
UC Irvine
UC Irvine Previously Published Works

Title
Synaptic input to dentate granule cell basal dendrites in a rat model of temporal lobe 
epilepsy

Permalink
https://escholarship.org/uc/item/3tm4s3x8

Journal
The Journal of Comparative Neurology, 509(2)

ISSN
1550-7149

Authors
Thind, Khushdev K
Ribak, Charles E
Buckmaster, Paul S

Publication Date
2008-07-10

DOI
10.1002/cne.21745

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3tm4s3x8
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Synaptic Input to Dentate Granule Cell Basal Dendrites in a Rat
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Abstract
In patients with temporal lobe epilepsy some dentate granule cells develop basal dendrites. The
extent of excitatory synaptic input to basal dendrites is unclear, nor is it known whether basal
dendrites receive inhibitory synapses. We used biocytin to intracellularly label individual granule
cells with basal dendrites in epileptic pilocarpine-treated rats. An average basal dendrite had 3.9
branches, was 612 μm long, and accounted for 16% of a cell’s total dendritic length. In vivo
intracellular labeling and post-embedding GABA-immunocytochemistry were used to evaluate
synapses with basal dendrites reconstructed from serial electron micrographs. An average of 7% of
1802 putative synapses were formed by GABA-positive axon terminals, indicating synaptogenesis
by interneurons. Ninety three percent of the identified synapses were GABA-negative. Most
GABA-negative synapses were with spines, but at least 10% were with dendritic shafts.
Multiplying basal dendrite length/cell and synapse density yielded an estimate of 180 inhibitory
and 2140 excitatory synapses per granule cell basal dendrite. Based on previous estimates of
synaptic input to granule cells in control rats, these findings suggest an average basal dendrite
receives approximately 14% of the total inhibitory and 19% of excitatory synapses of a cell. These
findings reveal that basal dendrites are a novel source of inhibitory input, but they primarily
receive excitatory synapses.
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Introduction
Temporal lobe epilepsy is the most common type of epilepsy in adults (Engel et al., 1997).
In many patients with temporal lobe epilepsy the dentate gyrus displays abnormal features:
loss of neurons in the hilus (Margerison and Corsellis 1966), including GABAergic
interneurons (de Lanerolle et al., 1989), dispersion of granule cells (Houser, 1990), mossy
fiber sprouting (Sutula et al., 1989), and possibly more granule cells with basal dendrites
that extend into the hilus (Franck et al., 1995; von Campe et al., 1997). In some species,
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including certain bats (Buhl and Dann, 1990) and monkeys (Seress and Mrzljak, 1987;
Frotscher et al., 1988), a subpopulation of granule cells regularly has basal dendrites. In
humans, basal dendrites normally extend into the hilus in 22-47% of granule cells (Seress
and Mrzljak, 1987; Al-Hussain and Al-Ali, 1995; Lim et al., 1997; Lauer et al., 2003).
Granule cell basal dendrites are more frequent in schizophrenics (Lauer et al., 2003), but that
might be a side-effect of treatment with neuroleptics, which stimulate granule cell
neurogenesis (Dawirs et al., 1998). Increasing the subpopulation of granule cells with basal
dendrites might be pathogenic in patients with schizophrenia or epilepsy by augmenting
positive-feedback circuits. Basal dendrites are ideally positioned to receive excitatory
synaptic input from granule cell axons, which are concentrated in the hilus. In normal
monkeys, granule cells with basal dendrites exhibit functional recurrent excitation (Austin
and Buckmaster, 2004).

