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Abstract

Hilar basal dendrites form on dentate granule cells following seizures. To determine whether other
brain insults cause the formation of hilar basal dendrites, a model of global cerebral hypoxia/ischemia
was used. Rats underwent a transient induction of ischemia by occlusion of both common carotid
arteries followed by reperfusion. Hippocampal slices were prepared from these animals 1 month after
the ischemic insult, and granule cells were labeled with a retrograde tracing technique after biocytin
injections into stratum lucidum of CA3b. Ischemic rats had numerous biocytin-labeled granule cells
with hilar basal dendrites located at the hilar border of the granule cell layer. Quantitative analysis
of ischemic rats compared to controls showed a significant increase in the percentage of biocytin-
labeled granule cells with hilar basal dendrites. These data demonstrate that other brain insults in
addition to epilepsy may result in the formation of hilar basal dendrites on granule cells.
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Introduction

Granule cells in the rodent dentate gyrus are organized in a densely packed cell layer with their
apical dendrites extending into the molecular layer and their axons arising from the opposite
pole of the soma and projecting into the hilus (Lorente de No, 1934). Although most granule
cells have this regular appearance, other granule cells may have an apical dendrite arising from
the base of their cell body or an axon originating from either the apical pole of the soma or an
apical dendrite (Ribak et al., 2000; Yan et al., 2001; Dashtipour et al., 2002). These
morphological findings suggest that granule cells are more heterogeneous than previously
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indicated. In addition, granule cells respond to seizures with two different neuroplastic changes,
mossy fiber sprouting (Tauck and Nadler, 1985; Sutula et al., 1989) and the formation of hilar
basal dendrites (Spigelman et al., 1998; Buckmaster and Dudek, 1999). These studies show
that the granule cells of the dentate gyrus can have both their dendritic and axonal morphology
modified to form increased recurrent excitatory circuitry (Okazaki et al., 1995; Sutula et al.
1998; Zhang and Houser; 1999; Ribak et al., 2000; Shapiro et al., 2008; Thind et al., 2008).

Rats subjected to global ischemia are similar to those undergoing recurrent seizures in that both
groups show a similar pattern of hilar cell death, comparable increases in neurotrophic factors
and in high affinity receptors in granule cells (Lindvall et al., 1994). However, current evidence
suggests that global ischemia does not lead to behaviorally observed status epilepticus or
recurrent spontaneous limbic seizures (Epsztein etal., 2008), but EEG observed seizure activity
was reported in vivo after global ischemia and during the reperfusion phase (Caruana et al.,
2008). In contrast, unilateral hypoxia-ischemia does lead to mossy fiber sprouting and the
development of spontaneous recurrent seizures in a small (15%) proportion of animals 6-12
months after the ischemic insult (Williams and Dudek, 2007).

The present study was undertaken to determine whether hilar cell death without status
epilepticus isanecessary and sufficient stimulus to induce the formation of hilar basal dendrites
on dentate granule cells. We examined biocytin-labeled granule cells using a retrograde
labeling approach at the light microscopic level to determine whether bilateral hypoxia-
ischemia induces the formation of hilar basal dendrites on granule cells.

The appearance of granule cell bodies and the arborization pattern of their apical dendrites
within the molecular layer of the dentate gyrus in ischemic rats were similar to those of the
control group (Spigelman et al., 1998; Yan et al., 2001). However, biocytin-labeled granule
cells were identified with thick and long basal dendrites in ischemic rats, as shown in Fig. 1.
Furthermore, the axons of these granule cells arose from their hilar pole and entered the hilus
(Fig. 2). These basal dendrites most frequently arose from the hilar pole of the granule cell
bodies, and were easily distinguished from the axons of these cells (Figs. 1 and 2). Basal
dendrites were less commonly seen to originate from the base of the apical dendrites. Some
granule cells only gave rise to a single basal dendrite but it would extend into the hilus for
various lengths, usually 200-500 um, whereas other granule cells had basal dendrites that
branched less than 20 um from the soma (Fig. 2). However, in all cases, the basal dendrites
were restricted to the subgranular region of the hilus that was previously defined as the first
50 um subjacent to the granule cell layer. The diameter of basal dendrites could be as thick as
that of the apical dendrites (e.g., Figs. 1C, D and 2C, D).

A quantitative analysis of the frequency of hilar basal dendrites was made because their
presence on many labelled granule cells was a consistent morphological finding in ischemic
rats. Quantitative data from ischemic and control rats showed a significant increase (p < 0.05;
unpaired Student's t-test) in the percentage of granule cells with hilar basal dendrites for the
ischemic rats (Table 1). We found a mean of 4.0% of granule cells with hilar basal dendrites
in ischemic rats as compared to 0% in control rats.

