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ABSTRACT
Granule cell (GC) neurogenesis in the dentate gyrus

(DG) does not always proceed normally. After severe

seizures (e.g., status epilepticus [SE]) and some other

conditions, newborn GCs appear in the hilus. Hilar ec-

topic GCs (EGCs) can potentially provide insight into

the effects of abnormal location and seizures on GC de-

velopment. Additionally, hilar EGCs that develop after

SE may contribute to epileptogenesis and cognitive

impairments that follow SE. Thus, it is critical to under-

stand how EGCs differ from normal GCs. Relatively little

morphometric information is available on EGCs, espe-

cially those restricted to the hilus. This study quantita-

tively analyzed the structural morphology of hilar EGCs

from adult male rats several months after pilocarpine-

induced SE, when they are considered to have chronic

epilepsy. Hilar EGCs were physiologically identified in

slices, intracellularly labeled, processed for light micro-

scopic reconstruction, and compared to GC layer GCs,

from both the same post-SE tissue and the NeuroMor-

pho database (normal GCs). Consistently, hilar EGC and

GC layer GCs had similar dendritic lengths and field

sizes, and identifiable apical dendrites. However, hilar

EGC dendrites were topologically more complex, with

more branch points and tortuous dendritic paths.

Three-dimensional analysis revealed that, remarkably,

hilar EGC dendrites often extended along the longitudi-

nal DG axis, suggesting increased capacity for

septotemporal integration. Axonal reconstruction dem-

onstrated that hilar EGCs contributed to mossy fiber

sprouting. This combination of preserved and aberrant

morphological features, potentially supporting conver-

gent afferent input to EGCs and broad, divergent effer-

ent output, could help explain why the hilar EGC

population could impair DG function. J. Comp. Neurol.

519:1196–1218, 2011.
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In the dentate gyrus (DG), the primary principal cells

are the granule cells (GCs), which form a densely-packed

cell layer with highly organized dendrites and axons

(Golgi, 1886; Cajal, 1909; Lorente de Nó, 1934). The lami-

nar specificity of this pattern of organization has been

described in detail (Amaral et al., 2007; Frotscher et al.,

2007; Witter, 2007) and is a signature characteristic of

the DG. DG laminar specificity is also normally preserved

into adulthood, which is remarkable given that GCs are

born throughout life (Gould and Cameron, 1996; Gage

et al., 1998) and must migrate into the GC layer accu-

rately, even when cues that regulate migration in develop-

ment are no longer present.

Notably, some GCs do develop outside of the normal

GC layer, at ectopic locations such as the hilus (Amaral

and Woodward, 1977; Amaral, 1978; Gaarskjaer and

Laurberg, 1983; Marti-Subirana et al., 1986; Seress et al.,

1991; for review, see Scharfman et al., 2007) and even
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area CA3 (Szabadics et al., 2010). Hilar ectopic GCs

(EGCs) are usually rare, and not considered to have a

major role in the function of the DG (Scharfman et al.,

2007). However, pathological conditions that disrupt

postnatal neurogenesis can greatly enhance the size of

this population. For example, severe continuous seizures

(status epilepticus [SE]) in rodents lead to a dramatic

increase in GC proliferation (Bengzon et al., 1997; Parent

et al., 1997). Many of these cells are thought to mis-

migrate to the hilus because levels of reelin, a normal

‘‘stop’’ signal secreted by hilar cells, decline when vulner-

able portions of the reelin-expressing cell population in

the hilus die in response to SE (Gong et al., 2007). Hilar

EGCs could also develop for other reasons (Li and Pleas-

ure, 2005). Regardless of the mechanisms associated

with their formation, a large population of EGCs accumu-

late in the hilus, in days to weeks after SE (Parent et al.,

1997; Scharfman et al., 2000, 2007; Scharfman, 2004;

McCloskey et al., 2006; Walter et al., 2007; Jessberger

et al., 2007b).

The population of hilar EGCs that develop after SE are

of particular interest because they survive for long peri-

ods of time (McCloskey et al., 2006; Jessberger et al.,

2007b) and appear to predispose the DG and CA3

regions to synchronize abnormally (Scharfman et al.,

2000, 2007; Scharfman, 2004), which could contribute to

abnormal excitability. In support of this hypothesis, drugs

that decrease the number of hilar EGCs also lead to a

reduction in subsequent seizures (although these drugs

have additional actions, potentially also effecting seizures

long-term) (Jung et al., 2004, 2006). However, some

manipulations that decrease the proliferation of newborn

GCs after SE do not appear to ameliorate the chronic

seizures that follow, although cognitive deficits are

improved (Pekcec et al., 2008). Thus, animal studies indi-

cate that hilar EGCs may have an influence on seizures,

or the cognitive impairments associated with limbic seiz-

ures (Scharfman and Gray, 2007; Kuruba and Shetty,

2007; Parent and Murphy, 2008; Danzer, 2008).

Further support for the potential importance of hilar

EGCs comes from their identification in human tissue

specimens from patients with pharmacoresistant tempo-

ral lobe epilepsy (TLE) (Parent et al., 2006). However, it

should be noted that some of these hilar EGCs are

located quite close to the GC layer, raising the possibility

that they could result from a general dispersion of GC

layer GCs induced by depleted reelin levels (Haas and

Frotscher, 2010), rather than the mis-migration of new-

born GCs. Indeed, evidence for robust proliferation in

human TLE, which could potentially lead to significant

hilar EGC formation, is not strong (Blumcke et al., 2001),

while data in support of dispersion is (Scheibel et al.,

1974; Houser, 1990; Thom et al., 2002). Additionally,

there is evidence supporting proliferation at early ages, or

in the early phases of epileptogenesis (Blumcke et al.,

2002; Scharfman and Gray, 2007).

Hilar EGCs are also intriguing because they allow one

to ask how much of the structure and function of GCs

depends on their position within the DG. Analysis of hilar

EGCs from animals that had SE indicated that, despite

the history of seizures, some of the characteristics of hilar

EGCs were comparable to those of normal GC layer GCs.

For example, the intrinsic membrane properties and firing

behavior of normal GC layer GCs and hilar EGCs were

extremely similar (Scharfman et al., 2000), although

recent studies have identified some differences, such as

a more depolarized resting potential in hilar EGCs (Zhan

and Nadler, 2009). In contrast, the dendritic morphology

of many hilar EGCs appeared to differ qualitatively from

that of typical GC layer GCs, with hilar EGCs displaying a

bipolar or multipolar structure compared to unipolar GC

layer GCs (Scharfman et al., 2000; Ribak et al., 2000;

Jessberger et al., 2007b; Walter et al., 2007; Shapiro

et al., 2008).

This study was therefore conducted to quantitatively

determine the extent to which the morphological struc-

ture of the dendrites and axons of hilar EGCs differs from

those of GC layer GCs. Hilar EGCs were: 1) identified and

physiologically characterized in hippocampal slices from

pilocarpine-treated rats which subsequently displayed

spontaneous recurrent stage 5 convulsions (i.e., were epi-

leptic); 2) intracellularly injected with Neurobiotin, proc-

essed for light microscopic (LM) analysis; and 3) recon-

structed, to allow a quantitative characterization of

dendritic and axonal arborization. Hilar EGCs were then

compared to GC layer GCs, either derived from compara-

ble tissue, or obtained from the NeuroMorpho database

(http://NeuroMorpho.Org; Ascoli et al., 2007) as recon-

structions of GC layer GCs from normal rats. The findings

provide new information about the ways GC development

is influenced by the local environment, abnormal excit-

ability, and for the interpretation of DG reorganization

in animal models that use SE to study the pathogenesis

of TLE.

MATERIALS AND METHODS

Subjects
Animal care and use was in accordance with the guide-

lines set by the National Institutes of Health and the New

York State Department of Health. Adult male Sprague-

Dawley rats (Taconic Farms; Germantown, NY) were

housed 2–3/cage using a 12-hour light:dark cycle and

both standard rat chow (Purina 5001, W.F. Fisher, Sum-

merville, NJ) and water were provided ad libitum.
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Pilocarpine administration to induce SE
At 39.1 6 1.2 days of age (range: 31–43 days) and

212.1 6 5.1 g body weight (range: 190–230 g), animals

were injected with atropine methylbromide (1 mg/kg

subcutaneously [s.c.]), followed 30 minutes later by pilo-

carpine hydrochloride (380 mg/kg, intraperitoneally

[i.p.]). SE was defined as the first stage 4–5 seizure (stage

4: rearing and bilateral forelimb clonus; stage 5: the

same, followed immediately by loss of postural control;

Racine, 1972) that did not terminate. Instead, the stage

4–5 seizure was followed by continual tonic-clonic move-

ments of the head, torso, and/or tail, typically small trem-

bling-like movements of the entire body, in a prone posi-

tion. SE typically began within 1 hour of pilocarpine

injection and was preceded by intermittent stage 1–5

seizures that self-terminated (i.e., normal behavior

resumed, such as grooming).