In adult rats and mice, virtually none of the granule cells in septal and middle parts of the
hippocampus displays basal dendrites. However, granule cells with hilar basal dendrites
develop after epileptogenic treatments (Spigelman et al., 1998; Buckmaster and Dudek,
1999; Dashtipour et al., 2003; Shapiro et al., 2005; Jakubs et al., 2006; Pekcec and Potschka,
2007; Walter et al., 2007). Ultrastructural evidence shows that hilar basal dendrites receive
excitatory synaptic input (Ribak et al., 2000; Shapiro and Ribak, 2006; Jessberger et al.,
2007; Shapiro et al., 2007). But the extent of excitatory input to these dendrites remains
unclear. Nor is it known whether hilar basal dendrites receive inhibitory input. Both issues
have important functional consequences. To address these questions we biocytin-labeled
individual granule cells in epileptic pilocarpine-treated rats in vivo and in hippocampal
slices, three-dimensionally reconstructed cells with hilar basal dendrites at the light
microscopic level and basal dendrite segments at the electron microscopic level, and
evaluated GABA-immunoreactivity of their presynaptic axons.

Methods
Pilocarpine-treated epileptic rats were prepared as described previously (Buckmaster, 2004).
Briefly, 12 male Sprague-Dawley rats (Harlan, Indianapolis, IN) were treated with
pilocarpine to induce status epilepticus when they were 45 ± 3 days old (mean ± s.e.m.).
After 2 hrs of status epilepticus, rats received diazepam (10 mg/kg i.p.), which was repeated
as needed to suppress seizures. In the following weeks rats were video-monitored to verify
development of spontaneous seizures. Experiments were performed 74 ± 10 days after
pilocarpine treatment. All procedures were in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by the Stanford
University Institutional Animal Care and Use Committee.

Biocytin-labeled cells from a previous hippocampal slice study (Kobayashi and Buckmaster,
2003) were 3-dimensionally reconstructed using methods described previously (Buckmaster
and Dudek, 1999). Briefly, horizontal 400-μm-thick slices were prepared from the temporal
hippocampus. Granule cells were iontophoretically injected with biocytin with sharp
intracellular electrodes in an interface recording chamber (Fine Science Tools, Foster City,
CA). Slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4),
cryoprotected in 30% sucrose in 0.1 M phosphate buffer, sectioned with a microtome set at
60 μm, and processed for visualization using the ABC method (Vector Laboratories,
Burlingame, CA) and diaminobenzidine as the chromogen. Cells were chosen for
reconstruction based on the presence of a basal dendrite and completeness of their dendritic
tree, although some amputation of dendritic processes during slice preparation is possible. A
Neurolucida system (MicroBrightField, Williston, VT) was used to 3-dimensionally
reconstruct cells and measure dendritic length, which was not adjusted for shrinkage.
Dendritic length measurements should therefore be considered as underestimates.
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Two additional granule cells were labeled in epileptic rats (one per rat) in vivo and prepared
for electron microscopy with post-embedding GABA-immunocytochemistry as described
previously (Buckmaster et al., 2002b). Briefly, rats were anesthetized (1.2 g/kg urethane
i.p.), placed in a stereotaxic apparatus, and a sharp intracellular electrode was used to
intracellularly record and iontophoretically label individual granule cells with biocytin. Rats
received an overdose of urethane (2 g/kg i.p.) and were perfused with 2.5%
paraformaldehyde and 1% glutaraldehyde in 0.1 M PB. Hippocampi were isolated,
cryoprotected, slightly straightened, frozen, and sectioned transversely (i.e., perpendicular to
the long axis of the straightened hippocampus) with a sliding microtome set at 40 μm.
Tissue was processed for visualization using the ABC method (Vector Laboratories) and
diaminobenzidine as the chromogen. Sections were postfixed with 1% OsO4 in sodium
cacodylate buffer (pH 7.2) for 1 hr, dehydrated in a series of ethanols, placed in propylene
oxide, gradually transferred to pure Araldite/Eponate-12 (Ted Pella, Redding, CA), and flat-
embedded between sheets of ACLAR at 60°C for 24 hr. Areas of interest on the flat-
embedded tissue section were isolated and mounted on a blank epoxyresin capsule. Block
faces were trimmed and ultrathin sections (55 nm) cut from re-embedded blocks with an
ultramicrotome (Reichert Ultracut S, Leica, Vienna, Austria). Serial sections were collected
on coated, nickel single-slot grids.

