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Aberrant neuronal synaptic connectivity in CAl area of
the hippocampus from pilocarpine-induced epileptic
rats observed by fluorogold
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Abstract: In this study, we observed synaptic connectivity among neurons in CA1 region of pilocarpine-induced
chronic seizures in rats. Twenty healthy male Sprague-Dawley rats were divided randomly into an epilepsy group
(n = 10) and a control group (n = 10). Approximately 60 days after status epilepticus (SE) , Fluorogold (FG) was
injected into the CA1 area of the hippocampus in vivo. Somatostatin (SS) expression was observed using immu-
nofluorescence. The distribution of FG-positive and FG/SS double-labeled neurons was observed using a confocal
microscope. FG-labeled pyramidal cells could be seen remotely from the FG-injected site in the CA1 area and in
the subiculum in the experimental group. FG/SS double-labeled interneurons were distributed remotely from the
FG-injected site in the CA1 area in the epileptic rats. These changes suggest aberrant neuronal connectivity in CA1
region, which may lead to the formation of aberrant excitatory and inhibitory circuitry, and may play an important
role in the generation or compensation for temporal lobe epilepsy.

Keywords: Temporal lobe epilepsy (TLE), fluorogold (FG), somatostatin (SS), neuronal connectivity, circuit rear-

rangement, interneuron, lithium chloride, pilocarpin

Introduction

Temporal lobe epilepsy (TLE) is a major type of
intractable epilepsy that severely impairs physi-
cal and mental health. Currently, the cause of
TLE and its spontaneous, recurrent seizures
remains unknown. The potential mechanisms
underlying self-compensation of seizure control
are also unclear [1]. The occurrence of epilepsy
is always associated with the following chang-
es: neuronal loss, increased neuronal excitabil-
ity, weak suppression, circuitry rearrangement
and synaptic abnormalities. The rearrangement
of excitatory and inhibitory circuitry in the hip-
pocampus plays an important role in seizure
onset in TLE [2, 3]. Axonal sprouting in the hip-
pocampus is a significant pathological feature
in patients and animal models. Recent studies
detected extensive axonal sprouting in hippo-
campal GABAergic inhibitory interneurons in a
TLE model [4]. This evidence suggests that axo-
nal sprouting is common in TLE and is an impor-
tant structural basis for the rearrangement of
excitatory and inhibitory circuitry [5]. Although

there have been a number of reports on the
rearrangement of excitatory circuitry [6-8], the
changes in the synaptic connections of excit-
atory cells involved in TLE are unclear. In addi-
tion, there have been few studies on GABAergic
inhibitory rearrangements [9]. Research on the
synaptic connectivity that occurs between
inhibitory interneurons during the chronic,
spontaneous seizures of TLE is especially rare.

We studied the hippocampal somatostatin-pos-
itive (SS-positive) interneurons of pilocarpine-
induced epileptic rats 30 days after status epi-
lepticus(SE). Wefoundthatimmunofluorescence
for SS fibers increased visibly in the hippocam-
pus stratum lacunosum-moleculare and in the
outer molecular layer of the dentate gyrus. At
60 days after SE, many SS-positive fibers were
found throughout the whole CA1 layer [10]. We
speculate that the increased amount of
SS-positive fibers was derived from an abnor-
mal enhancement in axonal sprouting of SS
interneurons from contiguous or distant
regions. TLE is likely derived from aberrant hip-
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pocampal inhibitory circuits, and these SS-po-
sitive fibers may play an important self-repair-
ing role following epileptic seizures. The contin-
uous increase in the quantity of inhibitory fibers
and the degeneration of a small number of neu-
rons may contribute to spontaneous, chronic,
recurrent seizures. Therefore, the increase in
SS-positive fibers is worthy of further explo-
ration.