One hour after the onset of SE, animals received an

injection of diazepam (5 mg/kg, i.p.), to decrease the se-

verity of SE. After diazepam injection, tonic-clonic move-

ments were attenuated but did not completely stop until

5–6 hours later. Approximately 6 hours after the start of

SE, animals received an injection of 5% dextrose in lac-

tate-Ringers solution (2.5 mL, s.c.) to ensure adequate

hydration during recovery from SE. In addition, halves of

apple were positioned near the animal once each day for

3–5 days after SE. Control rats were treated identically,

i.e., they received atropine methylbromide, diazepam,

and lactate-Ringers solution, apple, etc., but they were

administered an equivalent volume of phosphate-buffered

saline (pH 7.4) s.c. instead of pilocarpine.

Slice preparation and maintenance
Animals were deeply anesthetized and immediately

decapitated. The brain was rapidly removed and immedi-

ately immersed in ice-cold artificial cerebrospinal fluid

(ACSF), with sucrose used instead of NaCl (sucrose-

ACSF; in mM: 126 sucrose, 5 KCl, 2.0 CaCl2, 2.0 MgSO4,

26 NaHCO3, 1.25 NaH2PO4, and 10 d-glucose; pH 7.4).

Slices (400 lm thick) were cut through the hippocampus

and entorhinal cortex in the horizontal plane using a

Vibroslice (Campden Instruments, Lafayette, IN) and im-

mediately transferred to oxygenated sucrose-ACSF at

room temperature. Within 5 minutes all slices were trans-

ferred to a nylon net in a recording chamber, where they

were maintained at an interface of sucrose-ACSF and

warm (31–33�C), humidified air (95% O2, 5% CO2). The

chamber was based on an interface design previously

supplied by Fine Science Tools (Foster City, CA), but

modified to increase humidity in the compartment where

slices were placed, and to allow slices to be submerged

up to their surface. Flow of ACSF was controlled by a peri-

staltic pump (Minipuls 2, Gilson, Worthington, OH) at �1

mL/min. Thirty minutes after slices were placed in the

chamber, sucrose-ACSF was switched to ACSF contain-

ing 126 mM NaCl instead of sucrose (NaCl-ACSF).

Recordings began 30 minutes thereafter and were

stopped�3 hours after the dissection.

Electrophysiology
Recording

Intracellular recordings were made with borosilicate

glass with a capillary in the lumen (0.75 mm i.d., 1.0 mm

o.d.; World Precision Instruments, New Haven, CT), filled

with 4% Neurobiotin (Vector, Burlingame, CA) in 1 M po-

tassium acetate. Resistance was 60–80 megaohms.

Extracellular recordings from the area CA3b cell layer

were made with electrodes that were 5–10 megaohms

and filled with NaCl-ACSF. Intracellular data were col-

lected using an intracellular amplifier with a bridge circuit

(Axoclamp 2B, Molecular Devices, Palo Alto, CA), and the

bridge was balanced whenever current was passed. Data

were collected using a digital oscilloscope (Pro10, Nicolet

Instruments, Madison, WI) and analyzed with accompany-

ing Nicolet software and Origin v. 7.5 (OriginLabs, North-

ampton, MA).

Stimulation
Electrical stimulation used a monopolar stimulating

electrode made from Teflon-coated stainless-steel wire

(75 lm diameter, including the Teflon coating). Stimuli

were triggered digitally (10–200 ls; Pulsemaster, World

Precision Instruments) using a stimulus isolator (100 lA;
AMPI Instruments, Jerusalem, Israel). For stimulation of

the perforant path, the stimulating electrode was placed

on the fibers of the perforant path axons, where they con-

verge as they enter the DG (Scharfman et al., 2002).

Evaluation of hilar EGCs
Recordings were made from cells that were identified

electrophysiologically as GCs (Scharfman et al., 2000).

Electrophysiological characteristics that were used to

define GCs were based on intrinsic properties and firing

behavior, which were characterized using intracellularly

injected current steps (60.05–1.0 nA, 200 ms), similar to

previous studies (Scharfman, 1995a; Scharfman et al.,

2000). In brief, the defining features of GCs included: 1) an

action potential (AP) with a maximal rising slope that was

greater than the maximal slope of the decay phase, when

evoked at threshold or when the cell was depolarized so it

fired spontaneously; 2) spike frequency adaptation in

response to injected current commands; 3) a triphasic

spike afterhyperpolarization following an AP at threshold,

evoked using a current command (200 ms pulse duration)

or when the cell was depolarized and spikes occurred

Pierce et al.
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spontaneously (see Results). These characteristics were

chosen because they helped distinguish GCs from other

cell types in the DG in past studies with similar methods

(Scharfman, 1992, 1995a; Scharfman et al., 2000).

Intracellular labeling and processing
After recordings were completed, cells were injected

with Neurobiotin as described previously (Scharfman,

1995b; Scharfman et al., 2000). Repetitive depolarizing

current pulses (þ0.30–0.50 nA, 20 ms, 30 Hz) were deliv-

ered for a total of 5–10 minutes. After dye injection (15–

60 minutes after the end of current injection), the slice

was removed from the recording chamber, placed flat in a

Petri dish, covered with filter paper, and immersed in a

fixative (2% acrolein, Polysciences, Warrington, PA) and

2% paraformaldehyde in 0.1 M phosphate buffer (PB; pH

7.4). Acrolein, as the most rapidly penetrating of the alde-

hyde fixatives (Sabatini et al., 1964), provides superior

preservation of fine structure when immersion fixation is

required (Takahashi et al., 2002). After 3 hours, they

were transferred to 0.1 M PB, then to a storage solution

(30% sucrose and 10% ethylene glycol in 0.1 M PB) at

4�C. After 1–2 days, each slice was embedded in 4% agar

and sectioned using a Vibratome (40 lm; Vibratome

1000; Ted Pella, Redding, CA) and the order of sections

was noted for subsequent reconstruction after tissue

processing. Sections were washed in 0.1 M Tris buffer,

pH 7.4 (3 � 5 minutes), incubated in ABC (ABC Standard

Kit, Vector Labs) in Tris (2 hours), washed in Tris (3 � 5

minutes), incubated in diaminobenzidine (Polysciences;

50 mg/100 mL Tris) until the cell could be fully visualized

(10–30 minutes), and washed in Tris (3 � 5 minutes).

Sections were then either mounted on glass slides or fur-

ther processed. Further processing for future correlated

analysis involved: 1) postfixation in 2% osmium for 1 hour;

2) dehydration (70% ethanol, 3 minutes; 90% ethanol, 5

minutes; 95% ethanol, 10 minutes; 100% ethanol, 15

minutes; 100% ethanol, 15 minutes); 3) incubation in 1:1

Embed 812 (Electron Microscopy Sciences, Fort Washing-

ton, PA) and propylene oxide for 12 hours; 4) embedding

in Embed 812 between Aclar film (Allied Signal, Pottsville,

PA); and 5) polymerization at 60�C for 72 hours.

Cell reconstruction and analysis
Sections were examined at the LM level and all dendri-

tic and axonal processes were hand-traced onto individ-

ual tracing paper sheets using a 40� objective and a

camera lucida attachment. In addition, select portions

(�50 lm in length) of proximal (primary and secondary)

and distal (terminal and next to terminal) dendritic

branches were traced using a 100� oil objective for spine

analysis (measured in terms of spines/lm). Tracings of

consecutive sections were then aligned using cut dendri-

tic and axonal ends. Manual reconstructions were used to

guide computer reconstruction using Neurolucida 8

(MicroBrightField, Colchester, VT). Reconstructed cells

were then analyzed using Neurolucida Explorer 8 in terms

of: 1) total and individual dendritic length (in lm); 2) total

and individual dendritic field size (using a 3D convex hull

analysis, in lm3); 3) total and individual dendritic branch

node number; 4) average dendritic internodal distance (in

lm); 5) dendritic branching pattern (quantified with ver-

tex analysis, which uses topological and metric parame-

ters to characterize the symmetry of branching; Sadler

and Berry, 1983); and 6) total axonal length (in lm), and

to generate images of the cells rotated 90� from the

plane of sectioning. Micrographs and illustrations were

prepared in Adobe Photoshop CS3 (San Jose, CA). Micro-

graphs were adjusted in terms of both their levels and

focus to improve the quality of the image.