Post-embedding GABA immunocytochemistry was performed on ultrathin sections by
blocking nonspecific labeling with 0.8% ovalbumin and 5% fetal calf serum in 0.05 M tris-
buffered saline (pH 7.6) for 1 hr followed by incubation overnight in antiserum in blocking
solution. The anti-GABA serum (1:120, product no. A 2052, Sigma, St. Louis, MO) was
developed in rabbit using GABA conjugated to bovine serum albumin as the immunogen.
The antibody was isolated from antiserum by immunospecific methods of purification and
showed positive binding with GABA in a dot blot assay, and negative binding with bovine
serum albumin (manufacturer’s technical information). Grids were gently rinsed and then
incubated in anti-rabbit colloidal gold (10 nm diameter, 1:80; Ted Pella) in 0.1% Triton
X-100 and 0.05 M tris buffer (pH 8.2) for 90 min. Sections were post-stained with 2%
aqueous uranyl acetate for 6 min and Sato’s lead stain for 4 min and then viewed and
photographed using a transmission electron microscope (JEOL 100CX; JEOL, Peabody,
MA).

Basal dendrites were reconstructed from electron micrographs of serial sections. Some of
these were obtained at low magnification (2,500-7,500X) and used to align images that were
taken at 25,000X with a final magnification after printing of 58,300X. Contours of low-
magnification images were aligned with surrounding landmarks and served as a frame-of-
reference for contour data collected at high magnification. Reconstruction was done using
Neurolucida software (MicroBrightField) and a data tablet (Summagraphics, Seymour, CT).
Three-dimensional dendrite length was not adjusted for shrinkage, and dendritic length
measurements were determined only for reconstructed spans, not including gaps. Densities
of spines and synapses were calculated by dividing numbers of each by dendritic length.
Both spines and synapses were identified at the electron microscopic (EM) level, and
dendritic length was measured at the EM level.

Synapses were identified by parallel membranes, concentration of presynaptic vesicles,
presynaptic densities, and postsynaptic densities (Gray, 1959), when those were not
obscured by electron dense reaction product in biocytin-labeled basal dendrites. Spines were
identified as protuberances extending from the shaft, without regard for synaptic input.
GABA-immunoreactive structures were identified by comparing densities of gold particles
to background levels. Brightness and contrast of digital images were adjusted using
Photoshop (Adobe, San Jose, CA).
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Results
Granule cells (n=13) in hippocampal slices from epileptic rats were labeled with biocytin to
reveal their dendritic tree. All had one basal dendrite and one or two apical dendrites. Apical
dendrites extended into the molecular layer, and basal dendrites extended into the hilus.
Basal dendrites were spiny and larger in diameter than axons (Figure 1). The cumulative
length of apical dendrites was 3100 ± 243 μm/cell (mean ± s.e.m., range 1824-4107 μm/
cell). Apical dendrites had 14.2 ± 1.2 branches/cell (range 9-25 branches/cell). Basal
dendrites were 612 ± 142 μm/cell (range 158-1735 μm/cell) with 3.9 ± 1.4 branches/cell
(range 0-16 branches/cell). Basal dendrite length accounted for 16 ± 4% (range 4-49%) of a
cell’s total dendritic length.

In addition, two granule cells with hilar basal dendrites were observed in a 135-day-old
naïve control rat (Figure 2). Basal dendrites in control rats are rare (Ramón y Cajal S. 1995),
and the small sample size precludes statistical comparisons with epileptic rats. Cumulative
lengths of apical dendrites were 3269 and 3792 μm/cell. Apical dendrites had 13 and 24
branches/cell. Basal dendrites were 119 and 187 μm/cell. Basal dendrites had 0 and 2
branches/cell, and their cumulative length accounted for only 3% and 5% of each cell’s total
dendritic length.