To understand the changes in synaptic connec-
tions between excitatory and inhibitory rear-
rangements in TLE, we located and traced criti-
cal neurons and their dendrites. Fluorogold (FG)
is a commonly used retrograde tracer, and
when combined with immunofluorescence, FG
retrograde tracing is a convenient, accurate
and sensitive method to observe synaptic con-
nections between the cell origin and dendrites
using confocal microscopy [11-13]. The epilep-
tic rat model induced by lithium chloride-pilo-
carpine is similar (behavior, EEG recordings,
pathology and pharmacological properties) to
human TLE and has been recognized as an
ideal animal model for the study of TLE [14-17].
This study observed changes in synaptic con-
nections among hippocampal CA1 pyramidal
cells during spontaneous recurrent seizures
using the lithium chloride-pilocarpine-induced
epileptic rat model. By combining the FG retro-
grade tracer and immunofluorescent staining,
we observed the origin of aberrant increased
SS-positive fibers and their synaptic connectiv-
ity with inhibitory interneurons to reveal the
“self-repairing” effect of excitatory and inhibi-
tory circuits during TLE.

Methods
Animal model

In total, 20 adult male Sprague-Dawley (SD)
rats (6-8 weeks old, weighing 250 + 20 g) were
used in this study. The SD rats were kept under
stable environmental conditions (18°C-25°C,
50%-60% humidity, 12 h light/dark cycle, lights
on at 06:00 am) with free access to standard
laboratory chow and tap water. All experimental
procedures were approved by The Animal Care
and Use Ethics Committee of Xiangya Hospital
(Changsha, China). The 20 SD rats were divided
randomly into an epilepsy group (n = 10) or a
control group (n = 10). The epilepsy model was
developed based on the description of our pre-
vious study [10]. The rats in the control groups
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were intraperitoneally (i.p.) injected with 0.9%
sodium chloride (125 mg/kg) at the corre-
sponding spot times. All rats were observed for
behavioral changes after injections.

Injection of FG

At 60 days after SE induction, the epilepsy
group and control group were injected i.p. with
sodium pentobarbital anesthesia (35 mg/kg),
and were then placed in a stereotaxic appara-
tus (Narishige SN-3, Tokyo, Japan) with the fon-
tanel in a horizontal plane. According to the
brain stereotaxic atlas [18], a hole was drilled
2.0 mm from midline (bilaterally) and 3.1 mm
posterior to the bregma. The needle of a 1 pl
microsyringe (Hogon Scientific Instrument Co.,
Shanghai, China) was advanced 2.8-2.9 mm
from the brain surface, and 0.5 pl of a FG solu-
tion (4% FG dissolved in 0.9% saline)
(Fluorochrome Inc., Denver, CO, USA) was
injected into the hippocampal CA1 area
bilaterally.

Tissue fixation and section preparation

At 5-7 days after FG injection, rats were deeply
anesthetized with sodium pentobarbital (35
mg/kg) and perfused through the ascending
aorta with approximately 400 ml of 0.9% sodi-
um chloride. The brains were removed, post-
fixed overnight with 500 ml of 4% paraformal-
dehyde and cryoprotected in 30% sucrose until
they sank to the bottom. The freezing micro-
tome (AO Company, Buffalo NY, USA) was
adjusted to -18°C to -20°C, and the tissues
were trimmed and fixed to the pedestal. The
brain was serially sectioned in the coronal
plane from the midbrain to the frontal lobes
with a slice thickness of 35 um. The hippocam-
pal brain sections were collected and placed in
0.01 mol/I phosphate-buffered saline (PBS, pH
7.2-7.4). The sections were mounted onto poly-
lysine-treated microscope slides and kept in a
-20°C freezer. Direct sunlight was avoided dur-
ing the sectioning and mounting to the slides.

SS immunofluorescent staining

The sections were dried and rinsed 3 times
with 0.01 mol/I PBS. Each wash had duration
of 10 min. The sections were then incubated
with 0.03% TritonX-100 (DingGuo Biotech Co.,
Beijing, China) at 37°C for 25 min and rinsed 3
times with 0.01 mol/I PBS (10 min each). The
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sections were then blocked with 10% normal
goat serum (DingGuo Biotech Co., Beijing,
China) for 25 min at 37°C. The excess liquid
was poured off without washing. The sections
were then incubated at 4°C overnight (40-48 h)
with 50 pl of the primary antibody (rabbit anti-
rat antibody SS polyclonal antibody ata 1:1500
dilution in 2% normal goat serum (Sigma, St
Louis, MO, USA). Following 3 PBS washes (1
min each), the sections were incubated with
the secondary antibody (diluted with 2% block-
ing serum (Sigma, St Louis, MO, USA)) for 2 h at
room temperature. The sections were rinsed
twice with PBS (5 min each), dried and mount-
ed with 60% glycerol.