Statistics
The statistical significance between groups was ana-

lyzed using Student’s t-tests. P-values <0.05 were con-

sidered significant. Values are reported as mean 6 SEM,

with SEM values rounded to one significant digit. Cluster

analysis was also used (SPSS, Chicago, IL).

RESULTS

Sample populations
Twenty-one presumptive EGCs in slices from 17 ani-

mals were injected with Neurobiotin and processed for

LM. Of these, seven EGCs (798-2, 889-3, 906-2, 910-1,

910-2, 913-3, 917-2) from six animals were selected for

reconstruction and analysis (Tables 1, 2), based on the

quality of the Neurobiotin fill and their physiological char-

acterization (these reconstructions will be submitted to

NeuroMorpho.org). Six of the EGCs were from pilocar-

pine-injected animals that displayed spontaneous seiz-

ures, and one (889-3) was from a saline-injected control

animal. All but one of the pilocarpine-injected animals

were euthanized at ages ranging from 3.5–7 months of

age (weighing 180–230 g), 3–6 months after SE, when

acute changes following pilocarpine-induced SE would

have long since passed, and slices of most animals ex-

hibit spontaneous, rhythmic, epileptiform burst dis-

charges in area CA3 (Scharfman et al., 2000). The

remaining animal (which yielded cell 906-2) was eutha-

nized at 12.5 months of age, 11 months after SE. The

EGC from this animal (906-2) was also distinct in that it

was recorded in a slice from the dorsal half of the hippo-

campal formation, whereas all of the other cells were

recorded in slices originating from the ventral half.

Five of the six EGCs from pilocarpine animals had cell

bodies that were positioned relatively centrally within the

Hilar ectopic granule cell morphometry
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hilus and dendritic arbors that were exclusively, or almost

exclusively, restricted to the hilus. Four of these cells

(910-1, 910-2, 913-3, 917-2) were extremely well labeled

(Figs. 1–4), allowing both reconstruction of axonal arbors

and quantification of dendritic spine densities. One pilo-

carpine EGC (906-2; 50 lm from the GC layer) had den-

dritic arbors that extended into both the hilus and molec-

ular layer (ML) (Fig. 5C). The control EGC (889-3; 200 lm
from the GC layer) also had dendritic arbors extending

into both the hilus and ML (Fig. 5E). Although the labeling

of this cell by Neurobiotin was not as robust as that of the

other EGCs, it was included in the dataset since EGCs in

normal tissue are relatively rare (McCloskey et al., 2006;

Scharfman et al., 2007).

For the purposes of anatomical comparison, 11 GC

reconstructions were obtained from the NeuroMorpho

database (Tables 1, 2; available at http://Neuro-

Morpho.Org; Ascoli et al., 2007). These GCs were stained

with horseradish peroxidase in transverse 400 lm slices,

obtained from male Sprague-Dawley rats ranging in age

from 47 to 58 days (Carnevale et al., 1997). They were all

positioned in the GC layer and had dendritic fields that

were restricted to the ML. To verify that any observed dif-

ferences in the morphology of hilar EGCs versus normal

GC layer GCs obtained from the NeuroMorpho database

were not attributable to differences in age, handling,

staining protocol, and fixation procedures between the

groups, four GC layer GCs (916-1, 124-5R, 124-5L, 103-

5; Tables 1, 2) from three pilocarpine-treated rats that

had undergone SE were perfused at comparable ages

(3.5 to 6.9 months) and processed comparably, in terms

of both labeling and fixation, in relation to the hilar EGCs

described above. These cells did not differ significantly

from GC layer GCs obtained from the NeuroMorpho data-

base in terms of the morphological characteristics exam-

ined, including total dendritic length per cell (post-SE GC

layer GCs: 3600 6 300 lm, normal GC layer GCs: 3700

6 200 lm, P ¼ 0.7, n ¼ 15), total dendritic field size

measured using 3D convex hull analysis (post-SE GC layer

GCs: 5.4 6 0.5 � 106 lm3, normal GC layer GCs: 5.6 6

0.6 � 106 lm3, P ¼ 0.8, n ¼ 15), total number of nodes

(branch points) (post-SE GC layer GCs: 15 6 2, normal

GC layer GCs: 14.2 6 0.7, P ¼ 0.5, n ¼ 15), internode

distance (post-SE GC layer GCs: 240 6 20 lm, normal

GC layer GCs: 263 6 8 lm, P ¼ 0.3, n ¼ 15), and the

number of dendrites per cell (post-SE GC layer GCs: 2.0

6 0.4, normal GC layer GCs: 1.56 0.2, P ¼ 0.1, n ¼ 15).

Two of the four post-SE GC layer GCs had small basal

dendrites, which were never observed on the normal GC

layer GCs. Similarly, the apical dendritic morphology of

TABLE 1.

Anatomical Data for Each Cell

Cell Type

Arbor

Region Dend # Node #

Dend L

(lm)

L/Node

(lm)

Convex Hull

(x106 lm3) % C

Axon L

(lm)

Axon Arbor

Region

798-2 HE E Hilus 4 15 3020 201 2.54 16 x x
910-1 HE E Hilus 3 19 3863 203 5.87 86 6715 CA3, ML, hilus
910-2 HE E Hilus 2 17 2498 147 1.96 33 6823 CA3, ML, hilus
913-3 HE E Hilus 2 22 3312 151 6.20 75 6784 CA3, ML, hilus
917-2 HE E Hilus 3 22 3666 167 4.26 100 2127 CA3, ML, hilus
906-2 E H þ ML 4 11 3116 283 3.12 10 x x
889-3 C E H þ ML 3 16 2029 127 1.15 46 x x
3319201 N GCL ML 2 18 4903 272 10.9 100 x x
3319202 N GCL ML 1 15 4239 283 6.01 100 x x
404881 N GCL ML 2 13 2866 220 3.82 100 x x
5199202 N GCL ML 1 18 4995 278 7.57 100 x x
523886 N GCL ML 2 11 3156 287 5.28 100 x x
524892a N GCL ML 1 14 3704 265 5.51 100 x x
524892b N GCL ML 1 12 3086 257 3.04 100 x x
609885 N GCL ML 1 14 3592 257 5.49 100 x x
614882 N GCL ML 2 15 3181 212 5.97 100 x x
B106885 N GCL ML 2 14 3838 274 4.43 100 x x
B330886 N GCL ML 1 12 3485 290 4.25 100 x x
916-1 PS GCL H þ ML 3 20 4228 211 6.61 70 x x
124-5R PS GCL ML 1 18 3694 205 5.15 78 x x
124-5L PS GCL ML 2 13 3519 271 4.23 82 x x
103-5 PS GCL H þ ML 2 10 2889 289 5.68 92 x x

Summary table of the anatomical data from hilar EGCs and GC layer GCs. Data from hilar EGCs (EGC 798-2 through 889-3), normal GC layer GCs

(obtained from the NeuroMorpho data base, 3319201 through B330886) and post-SE GC layer GCs (916-1 through 103-5). HE E, hilar-exclusive

ectopic GC. E, ectopic GC. C E, control ectopic GC. N GCL, normal GC layer GC. PS GCL, post-SE GC layer GC. H þ ML, hilus and molecular layer.

ML, molecular layer. Dend #, number of dendrites per cell. Node #, number of dendritic branch points (nodes) per cell. Dend L, total dendritic

length per cell. L/Node, average internodal distance. Convex Hull, 3D Convex Hull analysis. % C, percentage of dendritic endings that were com-

plete. Axon L, total axonal length per cell.
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post-SE versus normal GC layer GCs did not differ signifi-

cantly in terms of dendritic length (post-SE GC layer GCs:

2,300 6 300 lm, normal GC layer GCs: 2,600 6 300

lm, P ¼ 0.7, n ¼ 22), 3D convex hull dendritic field size

(post-SE GC layer GCs: 2.4 6 0.7 � 106 lm3, normal GC

layer GCs: 3.56 0.6� 106 lm3, P¼ 0.3, n¼ 22), branch

point number (post-SE GC layer GCs: 10 6 2, normal GC

layer GCs: 10 6 1, P ¼ 0.9, n ¼ 22), internode distance

(post-SE GC layer GCs: 250 6 20 lm, normal GC layer

GCs: 270 6 10 lm, P ¼ 0.4, n ¼ 22), and branching pat-

tern measured using vertex analysis (post-SE GC layer

GCs: 1.36 0.4, normal GC layer GCs: 1.56 0.2, P ¼ 0.5,

n ¼ 22). Therefore, for the purposes of this morphological

study, the data from the two groups was pooled.

Hilar EGC physiological characteristics
As described previously (Scharfman et al., 2000), the

intrinsic properties of hilar EGCs were similar to those of

GC layer GCs. APs evoked at threshold using direct

TABLE 2.