For electron microscopic analysis, two granule cells labeled in vivo from epileptic rats were
used to reveal synapses on their hilar basal dendrites. In the first case, the cell body was in
the inferior blade of the granule cell layer (Figure 3A). The cell’s primary axon projected
into stratum lucidum of the CA3 field, and axon collaterals extended from the hilus into the
granule cell layer and molecular layer. The apical dendrite was 1645 μm with 10 branches.
The basal dendrite was 414 μm with 2 branches and accounted for 20% of the cell’s total
dendritic length. A 164-μm-long segment of the basal dendrite (Figure 3B) was re-sectioned
and 3-dimensionally reconstructed from serial electron micrographs (Figure 3C).

This EM-reconstructed basal dendrite (#1) displayed numerous spines of various shapes,
ranging from some with a large spine head to others with virtually no spine head (Figure 4).
Quantitative spine and synaptic data for basal dendrite #1 are listed in Table 1. Putative
synapses were identified by parallel membranes, concentration of synaptic vesicles, and a
presynaptic density, but the electron dense reaction product associated with biocytin in the
labeled basal dendrite obscured postsynaptic densities. Almost 95% of the putative synapses
were with GABA-negative, presumably glutamatergic, axon terminals. Sixty two percent of
GABA-negative axon terminals synapsed with spine heads (Figures 5AB, 6, and 7) while
the remaining 38% synapsed directly onto dendritic shafts (Figures 7 and 8). Dense
concentrations of gold particles labeled GABA-positive structures, including some dendrites
(Figure 7) and synaptic boutons (Figures 6A and 7A). Thirty one percent of GABA-positive
axon terminals synapsed with spines that also received a synapse from a GABA-negative
axon terminal (Figure 6A), and the rest (69%) synapsed with the dendritic shaft (Figure 7A).

The second EM-reconstructed basal dendrite (#2) extended from a granule cell soma in the
inferior blade of the granule cell layer and was labeled less intensely with biocytin than
basal dendrite #1 (Figure 3D). A nearby granule cell that also had been labeled confounded
definitive identification of the axon of each cell. Nevertheless, biocytin-labeled axon
collaterals were evident in the hilus, granule cell layer, and molecular layer, and two primary
axons with mossy fiber boutons extended into stratum lucidum of CA3. The cell with a basal
dendrite had 2 apical dendrites with 8 branches and a total length of 1524 μm. The basal
dendrite was 494 μm, which accounted for 24% of the cell’s total dendritic length. At the
light microscopic level the basal dendrite appeared to have 3 branches (Figure 3DE).
However, at the electron microscopic level a fourth branch was discovered that extended
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perpendicularly into the depth of the section and had been largely obscured by the main
trunk of the basal dendrite. Therefore, the actual basal dendrite length was >494 μm.

A segment of this basal dendrite (#2) was 3-dimensionally reconstructed from serial electron
micrographs (Figure 3F). As for basal dendrite #1, basal dendrite #2 displayed a range of
spine sizes and shapes, and there were similarities in synaptic input (Table 1). Most
synapses of basal dendrite #2 were formed by axon terminals that were GABA-negative
(91%) but some were GABA-positive (9%). Overall, the most common synapse was
between a GABA-negative axon terminal and a spine (Figures 5CD, 6CD, 9, and 10).
GABA-positive axon terminals synapsed most frequently with dendritic shafts (72%)
(Figure 10), but 28% of their synapses were with spines that also received a GABA-negative
synapse (Figure 6CD). Spine synapses were most frequently with GABA-negative axon
terminals (97%), but 3% were with GABA-positive terminals.

Basal dendrite #2 received a lower percentage of synapses with the dendritic shaft than basal
dendrite #1, especially GABA-negative shaft synapses, although many were observed, and
postsynaptic densities clearly were evident (Figure 9). Only 16% of all synapses were with
the shaft, versus 40% for basal dendrite #1. Of GABA-negative synapses, only 10% were
with the shaft, versus 38% for basal dendrite #1. The differences might be attributable to
overestimation of GABA-negative shaft synapses in basal dendrite #1. In basal dendrite #2
postsynaptic densities were more evident and less obscured by reaction product. Therefore,
synapses were identified with the aid of postsynaptic features, unlike basal dendrite #1, in
which synapses were identified based only on presynaptic characteristics. In basal dendrite
#2 electron dense reaction product was notably lighter in the heads of some spines compared
to the shaft (Figures 5CD, 6CD, and 9). Although it facilitated visualization of postsynaptic
densities, the lighter labeling of basal dendrite #2 made identification of biocytin-labeled
dendrite profiles more difficult and resulted in more gaps in the reconstruction, including
gaps between some spine heads and the shaft.