Results and statistical analyses

We used a LSM510 confocal microscopy (Carl
Zeiss AG, Oberkochen, Germany) to view the
sections. In the epilepsy group, 5 sections from
each rat were randomly selected. Each section
contained the injection hole. Similar sections
were randomly selected from the control group.
Three non-overlapping images were photo-
graphed in the CA1 region in the FG injection
site, the CA1 region distant from the injection
site using a Motic microscope. The number of
SS-positive cells and the number of FG- and
SS-positive (FG/SS double-labeled) cells were
counted. Statistical analyses were performed
for the ratio of the number of FG/SS double-
labeled interneurons to the total number of
SS-labeled interneurons.

The experimental data were presented as the
mean * standard deviation. The differences
between the groups were analyzed for statisti-
cal significance by a one-way analysis of vari-
ance (ANOVA) followed by paired comparisons.
Student’s t-test was used to test for differences
between the epilepsy group and the control
group. Significance was defined as P < 0.05.
The statistical analyses were performed using
SPSS 17.0 software (SPSS, Inc., Chicago, USA).

Results

Behavioral changes

After the i.p. injection of lithium chloride, the
rats in the experimental group behaved normal-

ly. The animals developed peripheral choliner-
gic reactions 5-30 minutes following injection
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of pilocarpine, such as piloerection, salivation,
tremors and bloody tears. The following stereo-
typical behaviors appeared simultaneously or
successively: gazing; chewing; sniffing; explor-
atory behavior; wet dog-like shakes; repeated
looking up followed by blinking, facial spasms;
nodding and repeated, bilateral forelimb clonus
accompanied by upright posture, falling or turn-
ing over. Some animals had tonic, clonic sei-
zures of the extremities. The seizures occurred
infrequently at first, and the frequency
increased over time. A total of 9 epileptic rats
reached the Racine llI-V level. A total of 2 rats
died during convulsions, and the remaining 7
rats entered the resting phase after 24-72 h,
most of the rats behaved normally during this
interval. After 15-45 days, spontaneous sei-
zures appeared in all of the surviving rats.
These seizures were tonic, clonic seizures with
short durations (lasting approximately 30 sec
to 1 min). The seizure frequency ranged from
several times per day to once every few days.
No deaths were observed within the chronic
phase. The rats behaved normally after injec-
tion of FG.

Pyramidal cells labeled with FG

The hippocampal CA1 neurons labeled with FG
were primarily pyramidal cells and some non-
chief cells. A yellow, granular material (Figure
1B) was observed in the cytoplasm of the
labeled cells. FG-labeled cells in the control
group were neatly and tightly arranged. Their
axons and dendrites were orderly and arranged
in parallel (longitudinally) (Figure 2B). FG-
labeled pyramidal cells in the epilepsy group
were shrunken and appeared disorderly. Their
axons were not compact, and their dendrites
were not well-visualized (Figure 2A). FG-labeled
pyramidal cells were found in 5 of 7 rats in the
epilepsy group in the CA1 region far from the
injection site and close to the CA2 region
(Figure 1C). No FG-labeled pyramidal cells were
detected in any rats in the control group.
Rather, FG-labeled cells were confined to the
region adjacent to the injection site. FG-labeled
pyramidal cells were also found in 2 of 7 rats in
the epilepsy group in the hippocampal subicu-
lum (Figure 1D). However, no FG-labeled pyra-
midal cells were found in the control group in
this region. The fluorescent signal weakened
with increasing distance from the injection site
(Figure 1A, 1C and 1D).
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Figure 1. FG-labeled with immunofluorescence: A: The FG injection site in Hippocampal CA1 region (magnification,
x200; scale bars = 50 ym). B: FG-labeled pyramidal cells in CA1 region, a yellow, granular material was observed
in the cytoplasm of the labeled cells (magnification, x1000; scale bars = 10 pym). C: CA1 region, distant from the
injection site in the epilepsy group, FG-labeled pyramidal cells were found (arrows) (maghnification, x200; scale
bars = 50 ym). D: FG-labeled pyramidal cells were also found in the hippocampal subiculum of the epilepsy group
(magnification, x200; scale bars = 50 ym). A, C and D: The fluorescent signal weakened with increasing distance
from the injection site.