Anatomical Data for Each Dendrite

Cell Type

Arbor

Region Dend #

Dend

Label

Dend

Type

Dend L

(lm) Node #

Vertex

Analysis

Convex Hull

(x106 lm3)

L/Node

(lm)

798-2 HE E Hilus 4 1 B 165 0 x 0.00468 x
798-2 HE E Hilus 4 2 B 522 3 0.5 0.126 174
798-2 HE E Hilus 4 3 B 125 0 x 0.00468 x
798-2 HE E Hilus 4 4 A 2208 12 1.7 2.40 184
910-1 HE E Hilus 3 1 B 368 1 x 0.049 368
910-1 HE E Hilus 3 2 A 3279 17 0.6 5.80 193
910-1 HE E Hilus 3 3 B 216 1 x 0.0194 216
910-2 HE E Hilus 2 1 A 1774 12 1.7 1.73 148
910-2 HE E Hilus 2 2 B 724 5 1 0.227 145
913-3 HE E Hilus 2 1 A 2448 14 1 6.20 175
913-3 HE E Hilus 2 2 B 864 8 0.4 0.909 108
917-2 HE E Hilus 3 1 A 2127 13 0.7 3.10 164
917-2 HE E Hilus 3 2 B 588 3 0.5 0.239 196
917-2 HE E Hilus 3 3 B 951 6 0.7 0.917 159
889-3 C E H þ ML 3 1 A 1405 8 1 1.03 176
889-3 C E H þ ML 3 2 A 499 2 1 0.117 250
889-3 C E H þ ML 3 3 B 125 1 x 0.00600 125
906-2 E H þ ML 3 1 A 1881 10 5 2.82 188
906-2 E H þ ML 3 2 B 145 1 x 0.00417 145
906-2 E H þ ML 3 3 B 334 2 1 0.039 167
3319201 N GCL ML 2 1 A 1783 7 1.5 2.90 255
3319201 N GCL ML 2 2 A 3120 11 2.5 7.45 284
3319202 N GCL ML 1 1 A 4239 15 0.8 6.01 283
404881 N GCL ML 2 1 A 724 2 1 0.255 362
404881 N GCL ML 2 2 A 2143 11 2.5 2.06 195
5199202 N GCL ML 1 1 A 4995 18 0.9 7.57 278
523886 N GCL ML 2 1 A 1816 6 0.7 2.24 303
523886 N GCL ML 2 2 A 1340 5 1 1.36 268
524892a N GCL ML 1 1 A 3704 14 2 5.51 265
524892b N GCL ML 1 1 A 3086 12 1.7 3.04 257
609885 N GCL ML 1 1 A 3592 14 2 5.49 257
614882 N GCL ML 2 1 A 2354 12 1.7 3.41 196
614882 N GCL ML 2 2 A 827 3 0.5 0.378 276
B106885 N GCL ML 2 1 A 2097 7 1.5 1.18 300
B106885 N GCL ML 2 2 A 1741 7 1.5 3.22 249
B330886 N GCL ML 1 1 A 3485 12 1.7 4.25 290
916-1 PS GCL H þ ML 3 1 A 2390 12 0.8 3.35 199
916-1 PS GCL H þ ML 3 2 A 1587 7 0.5 1.48 227
916-1 PS GCL H þ ML 3 3 B 251 1 x 0.00200 251
124-5R PS GCL ML 1 1 A 3694 18 2.7 5.15 205
124-5L PS GCL ML 2 1 A 2166 9 0.8 1.39 241
124-5L PS GCL ML 2 2 A 1354 4 2 0.800 339
103-5 PS GCL H þ ML 2 1 A 2699 9 0.8 2.03 300
103-5 PS GCL H þ ML 2 2 B 191 1 x 0.160 191

Anatomical data organized by individual GC dendrite. The abbreviations used are the same as those described for Table 1, except for the following:

Dend Label, a designation for each individual dendrite. Dend Type, categorization of each dendrite as either basal (B) or apical (A). Vertex analysis

is a quantitative measure that reflects the dendritic branching pattern (see Materials and Methods).

Hilar ectopic granule cell morphometry

The Journal of Comparative Neurology | Research in Systems Neuroscience 1201



Figure 1. Reconstruction of hilar EGC 910-1. A: Camera lucida reconstruction of the soma, dendrites (black), and local axons (red) in the

transverse plane. B: Longitudinal view of the cell generated by rotating and tracing the Neurolucida reconstruction. Blue lines mark the

borders of individual sections. C: A transverse view of the complete dendritic and axonal camera lucida reconstruction. Blue lines mark

subfield boundries. Inset: Mossy fiber boutons at higher magnification. ML, molecular layer; GCL, granule cell layer. D: Recording from hilar

EGC 910-1. An action potential (AP) at threshold is shown. It was evoked using intracellular current injection at resting potential. Inset:

the AP at higher gain illustrates the typical fast rate of rise and slower decay of GC APs (Scharfman, 1995a; Scharfman et al., 2000).

Scale bars (green) ¼ 50 lm.
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Figure 2. Reconstruction of hilar EGC 910-2. A: Camera lucida reconstruction of the soma, dendrites (black), and local axons (red) in the

transverse plane. B: Longitudinal view of the cell generated by rotating and tracing the Neurolucida reconstruction. Blue lines mark the

borders of individual sections. C: A transverse view of the complete dendritic and axonal camera lucida reconstruction. Blue lines mark

subfield boundaries. Inset: Mossy fiber boutons at higher magnification. ML, molecular layer; GCL, granule cell layer. D: Recording from

hilar EGC 910-2. An AP at threshold is shown. It was evoked using intracellular current injection at resting potential. Inset: the AP at

higher gain. Scale bars (green) ¼ 50 lm.
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Figure 3. Reconstruction of hilar EGC 913-3. A: Camera lucida reconstruction of the soma, dendrites (black), and local axons (red) in the

transverse plane. B: Longitudinal view of the cell generated from rotating and tracing the Neurolucida reconstruction. Blue lines mark the

borders of individual sections. C: A transverse view of the complete dendritic and axonal camera lucida reconstruction. Blue lines mark

subfield boundries. Inset: mossy fiber boutons at higher magnification. ML, molecular layer; GCL, granule cell layer. D: Recording from hilar

EGC 913-3. A spontaneous AP is shown, which was evoked when the cell was depolarized to threshold. Inset: the AP at higher gain. Scale

bars (green) ¼ 50 lm.
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Figure 4. Reconstruction of hilar EGC 917-2. A: Camera lucida reconstruction of the soma, dendrites (black), and local axons (red) in the

transverse plane. B: Longitudinal view of the cell generated from rotating and tracing the Neurolucida reconstruction. Blue lines mark the

borders of individual sections. C: A transverse view of the complete dendritic and axonal camera lucida reconstruction. Blue lines mark

subfield boundries. Inset: mossy fiber boutons at higher magnification. ML, molecular layer; GCL, granule cell layer. D: Recording from hilar

EGC 917-2. An AP at threshold is shown, which was evoked using intracellular current injection at resting potential. Inset: the AP at higher

gain. Scale bars (green) ¼ 50 lm.
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Figure 5. Transverse and longitudinal views of three hilar EGC reconstructions. A,B: Reconstruction of hilar EGC 798-2, presented in trans-

verse (A) and longitudinal (B) views. Dendrites (black) were almost exclusively restricted to the hilus. Axons are shown in red. C,D: Recon-

struction of hilar EGC 906-2, presented in transverse (C) and longitudinal (D) views. Dendrites (black) were located in both the hilus and

ML. Axons are shown in red. E,F: Reconstruction of hilar EGC 889-3 from a nonepileptic control rat, presented in transverse (E) and longi-

tudinal (F) views. There were dendrites (black) in both the hilus and ML. Axons are shown in red. Subfield boundaries and section borders

are shown in blue. Scale bars (green) ¼ 50 lm. GCL, granule cell layer.

Pierce et al.
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current injection had similar amplitudes, half-widths, and

slopes as previously described for hilar EGCs and GC

layer GCs (Table 3). When suprathreshold currents were

injected, strong spike frequency adaptation occurred

(Fig. 6A).

Spontaneous activity varied among hilar EGCs (Fig.

6B,C), which also corresponds to previous descriptions of

hilar EGCs (Scharfman et al., 2000). However, all hilar

EGCs displayed greater spontaneous activity than normal

GCs, which usually have few spontaneous potentials

TABLE 3.