Figure 11 illustrates both EM-reconstructed basal dendrite segments and indicates sites and
types of synapses. In both, the vast majority of synapses are GABA-negative spine synapses.
GABA-positive synapses are scattered across the lengths of the reconstructed segments. In
basal dendrite #2, synapse density appears lower at distal compared to proximal sites.

Discussion
The principal findings of the present study are that in an animal model of temporal lobe
epilepsy basal dendrites receive inhibitory input and a high density of excitatory synapses on
both spines and the shaft of these basal dendrites.

Comparisons with previous studies
Except for their unusual position in the hilus, basal dendrites display many similarities with
apical dendrites of normal granule cells. Basal dendrites have approximately 3 spines/μm
and display a range of sizes and shapes, similar to granule cell apical dendrites that have
been evaluated with electron microscopy in control rats (Hama et al., 1989; Trommald and
Hulleberg, 1997). In the molecular layer of control rats, where apical dendrites extend, 7%
of synapses are formed by GABA-positive axon terminals and 93% are by GABA-negative
axon terminals (Halasy and Somogyi, 1993), which is quite similar to results of the present
study on basal dendrites. Most GABA-positive synapses are with shafts of basal dendrites,
although some are with spines, similar to apical dendrites (Fifkova et al., 1992; Halasy and
Somogyi, 1993; Buckmaster et al., 2002a). Like apical dendrites, most synapses formed by
GABA-negative axon terminals are with spines of basal dendrites.
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Apical and basal dendrites also appear to display differences. Only 4% of glutamatergic
synapses are with shafts of apical dendrites (Halasy and Somogyi, 1993). Basal dendrites
may receive a higher proportion of putative excitatory synapses with the shaft. Intense
biocytin-labeling and dense reaction product obscured postsynaptic densities in the first
examined basal dendrite, which made synapse identification more challenging.
Nevertheless, presynaptic features suggested the presence of many shaft synapses. In the
less intensely biocytin-labeled second reconstructed basal dendrite, postsynaptic densities of
shaft synapses were more visible, which made false-positives less likely. Even the more
conservative estimate of the second EM-reconstructed basal dendrite suggests that the
proportion of GABA-negative synapses made with shafts of basal dendrites (10%) may be
higher than that of apical dendrites. However, more data are needed to test that prediction.

Previously, serial EM was used to reconstruct a segment of basal dendrite in p35 knock-out
mice, which are epileptic and display granule cell dispersion and mossy fiber sprouting
(Patel et al., 2004). In that case, 90% of GABA-negative synapses were with spines and 10%
were with the shaft, similar to results of basal dendrite #2. In the mouse, however, densities
of spines and synapses were lower than both basal dendrites in the present study. It is
unclear why the results are different. One possibility is a species-specific difference.
Another is that the knock-out mice express the mutation their entire life. In the present
study, it is assumed that most basal dendrites did not develop until after an epileptogenic
injury in adulthood, based on previous studies (Spigelman et al., 1998; Buckmaster and
Dudek, 1999; Dashtipour et al., 2003; Jakubs et al., 2006; Pekcec and Potschka, 2007;
Walter et al., 2007). Differences in the microenvironment of mature versus immature dentate
gyrus at the time of granule cell basal dendrite growth might affect synaptogenesis and spine
formation.