FG-labeled SS interneurons

FG-labeled slices immunolabeled for SS were
observed by confocal microscopy. There was a
drastic increase in the number of SS-positive
fibers in 5 rats in the epilepsy group. The other
2 rats presented little increase. FG/SS double-
labeled neurons had red cell bodies, axons and
dendrites covered with scattered, dark yellow
fluorescence. FG-negative cells presented
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extremely bright yellow fluorescence [13]. At
the FG injection sites, many FG/SS double-
labeled neurons were found in the epilepsy
group (Figure 2A) (accounted for 60% to 81% of
the total number of neurons). FG/SS double-
labeled axons and dendrites were also detect-
ed. FG/SS double-labeled neurons were also
found in the control group (Figure 2B) (account-
ed for approximately 52% to 80% to the total
number of neurons). There was no significant
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Figure 2. Double-labeling of FG and SS (magnification, x200; scale bars = 50 ym): A: The FG injection site in the
CA1 region of the epilepsy rat, FG-labeled pyramidal cells were shrunken and appeared disorderly, their axons were
not compact, and their dendrites were not well-visualized. FG/SS double-labeled neurons had red cell bodies, axons
and dendrites covered with scattered, dark yellow fluorescence (arrows). B: In the control rat, FG-labeled cells were
neatly and tightly arranged, their axons and dendrites were orderly and arranged in parallel (longitudinally), FG/SS
double-labeled neurons were detected. C: CA1 region, distant from the FG injection site, near the CA2 region in the
epilepsy rat, FG/SS double-labeled neurons were found (arrows). D: CA1 region, distant from the FG injection site,

near the CA2 region in the control rat, FG/SS double-labeled were not found.

difference between the experimental group
and the control group (P>0.05, Table 1). FG/SS
double-labeled neurons were identified in the
CA1 region distant from the FG injection site
near the CA2 region in the epilepsy group
(Figure 2C) in 5 rats (accounting for 35% to
55% of the total number of neurons). FG/SS
double-labeled neurons were not found in the
control group (Figure 2D). There was a statisti-
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cally significant difference between the epilep-
sy and control groups (P<0.01, Table 1).

Abnormal labeling and the incidence of spon-
taneous seizures

During the chronic stage of SE, spontaneous

seizures occurred 1 to 5 times every 40 hours
(5 days per week). We divided the incidence of
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Table 1. Ratio of FG/SS double-labeled neurons to
total SS-positive neurons in different parts of the CA1

region (% + SD)

with chronic TLE. This finding was not
observed in the control group, which sug-
gests the presence of aberrant excitabili-

Group Injection site

Distant from the injection
site and near the CA2 region

ty in the neural network of rats with chron-
ic TLE.

Control group  0.66 + 0.096 0
Epilepsy group 0.70 + 0.090*

0.43 £ 0.083*

Aberrant connections among pyramidal

#Comparison of the same site between two groups, P > 0.05; *Com-

parison of the epilepsy group between two sites, P < 0.01.

spontaneous seizure into the following 3 levels:
low frequency: < 0.2 times per day (n = 2 rats);
moderate frequency: between 0.4 and 0.6
times per day (n = 3 rats); and high frequency:
> 0.8 times per day (n = 2 rats). There was no
significant increase of SS-positive fibers in the
CA1 region of the 2 rats with a low incidence of
seizures. Aberrant connections among SS-
positive neurons and pyramidal cells were most
obvious in the CA1 region of rats with a moder-
ate frequency of seizures, pyramidal cells also
demonstrated obvious morphological abnor-
malities in these rats. In addition, aberrant dis-
tribution of FG-labeled pyramidal cells was
observed in the subiculum of 2 rats with a high
frequency of seizures.

Discussion

Under pathological conditions, hippocampal
granule cells spread mossy fibers that activate
the dendrites of GABAergic interneurons. The
activated interneurons sprout mossy fibers,
which effectively resist the excitation of the
granule cells. Therefore, Froscher et al. pro-
posed that hippocampal mossy fiber-interneu-
ron inhibitory synapses may be an important
constituent of an inhibitory circuit rearrange-
ment [19]. Aberrant hippocampal excitatory
and inhibitory rearrangements may be closely
related to the generation of TLE and its self-
repairing function. Our study found rearrange-
ment of excitatory and inhibitory circuitry in the
hippocampal CA1 region of rats with pilocar-
pine-induced, chronic TLE. First, aberrant inter-
actions were observed among pyramidal cells
in the CA1 region and between the hippocam-
pal subiculum and the CA1l region. Second,
aberrant connectivity existed among interneu-
rons in the CA1 region.