Comparison of Properties of Action Potentials (APs) in Ectopic Granule Cells (EGCs)

GC

number Condition

Amp. from

RMP (mV)

Amp. from

thr. (mV)

AP at base

(msec)

Dur. half-width

(msec)

AP rise

(mV/msec)

AP fall

(mV/msec)

Ratio

(rise/fall)

AHP peak

amp (mV)

798-2 Epileptic 106 78 1.55 0.20 400 87 4.60 7.5
906-2 Epileptic 101 75 1.54 0.18 415 90 4.61 6.5
910-1 Epileptic 113 84 1.50 0.20 448 85 5.27 7.0
910-2 Epileptic 100 75 1.33 0.15 434 91 4.77 7.2
913-3 Epileptic 98 79 1.50 0.19 454 76 5.97 5.7
917-2 Epileptic 110 85 1.42 0.21 422 77 5.48 8.0
889-2 Control 105 75 1.48 0.20 452 89 5.08 6.8
Mean 105 79 1.47 0.19 432 85 5.11 7.0
SEM 40 30 0.56 0.07 163 32 1.93 2.6
N 7 7 7 7 7 7 7 7

Electrophysiological properties are listed for each hilar EGC of the study. amp., amplitude; dur., duration; AHP, afterhyperpolarization; RMP, resting

membrane potential; thr., threshold; SEM, standard error of the mean. Measurements were made as previously described (Scharfman, 1995a;

Scharfman et al., 2000).

Figure 6. Comparative physiology of hilar EGCs. A: Representative examples of directly-evoked APs are shown for two different hilar EGCs

(1,2). To evaluate spike frequency adaptation, higher currents were injected as previously described (Scharfman et al., 2000). For each cell

the AP evoked at threshold is on the left and the response to increased current injection is on the right. B: Spontaneous activity is shown

from two hilar EGCs to illustrate examples where hilar EGC spontaneous activity was relatively weak. Even though activity was subthreshold

at resting potential, depolarization of the cell led to suprathreshold activity (arrow). C: Spontaneous activity is shown from hilar EGCs that is

robust, i.e., repetitive spontaneous burst discharges. 1) A continuous recording from a hilar EGC (798-2) exhibits periodic spontaneous burst

of APS. The arrow points to one of the bursts with a different temporal calibration (100 msec) to show it in more detail. 2) An extracellular re-

cording from the CA3b pyramidal cell layer is shown (CA3; top trace) simultaneous to a recording from a hilar EGC (lower trace; expanded on

the right) to demonstrate the synchrony between the hilar EGC and CA3. Lower left: A hilar EGC with repetitive burst discharges was

recorded at two membrane potentials. Two spontaneous bursts of activity are shown, one at a depolarized potential where APs occurred dur-

ing the burst, and one at a hyperpolarized potential where APs did not occur during the burst. Lower right: Bursts were recorded in response

to stimulation of the outer molecular layer to show that they could be evoked by activation of the perforant path, as previously described

(Scharfman et al., 2003). In addition, the lower right traces show that the bursts were all-or-none, because some stimuli that failed to trigger

a response did not show a graded decline in amplitude, but simply failed altogether. All-or-none responses suggest that paroxysmal depolari-

zation shifts were responsible for the bursts, as previously discussed (Scharfman et al., 2000, 2007; Scharfman, 2004).
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when impaled with sharp electrodes (Scharfman et al.,

2000, 2003). Some hilar EGCs had few spontaneous APs

at resting potential, but APs occurred at depolarized

potentials (Fig. 6B). Other EGCs exhibited rhythmic bursts

of excitatory postsynaptic potentials and APs, with the

burst onset within milliseconds of the onset of epilepti-

form bursts in area CA3 (Fig. 6C). Only those slices in

which epileptiform bursts were recorded in area CA3

demonstrated bursts in EGCs (with the exceptions being

906-2, 910-2, and the control 889-3), similar to previous

studies (Scharfman et al., 2000). When spontaneous

bursts were present, bursts could also be evoked by elec-

trical stimulation of the perforant path (Fig. 6C), as shown

previously (Scharfman et al., 2003). Bursts were evoked

in an all-or-none manner, consistent with an epileptiform

network burst, i.e., paroxysmal depolarization shifts in py-

ramidal cells cause the burst (Fig. 6C) (Scharfman et al.,

2000, 2003, 2007).

It is interesting to note that EGCs displayed quite simi-

lar morphology regardless of their spontaneous activity.

This observation supports the hypothesis that the intrin-

sic properties of hilar EGCs develop primarily in an au-

tonomous fashion, and spontaneous activity depends

mostly on the emergence of network bursts in area CA3,

which increase in prevalence with age after SE (Scharf-

man et al., 2000, 2007; Scharfman, 2004; McCloskey

et al., 2006).

Hilar-exclusive EGCs have dendritic arbors
that are as extensive as those of
GC layer GCs

Measures of total size indicated that hilar EGCs and GC

layer GCs had comparably extensive dendritic arbors. In

terms of total dendritic length per cell, hilar EGCs with

dendrites that were restricted to the hilus (hilar-exclusive

EGCs, abbreviated hilar-ex EGCs) did not significantly dif-

fer from GC layer GCs (hilar-ex EGCs: 3,300 6 200 lm,

GC layer GCs: 3,700 6 200 lm, P ¼ 0.2, n ¼ 20) (Table

1). Similarly, the total dendritic field size for these cell

types, as measured using a 3D convex hull analysis

(which measures the volume of a polygon formed by con-

necting the tips of the distal dendritic branches for each

tree) did not significantly differ (hilar-ex EGCs: 4.2 6 0.9

� 106 lm3, GC layer GCs: 5.66 0.5 � 106 lm3, P ¼ 0.2,

n ¼ 20). Hilar-ex EGC values tended to be somewhat

smaller than those of GC layer GCs, in terms of both of

these measures, but this is probably a reflection of the

limits of the reconstructions. Since hilar-ex EGC dendrites

were often not restricted to the transverse plane in their

orientation (see below), as is usually observed for GC

layer GCs, hilar-ex EGCs stained in transverse slices at

times had labeled dendrites with incomplete branches,

which ended at a cut surface. The percentage of branch

endings that were complete (i.e., which did not end at a

cut surface) was calculated for each cell (Table 1), and

these values were correlated (r ¼ 0.57) with total dendri-

tic length (Fig. 7), such that the regression line, at the

100% complete point, had a y-intercept of 3,600 lm, very

close to the mean value for GC layer GCs (3,700 6 200

lm). The hilar EGC with dendritic arbors in both the hilus

and ML (H þ ML) (906-2, Fig. 5C) had a total dendritic

length of 3,100 lm and a total convex hull volume of 3.1

� 106 lm3. The control EGC (889-3, Fig. 5E) had the

smallest arbor, with a total dendritic length of 2,000 lm,

and a total convex hull volume of 1.2� 106 lm3.

Hilar-exclusive EGCs are topologically more
complex than GC layer GCs

The dendritic arbors of hilar-ex EGCs were significantly

more complex than the dendritic arbors of GC layer GCs.

First, they contained significantly more branch points

(nodes) (hilar-ex EGCs: 19 6 1, GC layer GCs: 14 6 1, P

¼ 0.008, n ¼ 20) (Table 1). The average internode branch

distance was also significantly shorter for hilar-ex EGC

dendrites in comparison to GC layer GCs (hilar-ex EGCs:

170 6 10 lm, GC layer GCs: 258 6 8 lm, P < 0.0001, n

¼ 20), as one would expect from the fact that more

branch points were observed within slightly smaller den-

dritic arbors. Visual inspection of many of these dendritic

arbors (Figs. 1–4) also suggested that the path taken by

individual branches was qualitatively more torturous, sug-

gesting a less directed pattern of pathfinding.

Figure 7. Plot of EGC (n ¼ 6 epileptic and 1 control) total dendri-

tic length per cell, in lm, vs. the percentage of dendritic endings

that were complete (i.e., which did not end at a cut surface).

These values were correlated (r ¼ 0.57), such that a regression

line had a y-intercept of 3,600 lm, very close to the mean value

for GC layer GCs (3,700 6 200 lm). Dashed lines reflect 95%

confidence intervals.
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Additionally, at a fundamental level, hilar-ex EGCs had

significantly more dendrites than GC layer GCs (hilar-ex

EGCs: 2.8 6 0.4, GC layer GCs: 1.6 6 0.2, P ¼ 0.003, n

¼ 20). It should be noted that two of the four post-SE GC

layer GCs displayed single basal dendrites, which were

never present in the normal GC layer GC population. The

H þ ML EGC (906-2) had four dendrites, but in terms of

branching this cell more closely resembled normal GC

layer GCs than hilar-ex EGCs, with 11 branch points and

an average internode branch distance of 280 lm. The con-

trol EGC (889-3) had three dendrites, 16 branch points,

and an average internode branch distance of 130 lm.