In the present study, for light microscopic analysis, granule cells were labeled in horizontal
slices from temporal hippocampus and results on basal dendrite length and branching might
be different for cells at other septotemporal levels. In control rats, rare granule cell basal
dendrites have been observed in the temporal hippocampus (Kobayashi and Buckmaster,
2003) but not in more septal regions (Spigelman et al., 1998; Buckmaster and Dudek, 1999;
Jakubs et al., 2006). Similarly, in the temporal pole of control rats, some granule cell axons
normally extend into the molecular layer (Ribak and Peterson, 1991; Cavazos et al., 1992),
but to a smaller degree than epileptic rats (Buckmaster and Dudek, 1997). Recurrent
excitation through basal dendrites and mossy fiber projections into the molecular layer may
contribute to the temporal pole’s heightened excitability (Burnham, 1975; Racine et al.,
1977; Gilbert et al., 1985; Bragdon et al., 1986). In the present study, the basal dendrite
segments reconstructed at the EM level were from two epileptic rats, and synapse densities
of basal dendrites in control rats remain unknown.

GABAergic axon sprouting and synaptogenesis
It has been proposed that after epileptogenic injuries, surviving GABAergic interneurons
sprout axon collaterals and form new inhibitory synapses with granule cells (Babb et al.,
1989). Most of the evidence for interneuron axon sprouting is based on increased
visualization of immunocytochemically stained axons in tissue from patients (Mathern et al.,
1995; Patrylo et al., 1999) and animal models of temporal lobe epilepsy (Davenport et al.,
1990; Bausch and Chavkin, 1997; Mathern et al., 1997; André et al., 2001). In those studies,
GABAergic axon sprouting was inferred from increased optical density in areas where
immunocytochemically labeled axons were concentrated. However, mRNA and peptide
levels of interneuron markers increase in the dentate gyrus after seizure activity (Feldblum et
al., 1990; Wanscher et al., 1990; Shinoda et al., 1991; Schwarzer et al., 1995; Houser and
Esclapez 1996). Therefore, more interneuron axons may be apparent in epileptic tissue
because more antigen is expressed in pre-existing axons. Even if there were axon sprouting,
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synaptogenesis does not necessarily follow. Lesion studies provide more direct evidence of
inhibitory axon sprouting (Deller et al., 1995). Additional evidence of GABAergic
synaptogenesis comes from EM analysis of tissue from patients with temporal lobe epilepsy
(Wittner et al., 2001).

The findings of the present study support the hypothesis that GABAergic axons sprout and
form novel synapses after epileptogenic injuries. It is also possible that some GABAergic
terminals are granule cell axons (Sandler and Smith, 1991; Sloviter et al., 1996). We
estimate that basal dendrites receive 0.3 GABAergic synapses/μm, and the average basal
dendrite is 612 μm, yielding approximately 180 inhibitory synapses/cell. Results of a
previous GABA-immunocytochemistry EM study suggest that in control rats, each granule
cell receives an average total of 1100 GABAergic synapses (Halasy and Somogyi, 1993).
Basal dendrites, therefore, are likely to receive approximately 14% [180/(1100+180)] of a
granule cell’s inhibitory synapses.

The functional consequences of GABAergic axon sprouting and increased inhibitory input
to basal dendrites are unclear. It might synchronize granule cell activity and lower seizure
threshold (Babb et al., 1989; André et al., 2001). On the other hand, it might compensate for
the loss of interneurons and inhibitory input to granule cells after epileptogenic injuries.
Thus, augmenting or suppressing GABAergic axon sprouting might be a useful target for
therapeutic intervention.