Discussion

The major finding of the present study is that transient global hypoxia-ischemia results in the
formation of hilar basal dendrites on granule cells within the hippocampal dentate gyrus. The
frequency of hilar basal dendrites in ischemic rats indicates significant increases compared to
control rats (Table 1). The frequency of granule cells with hilar basal dendrites in the dentate
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gyrus of ischemic rats is similar to that found for epileptic rats (Spigelman et al.,
1998;Buckmaster and Dudek, 1999;Ribak et al., 2000). It is highly likely that these ischemia-
induced dendritic changes are accompanied by changes in the synaptic connections of the
granule cells with hilar basal dendrites. Further, electron microscopic studies of hilar basal
dendrites from ischemic animals will be needed to determine whether these dendrites contribute
to recurrent excitatory circuits similar to that found in epileptic animals (Ribak et al.,
2000;Thind et al., 2008).

Ischemia results in permanent learning and memory impairments similar to those found in
human stroke (Volpe et al., 1984,1992; Block 1999). While the underlying mechanisms of
these impairments are not known, neuronal pathology in the hippocampus after ischemia would
be consistent with this change in learning and memory. An increase in extracellular glutamate
and aspartate within the hippocampus following ischemia may be a contributing factor that
leads to the damage of hippocampal neurons (Pulsinelli, 1985; Benveniste, 2009). While the
most severe pathology is observed primarily in the CA1 region of the hippocampus (Dugan
and Choi, 1994), there is also prominent loss of hilar neurons in the dentate gyrus in ischemic
rats. Because both ischemic and epileptic animals show similar patterns of hilar cell death and
hilar basal dendrite formation, we suggest that hilar neuronal loss could play a causal role in
the formation of hilar basal dendrites. However, several other possible common mechanisms
may exist for the formation of hilar basal dendrites. Recently, Nakahara et al. (2009) provided
evidence that neuronal hyperactivity contributes to the formation of hilar basal dendrites by
stabilizing the basal dendrites on immature dentate granule cells.

Following global ischemia, many CA1 pyramidal cells die, whereas the number of BrdU-
labeled, newly generated cells in the subgranular zone of the dentate gyrus increases in response
to ischemia (Sharp et al., 2002). It should be noted that increased neurogenesis also occurs
after seizures (Parent et al., 1997), and many of the newly generated granule cells display hilar
basal dendrites (Shapiro et al., 2005). In addition, the increase in adult neurogenesis of granule
cells that occurs after ischemia may contribute to partial memory recovery after a global insult
(Bernabeu and Sharp, 2000). Thus, one possibility is that the granule cell remodelling found
following global ischemia is another hippocampal adaptive mechanism to maintain its function
after injury. It has also been shown that hypoxia-ischemia can result in mossy fiber sprouting
and spontaneous motor seizures many months after the initial ischemic-hypoxic event
(Williams & Dudek, 2007). Although we only studied rats which did not exhibit signs of motor
deficits or seizures, we cannot exclude the possibility that seizures occurred outside our
observation periods. Thus, we suggest that hilar basal dendrite formation after an ischemic
insult could contribute to the recurrent excitatory circuitry and may play a role in spontaneous
seizures long after the initial injury. These results and others provide evidence that common
cellular and molecular pathways may contribute to the formation of hilar basal dendrites in the
dentate gyrus.

Prior to the experiments, rats (male Sprague Dawley, 79-85 days old) were fasted for 7 + 2
hours. Rats were anesthetized with halothane (2.5% induction and 1.2% maintenance in 30%
O, and 70% N50). The left femoral artery was cannulated for measurements of arterial blood
pressure and blood gases. The common carotid arteries were temporarily occluded with two
vascular clamps per artery. The halothane level was lowered to 0.8% prior to induction of
ischemia and maintained at 0.8% throughout. Animals were allowed to breathe 10% O, and
90% N during the ischemic episode (10-17 min). At 10 min post ischemia, the femoral artery
was tied off, and clamps were removed. Respiratory rate, blood pressure, core temperature,
and PO, were recorded before, during, and after ischemia. Rats were monitored daily for
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seizures and signs of motor deficits for 1 week, and then, every second day for 1 month. At 1
month after ischemia, rats were anesthetized with halothane, decapitated and hippocampal
slices prepared for biocytin injections. Only those ischemic rats which showed no signs of
seizures or motor deficits were used for retrograde labeling studies.