Dendrites of hilar-exclusive EGCs can be
identified as ‘‘apical’’ and ‘‘basal’’ based on
their size, complexity, and position

The dendrites of GCs within the GC layer are, by con-

vention, identified as either apical or basal, based on their

orientation. Apical GC dendrites extend into the ML, while

basal GC dendrites, when they are present, project from

the opposite pole of the GC cell body, into the hilus

(although recurrent basal dendrites have been described;

Yan et al., 2001; Dashtipour et al., 2002). These posi-

tional criteria are reinforced by differences in the size and

structure of apical and basal GC dendrites, as observed

in an animal model of epilepsy (Thind et al., 2008). In par-

ticular, basal GC dendrites tended to be smaller and

branch less exuberantly than apical GC dendrites

(although in the human, where basal dendrites are nor-

mal, these characteristics may not apply; Seress and

Mrzljak, 1987). Examination of the size distribution of

hilar-ex EGC dendrites (Table 2) suggests that the same

classification scheme used for GC layer GCs from the epi-

leptic rat can be applied to the EGC dendrites in this

study, even though the EGCs were restricted to the hilus,

and thus divorced from the usual positional criteria. Using

a cluster analysis, values for total length per dendrite

statistically sorted into two groups after only two itera-

tions, demonstrating that there were two distinct popula-

tions: dendrites displaying lengths of 951 lm or less, and

dendrites displaying lengths of 1,774 lm or more (Fig. 8).

A similar distinction was evident using the 3D convex hull

analysis to measure dendritic field volume: dendrites

occupied either less than 0.92 � 106 lm3 or more than

1.73 � 106 lm3. Categorizing the larger group as ‘‘apical’’

and the smaller group as ‘‘basal,’’ one can statistically

confirm these size distinctions: apical hilar-ex EGC den-

drites were significantly larger as a group than basal hilar-

ex EGC dendrites, in terms of both total length (apical

hilar-ex EGC dendrites: 2,400 6 300 lm, basal hilar-ex

EGC dendrites: 500 6 100 lm, P < 0.0001, n ¼ 14) and

dendritic field volume (apical hilar-ex EGC dendrites: 3.8

6 0.9 � 106 lm3, basal hilar-ex EGC dendrites: 0.2 6

0.1 � 106 lm3, P ¼ 0.0003, n ¼ 14). This categorization

scheme also allows further distinctions to become appa-

rent. For instance, hilar-ex EGCs maintained a bipolar

structure: they had one apical dendrite and from 1 to 3

(1.8 6 0.4) basal dendrites, which all originated from the

opposite pole of the cell body than the apical dendrite

(Figs. 1–5). Apical hilar-ex EGC dendrites had significantly

more branch points than basal hilar-ex EGC dendrites (ap-

ical hilar-ex EGC dendrites: 13.6 6 0.9, basal hilar-ex

EGC dendrites: 3.0 6 0.9, P < 0.0001, n ¼ 14). Addition-

ally, basal hilar-ex EGC dendrites appeared to display

arbors that were topologically distinct using vertex analy-

sis. As described in Materials and Methods, vertex analy-

sis quantifies the symmetry of branching, particularly in

relation to the distribution of terminal branches. Basal

hilar-ex EGC dendrites tended to display lower values

than apical dendrites (basal hilar-ex EGC dendrites: 0.66

0.1, apical hilar-ex EGC dendrites: 1.1 6 0.2, P ¼ 0.08, n

¼ 14), suggesting that they might display a more segmen-

tal pattern of growth, with terminal branches distributed

along a central, focal branch. The average internode

branch distance did not differ significantly between the

two groups (apical hilar-ex EGC dendrites: 173 6 8 lm,

basal hilar-ex EGC dendrites: 200 6 30 lm, P ¼ 0.6, n ¼
14), with the high level of variability displayed by basal

dendrites probably being a contributing factor.

Apical dendrites of hilar-exclusive EGCs and
GC layer GCs are quite similar in terms of
both size and topology

Having defined a subgroup of hilar-ex EGC dendrites as

apical, they can then be compared to the apical dendrites

Figure 8. Classification of hilar EGC dendrites as apical and ba-

sal, based on values of dendritic length. The values for total den-

dritic length (in lm) for individual hilar EGC dendrites is plotted.

The distribution was bimodal, suggesting that hilar EGC dendrites

could be classified as either ‘‘basal’’ or ‘‘apical,’’ even though they

were restricted to the hilus (see text for discussion).

Hilar ectopic granule cell morphometry
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of GC layer GCs. Interestingly, they were quite compara-

ble in terms of size and structure. They displayed nearly

identical mean values for total dendritic length (hilar-ex

EGC apical dendrites: 2,400 6 300 lm, GC layer GC api-

cal dendrites: 2,500 6 200 lm, P ¼ 0.8, n ¼ 27), and

total dendritic field size using the 3D convex hull analysis

(hilar-ex EGC apical dendrites: 3.8 6 0.9 � 106 lm3, GC

layer GC apical dendrites: 3.2 6 0.5 � 106 lm3, P ¼ 0.8,

n ¼ 27) (Table 2). Vertex analysis values were also similar

for the two types of apical dendrites (hilar-ex EGC apical

dendrites: 1.1 6 0.2 lm, GC layer GC apical dendrites:

1.4 6 0.1 lm, P ¼ 0.4, n ¼ 27). Hilar-ex EGC apical den-

drites also tended to contain more branch points than GC

layer GC apical dendrites, but the difference did not reach

significance (hilar-ex EGC apical dendrites: 13.6 6 0.9,

GC layer GC apical dendrites: 10 6 1 lm, P ¼ 0.08, n ¼
27). The one significant structural difference that was

observed was average internode branch distance: as

noted for total dendritic arbors, apical dendrites in the hi-

lus had significantly shorter internode distances than

those in the ML (hilar-ex EGC apical dendrites: 173 6 8,

GC layer GC apical dendrites: 2656 9 lm, P ¼ 0.0001, n

¼ 27). The Hþ ML EGC (906-2) had a relatively small api-

cal ML dendrite (total dendritic length: 1,881 lm, convex

hull volume: 2.8 � 106 lm3), and the control EGC (889-3)

had two small apical (ML) dendrites (total dendritic

lengths: 1,405 lm, 499 lm; convex hull volumes: 1.0 �
106 lm3, 0.12 � 106 lm3).

Hilar-exclusive EGC dendrites appear to
display random orientations

Although hilar apical dendrites were structurally quite

similar to GC layer GC apical dendrites, their spatial orien-

tation within the DG was often radically different. All the

GCs that had dendrites in the ML (normal GC layer GCs,

post-SE GC layer GCs, the control EGC, and the H þ ML

EGC) displayed a classic, stereotypical orientation, with

the apical dendrites extending towards the outer ML, and

the dendritic field expanding as it approached the hippo-

campal fissure. The dendritic field was also relatively con-

fined within the transverse plane. Outside of the ML, how-

ever, the dendrites extended in apparently random

directions. One hilar-ex EGC (798-2, Fig. 5A,B) had an api-

cal dendrite that extended toward the lateral blade, and

was primarily confined within the transverse plane of the

DG. Another (910-1, Fig. 1) had an apical dendrite that

extended towards CA3c (Fig. 1C), and was not confined

within the transverse plane (Fig. 1B). A third (913-3, Fig.

3) had an apical dendrite that branched almost immedi-

ately after exiting the cell body, with one secondary

branch projecting towards the lateral blade (Fig. 3C), and

the other extending in the opposite direction, towards

CA3c (Fig. 3C). The final two hilar-ex EGCs had apical

dendrites that primarily extended along the longitudinal

axis of the DG, with one parallel to the edge of CA3c

(917-2, Fig. 4B,C) and the other running diagonally,

towards the lateral blade (910-2, Fig. 2B,C). Basal den-

drites also projected in apparently random directions,

running longitudinally (Figs. 1B, 3B) in the transverse

plane (Figs. 4B, 5B,D) towards CA3c (Fig. 2C), or the lat-

eral blade (Fig. 1C). Although, as mentioned, they always

exited the cell body opposite the apical dendrite; in one

instance (917-2, Fig. 4) one of two basal dendrites almost

immediately reversed course, bending back over to the

side of the apical dendrite, where it projected trans-

versely in relation to the longitudinal path of the apical

dendrite (Fig. 4B).