Estimating the extent of excitatory synaptic input to basal dendrites
In rat models of temporal lobe epilepsy, 5-31% of granule cells display basal dendrites
(Spigelman et al., 1998; Buckmaster and Dudek, 1999; Ribak et al., 2000; Kobayashi and
Buckmaster, 2003). If basal dendrites receive 3.5 glutamatergic synapses/μm, which is a
conservative estimate from basal dendrite #2 of the present study, and the average basal
dendrite is 612 μm, multiplying these two values yields approximately 2140 excitatory
synapses per granule cell basal dendrite. Results of a previous study suggest that in control
rats each granule cell receives an average total of 9400 glutamatergic synapses (Halasy and
Somogyi, 1993). Basal dendrites, therefore, are likely to receive approximately 19% [2140/
(9400+2140)] of a granule cell’s excitatory synapses. Although some GABA-negative
synapses with basal dendrites are likely to come from granule cells, others may arise from
other types of glutamatergic neurons, including surviving mossy cells and CA3 pyramidal
cells, both of which extend axon collaterals within the hilus (Buckmaster et al., 1993).
Nevertheless, a substantial fraction of the total recurrent, excitatory circuit among granule
cells may route through basal dendrites, which receive input from granule cells (Ribak et al.,
2000; Patel et al., 2004), in addition to sprouted mossy fibers that synapse onto apical
dendrites in the molecular layer (Buckmaster et al., 2002b). Consequently, to successfully
prevent the development of aberrant positive-feedback circuits in the dentate gyrus after
epileptogenic injuries, it may be necessary to block both axon sprouting into the molecular
layer and growth of basal dendrites.
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Figure 1.
Granule cells with basal dendrites in epileptic pilocarpine-treated rats. A Biocytin-labeled
granule cell with an apical dendrite extending into the molecular layer (m) and a basal
dendrite (arrow head) and axon (arrows) extending into the hilus (h). g = granule cell layer.
B Magnified view of boxed region shown in A. The basal dendrite (arrow head) is larger in
diameter and spiny. The axon (arrow) has fine-diameter collaterals and varicosities. C
Reconstructions of granule cells with basal dendrites in epileptic rats. Basal dendrites project
down, apical dendrites project up. Axons were not included in the reconstructions. The top-
left reconstruction is of the cell shown in A and B.
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Figure 2.
Reconstructions of granule cells with basal dendrites in a control rat. Apical dendrites
project up, basal dendrites project down.
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Figure 3.
Granule cells with a basal dendrites in epileptic rats that were used for electron microscopic
reconstruction. A Reconstruction of granule cell #1. Dendrites are black; axon is red. Most
dendrites extend into the molecular layer (m), but one basal dendrite (arrow head) projects
into the hilus (h). The primary axon projects across the hilus and the CA3 pyramidal cell
layer (CA3) and into stratum lucidum (l). Collaterals of the axon project through the granule
cell layer (g) and into the molecular layer (arrows). o = stratum oriens of CA3. B
Photomicrographic montage of basal dendrite #1 in one 40-μm-thick section. The segment
of basal dendrite that was reconstructed from serial electron micrographs is indicated by the
green contour. C1 Reconstruction made from serial electron micrographs of the part of basal
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dendrite #1 indicated by the green contour in B. Boxes indicate regions shown at high
magnification in other figures. Numbers correspond to figures. C2 Side view of the
reconstructed segment of basal dendrite #1. D Reconstruction of granule cell #2. Most
dendrites extend into the molecular layer, but one basal dendrite (arrow head) projects into
the hilus. E Photomicrographic montage of basal dendrite #2 in one 40-μm-thick section. F1
Reconstruction made from serial electron micrographs. Boxes indicate regions shown at
high magnification to illustrate synapses. Numbers correspond to figures. F2 Side view of
the reconstructed segment of basal dendrite #2. Arrows indicate a branch (with a gap in the
reconstruction) that extended perpendicularly into the depth of the section and was largely
obscured by the main trunk of the basal dendrite in E.
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Figure 4.
Spines of a reconstructed segment of a granule cell basal dendrite in an epileptic rat display
various shapes. This region corresponds to magenta box #4 in Figure 3C1.
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Figure 5.
GABA-negative synapses (arrowheads) with spines of granule cell basal dendrites in
epileptic rats. A Electron micrograph of basal dendrite #1 and its detached spines (in this