This study found that FG-labeled pyramidal
cells existed in the CA1 region remotely from
the injection site and in the subiculum in rats
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cells in CA1

Local excitatory connections exist mostly

in the CA3 region rather than the CA1
region [20, 21]. Using an intracellular recording
method and biotinylated probes, Deuchars et
al. [22] determined that the pyramidal cell con-
nectivity ratio was 1:16 in the CA3 region and
only 1:100 in the CA1 region. Therefore, under
normal circumstances, connections between
pyramidal cells in the CA1l region are rare,
which is consistent with the results of this
study. In the chronic stage of TLE, we detected
an enhancement of connections between pyra-
midal cells in the hippocampal CA1l region
through FG labeling. Because FG is transported
to the cell body mainly by retrograde axonal
transport [11], this method of tracing may
enhance the visualization of collateral connec-
tions between pyramidal cells that may result
from aberrant axonal sprouting. This phenome-
non also exists in kainic acid-induced seizures
[8, 23] and in human TLE with hippocampal
sclerosis (moderate neuronal loss and gliosis)
[24]. This evidence indicates that enhancement
of collateral connections between pyramidal
cells caused by axonal sprouting of pyramidal
cells in the CA1 region is an important constitu-
ent of hippocampal excitatory circuit rearrange-
ment. This mechanism could also compensate
for the reduction in the number of pyramidal
cells and the morphological changes in TLE.

Aberrant connections between subiculum and
CA1

In this study, in addition to aberrant connec-
tions between pyramidal cells in the CA1 region,
there were 2 rats in the epilepsy group with
aberrant connections between the hippocam-
pal subiculum and the CA1 region. Subiculum-
hippocampal fibers have been reported previ-
ously and are believed to spread to the CA1
region through the stratum lacunosum-molecu-
lare or stratum oriens [25]. Another study found
that the subiculum delivered fibers to all levels
of the plane above (including the pyramidal
layer) [26], which suggests that cells in the CA1

Int J Clin Exp Med 2014;7(9):2687-2695



Synaptic plasticity in TLE rats

region are controlled by subicular cells. In this
study, FG-labeled, subicular pyramidal cells
appeared in rats with chronic TLE, which is con-
sistent with the results of Lehmann et al. [27],
who used fluorescent dextran amine to observe
an enhancement of subiculum-hippocampal
projections. However, in the present study, this
phenomenon was only observed in the 2 rats
with a high frequency of spontaneous seizures.
Therefore, the enhancement of excitatory syn-
aptic connections between the subiculum and
hippocampus could be associated with the fre-
quency of spontaneous seizures. This finding
needs to be confirmed with a larger sample size
and electrophysiological studies.

Aberrant synaptic connections between excit-
atory pyramidal cells may promote the forma-
tion of aberrant excitatory circuits and enhance
excitatory positive feedback from the hippo-
campus. These aberrant excitatory circuits may
result in the synchronization of electrical dis-
charges and play an important role in the gen-
eration of epilepsy.

Hippocampal inhibitory rearrangements in TLE

Previous research has shown that only a few
hippocampal inhibitory interneurons are
labeled by retrograde or anterograde tracers
[28]. Zappone et al. [13] found sensitive FG flu-
orescence could be used to detect approxi-
mately 96% of SS-positive neurons in the hilar
region of the hippocampus in normal SD rats.
Therefore, we used this method to inject FG
into the hippocampal CA1l region and per-
formed SS-immunofluorescent staining. Con-
focal microscopy showed that FG/SS double-
labeled interneurons were present in the CA1
region remotely from the FG injection site near
the CA2 region in rats with chronic TLE. This
finding was not obtained in rats in the control
group, which suggests the presence of aber-
rant inhibitory neural networks between inter-
neurons in the CA1 region in rats with chronic
TLE.