Biocytin Injections

Brain slices (400 um thick) obtained from the caudal third of the hippocampal formation,
transverse to the long axis, were cut with a vibrating blade slicer (Campden Instruments). They
were then transferred to a custom-made recording chamber and perfused with artificial
cerebrospinal fluid (ACSF) composed of (in mM): 124 NaCl, 3.5 KCl, 1.25 NaH,PQy, 2.0
CaCly, 2.0 MgCl,, 26 NaHCOg3, and 10 dextrose. The ACSF was continuously bubbled with
a 95/5% mixture of O,/CO5 to ensure adequate oxygenation of slices and pH of 7.4. A 10-15%
solution of biocytin was iontophoretically ejected into stratum lucidum of CA3b of the
hippocampus to label the mossy fibers of dentate granule cells. A glass micropipette with a
filament (WPI, 1.5 mm external diameter, 10-50 pm tip diameter) was filled with a freshly
prepared solution of 10-15% biocytin in 0.9% NaCl. The tip of the glass micropipette was
inserted into the hippocampus 200 um below the surface and biocytin was ejected into the
extracellular space with intermittent positive current pulses (15 pA, 3 s on, 3 s off) for 15-25
min. Three-four hours following biocytin injection, slices were immersed in a fixative solution
containing 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1M phosphate buffer (PB), pH
7.4 and stored overnight at 4°C.

To visualize the biocytin-labeled granule cells, the fixed slices were sectioned on a Vibratome
at a thickness of 40 um. The sections were collected in 0.1 M PB and treated with 1% H,0,
to suppress endogenous peroxidase activity. Then, the sections were washed in 0.1M PB for
30 min and incubated in avidin-biotin horseradish peroxidase solution at room temperature
overnight. Finally, they were washed several times in 0.1 M PB and incubated in 0.025%
diaminobenzidine and 0.01% nickel ammonium sulfate for 15-20 min. Sections for light
microscopy were incubated in 0.1% osmium tetroxide to stabilize the reaction product, then
mounted onto slides and dehydrated. Coverslips were applied over the sections with
Polymount.

Data Collection and Statistics

Biocytin-labeled granule cells in hippocampal sections were viewed with a Zeiss Axioplan
light microscope. Images were captured with an Axiocam digital camera and prepared with
Jasc Paint Shop Pro 8. Hilar basal dendrites were identified using criteria as previously
described (Ribak et al., 2000). Drawings of labeled granule cells with hilar basal dendrites were
made with the use of a drawing tube attachment to the light microscope. The number of labeled
granule cells with hilar basal dendrites was expressed as a percentage of the total number of
labeled granule cells that were counted for each animal. Statistical analysis of the percentage
of granule cells with hilar basal dendrites was performed using an unpaired Student's t-test.
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Fig. 1.

Biocytin-labeled granule cells (GC) from ischemic rats. A low magnification of the dentate
gyrus shows the granule cell layer (GL) and hilus (H) with many labeled granule cells and their
dendrites. The area indicated by the arrow in A is enlarged in B and in C to show a granule
cell with a hilar basal dendrite (white asterisk) and an ectopic (ec) granule cell (arrow) in the
subgranular zone. In D, a camera lucida drawing of the granule cell GC (*) with the long and
thick hilar basal dendrite (HBD) extending into the hilus (H). The thinner process arising from
this granule cell is its axon (a). Scale bars: in A= 40 um; B = 25 ym and C = 10 um.
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Fig. 2.

Two examples of biocytin-labeled granule cells with hilar basal dendrites from ischemic rats.
A shows many labeled granule cells (GC) and one of these shows a large hilar basal dendrite
(arrow, HBD) that enters the hilus (H). B and C show another example of a granule cell with
a hilar basal dendrite (arrows, HBD). Note that this HBD is thick and it branches in the hilus
(H). D is a camera lucida drawing of the same granule cell (*) with a hilar basal dendrite in C
(asterisk). The basal dendrites (BDs) extend into the hilus while a thinner process arising from
the base of this cell is the axon (a). Scale bars in A,C = 10 um and B = 25 um.
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Frequency of hilar basal dendrites (HBDs) in ischemic and control rats
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Rat Total” Cells with HBDs % of cells with HBDs
Ischemic 1 2890 26 0.9

Ischemic 2 51 4 7.8

Ischemic 3 122 5 4.1

Ischemic 4 187 6 3.2

Control 1 694 0 0

Control 2 510 0 0

Control 3 200 0 0

Control 4 156 0 0

*
Number of biocytin-labeled granule cells that were counted
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