “Comparison of neuronal ac-
tivity in septal and hippocampal grafts developing in the anterior eye
chamber of the rat,” Brain Res., 312, No. 2,279-286 (1983).

M. C. Laura, F. P. Xochitl, S. Anne, and M. V. Alberto, “Analysis of
connexin expression during seizures induced by 4-aminopyridine in
the rat hippocampus,” J. Biomed. Sci., 22, No. 1, 69-80 (2015).

F. Fonnum, “Glutamate: a neurotransmitter in mammalian brain,”
J. Neurochem.,42,No. 1, 1-1 (1984).

E. G. Gray, “Electron microscopy of excitatory and inhibitory syn-
apses: a brief review,” Prog. Brain Res., 31, 141-155 (1969).

A. Araque, V. Parpura, R. P. Sanzgiri, and P. G. Haydon, “Tripartite
synapses: glia, the unacknowledged partner,” Trends Neurosci., 22,
208-215 (1999).

A. Verkhratsky, M. Nedergaard, and L. Hertz, “Why are astrocytes
important?” Neurochem. Res., 40, No. 2, 389—-401 (2015).

N. Gavrilov, I. Golyagina, A. Brazhe, et al., “Astrocytic coverage of
dendritic spines, dendritic shafts, and axonal boutons in hippocam-
pal neuropil,” Front. Cell. Neurosci, 12,248 (2018), https://doi.org/
10.3389/fncel.2018.00248.

Z.N.Zhuravleva,A.G.Bragin,and O.S. Vinogradova, “Organization
of the nervous tissue (hippocampus and septum) developing in the
anterior eye chamber. I. General characteristic and non-neural ele-
ments,” J. Hirnforsch., 25, No. 3, 313-330 (1984).
Z.N.Zhuravleva,A.G.Bragin,and O.S. Vinogradova, “Organization
of the nervous tissue (hippocampus and septum) developing in the
anterior eye chamber. II. Neuronal perikarya and dendritic process-
es,” J. Hirnforsch., 26, No. 4,419-437 (1985).

L. Qu, Y. Akbergenova, Y. Hu, and T. Schikorski, “Synapse-to-
synapse variation in mean synaptic vesicle size and its relationship
with synaptic morphology and function,” J. Comp. Neurol., 514,
343-352 (2009).

K. M. Harris and R. J. Weinberg, “Ultrastructure of synapses in
the mammalian brain,” Cold Spring Harb. Perspect. Biol., 4, No. 5
(2012), https://doi.org/10.1101/cshperspect.a005587.

I. Nikonenko, P. Jourdain, S. Alberi, et al., “Activity-induced chang-
es of spine morphology,” Hippocampus, 12, No. 5, 585-591 (2002).
O. Ganeshina, R. W. Berry, R. S. Petralia, et al., “Synapses with
a segmented, completely partitioned postsynaptic density express
more AMPA receptors than other axospinous synaptic junctions,”
Neuroscience, 125, No. 3, 615-623 (2004).

Y. Bernardinelli, D. Muller, and I. Nikonenko, “Astrocyte-Synapse
Structural Plasticity,” Neural Plast., 2014: 232105 (2014), https://
doi.org/10.1155/2014/232105.

V. Eulenburg and J. Gomeza, “Neurotransmitter transporters ex-
pressed in glial cells as regulators of synapse function,” Brain Res.
Rev.,63,No. 1-2,103-112 (2010).

A. Mehta, M. Prabhakar, P. Kumar, et al., “Excitotoxicity: bridge to
various triggers in neurodegenerative disorders,” Eur. J. Pharmacol.,
698, 6-18 (2013).

J. Sibille, U. Pannasch, and N. Rouach, “Astroglial potassium clear-
ance contributes to short-term plasticity of synaptically evoked cur-
rents at the tripartite synapse,” J. Physiol., 592, 87-102 (2014).
A.Lebedeva, A. Plata, O. Nosova, et al., “Activity-dependent chang-
es in transporter and potassium currents in hippocampal astrocytes,”
Brain Res. Bull., 136,37-43 (2018).

C. Genoud, C. Quairiaux, P. Steiner, et al., “Plasticity of astrocytic
coverage and glutamate transporter expression in adult mouse cor-
tex,” PLoS Biol.,4,No. 11,2057-2064 (2006).



638

217.

28.

I. Lushnikova, G. Skibo, D. Muller, and I. Nikonenko, “Synaptic
potentiation induces increased glial coverage of excitatory synapses
in CAl hippocampus,” Hippocampus, 19, 753-762 (2009).

S.Y. Gordleeva, S. V. Stasenko, A. V. Semyanov, et al., “Bi-direc-
tional astrocytic regulation of neuronal activity within a network,”
Front. Comput. Neurosci., 6, 92 (2012), https://doi.org/10.3389/
fncom.2012.00092.

29.

30.

31.

Zhuravleva, Zhuravlev, and Samokhina

A. Semyanov, “Can diffuse extrasynaptic signaling form a guiding
template?” Neurochem. Int., 52, No. 1-2, 31-3 (2008).

L. F. Agnati, D. Guidolin, M. Guescini, et al., “Understanding wiring
and volume transmission,” Brain Res. Rev.,64,No. 1,137-159 (2010).
Z.N. Zhuravleva, S. S. Hutsyan, and G. I. Zhuravlev, “Phenotypic
differentiation of neurons in intraocular transplants,” Ontogenez, 47,
No. 3, 147-153 (2016).



	ABSTRACT
	Methods
	Results and discussion
	REFERENCES