section) labeled with electron dense reaction product. B Reconstructed segment of basal
dendrite #1. The bold contours are of the basal dendrite profile shown in A. This region
corresponds to cyan box #5AB in Figure 3C1. C Electron micrograph of basal dendrite #2
labeled with electron dense reaction product, which is lighter in the spine head than in the
shaft. Within the field of view a GABA-positive axon, labeled by 10-nm-diameter black
colloidal-gold particles, synapses with a GABA-negative shaft (arrow). D Reconstructed
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segment of basal dendrite. The bold contour is of the basal dendrite profile shown in C. This
region corresponds to box #5CD in Figure 3F1.
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Figure 6.
GABA-negative and GABA-positive axon terminals synapse (arrowheads) with the same
spine of granule cell basal dendrites in epileptic rats. A Electron micrograph of a spine of
basal dendrite #1 labeled with electron dense reaction product. GABA-immunoreactivity is
indicated by small black particles, which are 10-nm-iameter colloidal gold. B Reconstructed
segment of basal dendrite #1. The bold contours are of the basal dendrite profile shown in A.
This region corresponds to cyan box #6AB in Figure 3C1. C Electron micrographs of basal
dendrite #2 labeled with electron dense reaction product, which is lighter in the spine head
than in the shaft. GABA-immunoreactivity is indicated by small black particles, which are
10-nm-diameter colloidal gold. D Reconstructed segment of basal dendrite. The bold
contours are of the basal dendrite profile shown in C. This region corresponds to box #6CD
in Figure 3F1.
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Figure 7.
Synapses (arrowheads) with a spine and shaft, including a GABA-positive synapse with the
shaft of a granule cell basal dendrite in an epileptic rat. A Electron micrograph. The basal
dendrite and its detached spine (in this section) are labeled with electron dense reaction
product. GABA-immunoreactivity is indicated by small black particles, which are 10-nm-
diameter colloidal gold. Within the field of view a GABA-negative axon synapses with a
GABA-positive dendritic shaft (arrow). B Reconstructed segment of basal dendrite. The
bold contours are of the basal dendrite profile shown in A. This region corresponds to cyan
box #7 in Figure 3C1.
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Figure 8.
Multiple GABA-negative synapses (arrowheads) with the shaft of a granule cell basal
dendrite in an epileptic rat. A Electron micrograph. The basal dendrite is labeled with
electron dense reaction product. B Reconstructed segment of basal dendrite. The bold
contours are of the basal dendrite profile shown in A. This region corresponds to cyan box
#8 in Figure 3C1.
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Figure 9.
GABA-negative synapses (arrowheads) with a spine and shaft of a granule cell basal
dendrite in an epileptic rat. A Electron micrograph. The basal dendrite and its spine are
labeled with electron dense reaction product, which is lighter in the spine head. B
Reconstructed segment of basal dendrite. The bold contours are of the basal dendrite profile
shown in A. This region corresponds to box #9 in Figure 3F1.
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Figure 10.
Synapses (arrowheads) between a GABA-negative axon and a spine and between a GABA-
positive axon and shaft of a granule cell basal dendrite in an epileptic rat. A Electron
micrograph. The basal dendrite and its spine are labeled with electron dense reaction
product. GABA-immunoreactivity is indicated by small black particles, which are 10-nm-
diameter colloidal gold. B Reconstructed segment of basal dendrite. The bold contours are
of the basal dendrite profile shown in A. This region corresponds to box #10 in Figure 3F1.
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Figure 11.
Summary of synapses with granule cell basal dendrites #1 and #2 from epileptic rats.
Proximal is up, distal is down. Synapses are indicated by markers. Most synapses are with
GABA-negative spines. “Immuno.-unk.” synapses of basal dendrite #1 were in tissue
sections that were used for the reconstruction but were not processed for
immunocytochemistry.
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Table 1

Granule cell basal dendrite segments in epileptic rats reconstructed from serial electron micrographs.

basal dendrite #1 basal dendrite #2

# ultrathin sections 306 643

# micrographs 1893 2300

length (μm) 164 265

# synapses 773 1029

# GABA+ synapses 39 94

# GABA- synapses 708 935

# unknown synapses 26 0

# spine synapses 463 866

# shaft synapses 310 163

# GABA+ spine synapses 12 26

# GABA+ shaft synapses 27 68

# GABA- spine synapses 437 840

# GABA- shaft synapses 271 95
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