Swanson et al.[29] found that FG labeled pyra-
midal cells in the normal hippocampus in the
CA1 and CA3 region, but the stratum radiatum
and stratum oriens of the CA1 and CA3 region
were rarely labeled. This lack of labeling may
have occurred because the interneurons of the
non-injected sites of the same sub-region had
no ability to transport FG, which means that few
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synaptic connections exist between normal hip-
pocampal CA regions. However, upon FG injec-
tion in the dendritic region, FG-labeled inter-
neurons were observed in the molecular layer,
stratum radiatum and stratum oriens [13].
These previous results are consistent with our
findings in the control group.

Figure 1B shows that the soma of the neuron
contain many yellow granules, which are called
FG-positive cytoplasmic granules. These gran-
ules are formed by lysosomal inclusions after
fluorogold is ingested into the soma. The distri-
bution of the particles reflects the relative den-
sity of neurons projecting to the axon at the
injection site [30]. This study found that
SS-positive interneurons in the hippocampal
CA1 region remotely from the injection site
were all labeled with FG, and several FG-positive
cytoplasmic granules were observed in the
cytoplasm of the soma. However, with increas-
ing distance from the injection site, the number
of cytoplasmic particles decreased, which indi-
cates that with increasing distance, fewer
axons project to the injection site. Another
explanation may be that interneuronal sprout-
ing neurites were too short to arrive at the injec-
tion site and thus did not sufficiently absorb FG,
resulting in fewer granules transported to the
soma. In addition, with increasing distance
from the injection site, there were fewer dou-
ble-labeled interneurons, which also suggests
that with increasing distance, the uptake ability
of neurons is decreased. However, regardless
of sprouting or the ingestion of FG, the findings
described above confirm that synaptic connec-
tions between interneurons in the CA1 region
are enhanced in the chronic stage of TLE com-
pared to controls. Only a few SS-positive fibers
were labeled with FG, which is consistent with
the study by Deller et al. [31], most likely
because of masking of FG by strong red fluores-
cence of SS. Nonetheless, our results show
that the increased amount of SS-positive fibers
in the CA1l region partially originated from
enhanced axonal sprouting of SS interneurons
distant from the CA1 region.

In a model of pilocarpine-induced seizures,
Houser et al. [32] found that GAD immunoreac-
tivity of the stratum radiatum and stratum lacu-
nosum-moleculare was enhanced and pro-
posed that GABAergic circuit rearrangement
likely occurred within the hippocampal CA1l
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region. However, no evidence has associated a
seizure model with synaptic plasticity between
GABAergic interneurons in the CA1 region. Only
Wittneret al. [33] observed enhancements in
synaptic connections between calbindin-posi-
tive interneurons in the CA1 region in human
TLE. In this study, using FG retrograde tracing
and immunofluorescence techniques, we con-
firmed that synaptic connections between
SS-positive interneurons in the CA1 region
were enhanced in the chronic stage of TLE in
animal models. Aberrant inhibitory GABAergic
circuit rearrangement existed in the CA1 region.

This type of rearrangement may lead to 2 func-
tional outcomes. First, inhibitory synaptic con-
nections are enhanced between interneurons
so that the interneurons maybe disinhibited.
SS-positive interneurons are classified as a
dendritic type of GABAergic interneuron, and
their main function is to control the input of
pyramidal cells in the CA1l region [34, 35].
Therefore, disinhibition of SS-positive interneu-
rons may weaken their inhibitory control of
pyramidal cells and enhance the excitability of
the pyramidal cells [36, 37]. Second, the
increase in axonal sprouting of interneurons
directly inhibits the excitability of pyramidal
cells. Either functional outcome or both could
play an important role in chronic spontaneous
seizures.

Conclusion

Therefore, in the pathological state of TLE,
inhibitory GABAergic interneurons are not just
simply dead or alive. Their axonal sprouting and
changes in synaptic connections may be impor-
tant factors for inhibitory circuit rearrangement
and may play an important role in the genera-
tion of epilepsy and self-repairing [5]. This cir-
cuit rearrangement is closely related to axonal
sprouting, making the complex neural network
system even more complicated. It is still unclear
whether circuit rearrangement is the cause or
result of chronic, spontaneous seizures. Further
electrophysiological studies are needed.
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