Hilar-exclusive EGC dendrites are
quite spiny

Spines on hilar-ex EGC dendrites displayed varied mor-

phologies, with small and large heads (Fig. 9). Measure-

ments of spine densities were collected from the four

most completely filled hilar-ex EGCs (910-1, 910-2, 913-

3, 917-2; Figs. 1–4) for both proximal (primary and sec-

ondary branches) and distal (terminal and next to termi-

nal branches) portions of the dendritic arbors. Significant

differences were observed in relation to branch position:

proximal dendrites had higher spine densities than distal

Figure 9. Example of dendritic spines of hilar EGCs. A light

micrograph of an EPON-embedded dendrite from hilar EGC 913-3

with dense spine coverage. Note that the spines are quite vari-

able in terms of their morphology, displaying both large (arrows)

and small (arrowheads) spine heads. Scale bar ¼ 5 lm.
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dendrites (1.05 6 0.05 spines/lm versus 0.88 6 0.04

spines/lm, P ¼ 0.02, n ¼ 21). No significant differences

were observed between hilar-ex EGC dendrites classified

as either apical or basal (0.96 6 0.04 spines/lm versus

0.966 0.06 spines/lm, P¼ 1.00, n¼ 21).

Axons of hilar-exclusive EGCs innervate the
same regions as GC layer GCs that have
sprouted: CA3, the hilus, and the ML

As mentioned, four of the five hilar-ex EGCs (913-3,

910-1, 910-2, 917-2; Figs. 1–4) had axonal arbors that

were filled well enough to justify reconstruction. Three of

the four (913-3, 910-1, 910-2) had comparable lengths of

labeled axon (6,784, 6,715, and 6,823 lm, respectively),

while one (917-2) was less well labeled, displaying 2,127

lm of labeled axon. In this instance the axon also origi-

nated from a basal dendrite, about 40 lm from the cell

body (917-2; Fig. 4A). All of the axonal arbors projected

to CA3 and produced classic, large mossy fiber boutons

within this region (Figs. 1–4, insets). All of the axons

branched extensively within the hilus, and all sent projec-

tions across the GC layer into the ML, where varicosities

were present (Figs. 1C–4C).

DISCUSSION

The results demonstrate that hilar-ex EGCs have struc-

tural characteristics that are both strikingly similar and dif-

ferent from GC layer GCs, regardless of condition (whether

the GC layer GCs were from normal or epileptic tissue).

Measures quantifying the extensiveness of dendritic

arbors, such as hilar-ex EGC and GC layer GC total dendri-

tic length and dendritic field size, were statistically indistin-

guishable. Observed hilar-ex EGC spine densities closely

matched reported GC layer GC values (see below). In addi-

tion, hilar-ex EGCs generated the same ‘‘types’’ of den-

drites as GC layer GCs (i.e., ‘‘apical’’ or ‘‘basal’’ dendrites),

that could be distinguished by comparable morphological

criteria. The axonal arbors of hilar-ex EGCs displayed the

classic features GC layer GC axons, including giant mossy

fiber boutons, a projection to CA3, and extensive hilar

branching. They also contributed to mossy fiber sprouting,

a characteristic of the DG in SE models of TLE and in many

patients with TLE (Nadler, 2003; Sutula and Dudek, 2007).

However, two morphological characteristics distinguished

hilar-ex EGCs from GC layer GCs. First, hilar-ex EGC den-

drites were more complex, with significantly more branch

points, and a shorter internode distance. Second, hilar-ex

EGC dendrites appeared to develop in almost random ori-

entations, including along the longitudinal axis, in contrast

to GC layer GCs, which had dendrites that were primarily

restricted to the transverse axis.

It is important to note two caveats before discussing

the results and their implications. First, data were gener-

ated using the pilocarpine-treated epileptic rat, which is

only one of many animal models of epilepsy that simulate

different aspects of TLE. Hilar EGCs are robust in this

model, as well as others, where SE is used to initiate epi-

leptogenesis, such as kainic acid-induced SE (Nakagawa

et al., 2000; Scharfman et al., 2000) and electrically

induced SE (Mohapel et al., 2004). Second, although data

are presented for hilar EGCs with dendrites in the ML

(from both normal and post-SE tissue), it should be

remembered that the primary focus was hilar EGCs with

dendrites confined to the hilus, i.e., hilar-ex EGCs. This

subgroup, which is distinct in terms of some physiological

characteristics, such as a long latency to perforant path

activation (Scharfman et al., 2003), has been less well

studied with regard to cellular morphology.

Hilar EGC development and environmental
factors

The development of newborn neurons and their inte-

gration into the surrounding synaptic architecture pre-

sumably depends on both extrinsic environmental cues

and intrinsic cellular properties. Hilar-ex EGCs, by defini-

tion, develop in isolation from the normal environment

that GCs developing in the GC layer are exposed to. Addi-

tionally, potential environmental cues within the hilus are

drastically altered following SE and subsequent seizures,

as the region is radically restructured. In rodents this

involves selective cell death (Buckmaster and Jongen-

Relo, 1999; Sloviter, 1999), reactive gliosis (Wetherington

et al., 2008; Seifert et al., 2010), mossy fiber sprouting

(Nadler, 2003; Sutula and Dudek, 2007), and angiogene-

sis (Rigau et al., 2007). Indeed, it has been suggested

that SE leads to a recapitulation of some developmental

programs, simulating an immature state, which differs

markedly from that of the normal adult DG (Szabo et al.,

2000; Farooqui et al., 2001; Scharfman, 2002). It is dur-

ing this period, the first 30 days after SE, when these

changes, as well as further spontaneous seizures (Wil-

liams et al., 2009), are occurring, that hilar EGCs are born

(Scharfman et al., 2000; Jessberger et al., 2007b). Hilar

EGCs are thus exposed to an extremely abnormal envi-

ronment, with fluctuating and aberrant excitability, as

they develop. In this context, it is particularly surprising

how much hilar-ex EGCs resemble GC layer GCs, suggest-

ing that intrinsic factors are important determinants of

their development.

Similarities between hilar-exclusive EGCs
and GC layer GCs despite differences in
environment
Dendritic arbor size

This resemblance is perhaps most evident in measures

of total dendritic arbor size, such as total dendritic length

Hilar ectopic granule cell morphometry
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and field size (measured using 3D convex hull analysis),

where hilar-ex EGCs and the GC layer GCs displayed stat-

istically comparable values. Previous studies indicate that

GCs display a relatively wide range of values for total den-

dritic length, with total length being in part dependent

on the position of the soma within the GC layer (Green

and Juraska, 1985; Claiborne et al., 1990). In the pres-

ent study, average total dendritic length values for: 1)

hilar-ex EGCs (3,300 lm); 2) post-SE GC layer GCs

(3,600 lm); and 3) normal GC layer GCs (using recon-

structions from the NeuroMorpho database, http://

NeuroMorpho.Org; Ascoli et al., 2007; 3,700 lm) all

closely corresponded to previously reported values for

GC layer GCs in the normal adult rat (3,221–3,662 lm;

Desmond and Levy, 1982; Claiborne et al., 1990; Rihn

and Claiborne, 1990). Modeling studies that have

examined the development of neuronal dendritic arbors

(Luczak, 2006) provide a potential explanation for the

consistency in total dendritic length between hilar-ex

EGCs and GC layer GCs. Their findings suggest that

there is an intrinsic constraint on the maximum size of

dendritic arbors which is specific for a given cell type,

which could provide a limit to competition between

cells for space (Luczak, 2006).

Spine density
The average spine densities of hilar-ex EGC apical

and basal dendrites in the present study (1.05 spines/

lm for proximal and 0.88 spines/lm for distal den-

drites) were also quite comparable to values reported

in the literature for GC layer GC apical dendrites in

adult male rats after SE, which range from 0.8 (Iso-

kawa, 1998) to 1.05 spines/lm (Jessberger et al.,

2007b). These post-SE spine densities represent signifi-

cant reductions in relation to normal, control animal

values (Isokawa, 1998; Jessberger et al., 2007b). Nor-

mal GC layer GC apical dendrite spine densities vary

from 0.8 spines/lm (Turner and Schwartzkroin, 1983;

Eadie et al., 2005) to 1.6 spines/lm (Desmond and

Levy, 1985; Isokawa, 1998), and can depend on such

factors as GC position (Desmond and Levy, 1985).

Thus, hilar-ex EGCs generate and maintain GC spine

densities that are typical of other GCs following SE.

Additionally, it should be noted that EGCs in another

environment, area CA3, also develop dense spine cov-

erage (Szabadics et al., 2010).

Apical and basal dendrites
The most unexpected observation relating to the struc-

ture of hilar-ex EGCs was that they all had one dendrite

that was distinctly identifiable as apical, even though they

were totally isolated from the ML. Indeed, all hilar-ex EGC

dendrites could be consistently classified as either apical

or basal based on their size, polar distribution on the cell

body, and branching pattern, separate from the positional

distinctions that would normally categorize them. The api-

cal dendrites were, as a group, statistically indistinguish-

able from GC layer GC apical dendrites, in terms of den-

dritic length, field size, and branching structure. Hilar-ex

EGCs had from one to three basal dendrites. While basal

dendrites are present on a significant portion of adult

GCs in certain species, like humans and other primates

(Seress and Mrzljak, 1987; Seress and Frotscher, 1990)

and some bats (Buhl and Dann, 1990), in rodents they are

a feature of immature GCs (Lubbers and Frotscher,

1988), virtually disappearing by maturity (Seress and

Pokorny, 1981). However, after SE and chronic seizures

basal dendrites are observed in adult rats and mice (Spi-

gelman et al., 1998; Shapiro et al., 2008). Previous

descriptions of GC layer GC basal dendrites in epileptic

animals have suggested that basal dendrites are usually

smaller and less elaborate than apical dendrites, although

some basal dendrites can be relatively large (Jessberger

et al., 2007b). Thind et al. (2008) reported that the basal

dendrites they examined had an average total length of

612 lm, a value that closely matches that of hilar-ex EGC

basal dendrites in the present study (500 lm). The num-

ber of branches was also similar, with several branches

reported by Walter et al. (2007), 3.9 by Thind et al.

(2008), and 3.6 in the current study. These findings fur-

ther reinforce the extensive similarity between hilar EGC

dendrites and those of GC layer GC dendrites in epileptic

rats. EGCs that develop exclusively in area CA3 also dis-

play dendritic arbors that closely resemble GC layer GC

apical dendrites (although basal dendrites are not

observed) (Szabadics et al., 2010).

Axonal arbors
The pattern of hilar-ex EGC axonal arborization was

remarkably consistent across the cells that were exam-

ined, and was indistinguishable from GC layer GCs follow-

ing SE. Thus, all hilar EGCs had: 1) axonal projections to

CA3 that displayed classic giant mossy fiber boutons at

regular intervals (Blackstad and Kjaerheim, 1961; Ham-

lyn, 1962; Claiborne et al., 1986); 2) extensive local col-

laterals within the hilus that in morphology and branching

pattern closely resembled those of GC layer GCs from

normal rats (Claiborne et al., 1986) and epileptic rats

(Sutula et al., 1992); and 3) projections into the IML that

displayed varicosities, as reported for GC layer GCs in ep-

ileptic tissue (Nadler et al., 1980; Sutula et al., 1992).

This finding is also in accord with previous observations,

that the axons of GCs born in the adult DG project to neu-

rons in appropriate regions (the hilus and area CA3) and

form functional synapses (Toni et al., 2008).

Pierce et al.
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Differences between hilar-exclusive EGC and
GC layer GCs and their implications
Dendritic complexity

Although the structural features of hilar-ex EGC and GC

layer GC dendrites were often quite similar, they could be

distinguished on the basis of two morphological charac-

teristics. First, hilar-ex EGC dendritic arbors were signifi-

cantly more complex than those of GC layer GCs both in

terms of the number of primary dendrites and the number

of dendritic branch points. Second, increased complexity

was also evident in the overall appearance of many hilar-

ex EGC dendrites, whose branches often seemed to fol-

low relatively crooked, torturous paths.

The propensity of hilar-ex EGCs to develop more pri-

mary dendrites than GC layer GCs could be related to pre-

vious observations that GCs located on the border with

the IML had more primary dendrites (Desmond and Levy,

1982; Green and Juraska, 1985; Claiborne et al., 1990).

In contrast, GCs that are positioned further from the IML

usually produced a single primary dendrite that branched

upon reaching the IML (Desmond and Levy, 1982; Green

and Juraska, 1985; Claiborne et al., 1990). Thus, develop-

ment outside of the densely packed GC layer might allow

hilar-ex EGCs to produce a larger number of primary den-

drites. It should also be noted that increased GC morpho-

logical variability, in terms of dendritic structure, is a hall-

mark of the primate (Seress and Frotscher, 1990), and

human hippocampal formation (Scheibel et al., 1974) in

particular.

The increased complexity of hilar-ex EGC dendrites is

also particularly reminiscent of what is observed when

GCs develop in hippocampal slice cultures (Zafirov et al.,

1994) in the absence of their primary normal source for

afferent input, the perforant path (although it should be

noted that they are still contacted by presynaptic termi-

nals; Heimrich and Frotscher, 1991). In these cultures,

GC dendritic development initially parallels that of normal

GCs. However, over time, the branching pattern alters,

such that the number of primary dendrites increases,

their polar distribution becomes less apparent, secondary

and tertiary dendritic segments shorten, and take on a

more twisted appearance (Zafirov et al., 1994). For hilar-

ex EGCs, the absence of exposure to perforant path fibers

during their development might have a similar effect on

their branching pattern. In sum, these findings indicate

that one of the most plastic characteristics of GC den-

drites is the complexity of their branching.

Dendritic orientation
The other prominent difference between hilar-ex EGCs

and GC layer GCs was the orientation of their dendritic

arbors. The dendrites of hilar-ex EGCs developed in appa-

rently random directions. This also contrasts with EGCs

that are located close to the GC layer, which seem to

almost invariably develop a normal GC orientation, with

apical dendrites that project through the GC layer and

into the ML, and basal dendrites in the hilus (Dashtipour

et al., 2001; Scharfman et al., 2003). In addition, if the

dendrite of a relatively distant hilar EGC (such as 889-3)

did reach the GC layer, it could project normally towards

the hippocampal fissure. Interestingly, the polarity of EGC

dendrites was similar to GC layer GCs even if their orien-

tation was random. Thus, for both hilar EGCs and GC layer

GCs, apical dendrites emerged on the opposite side of

the soma as basal dendrites. The dendrites of GCs there-

fore appear to develop polarity regardless of location/

environment, but the orientations of the dendrites are

modifiable.

Implications for DG development and
function

The strong structural correspondence between hilar-ex

EGCs and GC layer GCs suggests that the morphological

development of GCs is autonomously controlled, primarily

under the guidance of intrinsic factors. As a result, even if

a GC develops in the hilus, that GC can form a somewhat

normal structure, and its mossy fiber axon can find area

CA3, its primary target. This argument is further sup-

ported by the recent observation that area CA3 EGCs

also display ‘‘apical’’ dendrites with dense spine cover-

age, and produce classic mossy fibers (Szabadics et al.,

2010). The remarkable capacity of GCs to maintain struc-

ture could allow the DG to generally preserve function,

even when those GCs develop ectopically.

However, hilar-ex EGCs were distinct in several ways,

such as branching complexity and dendritic orientation.

These distinctions have several potential functional impli-

cations. First, the afferent input to hilar-ex EGCs and GC

layer GCs is very different, with GC layer GCs receiving

ML afferent input and hilar-ex EGCs receiving input pri-

marily from afferents in the hilus. Our results suggest that

it would be differences in the type and pattern of that

afferent input, and its integration, not overall available

dendritic surface area, that would cause functional differ-

ences between hilar-ex EGCs and GC layer GCs. In partic-

ular, the increased number of branch points and shorter

internode distances of hilar-ex EGCs relative to GC layer

GCs are potentially very important: dendritic bifurcations

can act as nodes of integration, enhancing dendritic com-

putational power (Mel, 1994), and potentially acting as fil-

ters for both active and passive signaling (Vetter et al.,

2001; Brown et al., 2008). Furthermore, backpropagation

of dendritic APs would be affected by dendritic

branching.

Hilar ectopic granule cell morphometry
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The longitudinal orientation of some hilar-ex EGC den-

dritic arbors also have significant potential implications,

since this orientation would allow hilar EGCs to integrate

information across ‘‘hippocampal lamellae’’ (Andersen,

1975), instead of keeping it segregated. Disruption of la-

mellar processing might disrupt hippocampal function,

based on anatomical and physiological arguments that it

is integral to hippocampal processing (Anderson et al.,

1971; Hampson et al., 1999). However, it has been sug-

gested that the lamellar hypothesis is an oversimplifica-

tion (Amaral and Witter, 1989).

Since ultimately the effects of hilar EGCs will depend on

their axonal output, it is particularly important to consider the

fact that hilar EGC and post-SE GC layer GC axons appear to

be identical in their target regions. As a consequence, differ-

ences in input to hilar EGCs and GC layer GCs would lead to

greater variance in input to target cells, such as CA3 pyrami-

dal cells, potentially resulting in altered network function.

However, homeostatic plasticity and synaptic scaling in the

hippocampal formation have been well established (Leininger

and Belousov, 2006; Nelson and Turrigiano, 2008; Pozo and

Goda, 2010), so it is also possible that function would be nor-

malized, particularly if hilar EGC numbers were small.

In summary, although the results suggest a high degree

of GC structural preservation, even after development in

the hilus, the structural differences that exist between

hilar-ex EGCs and GC layer GCs could lead to an impair-

ment of DG function, especially if significant numbers of

hilar-ex EGCs were generated.

Implications for the DG in epilepsy
Impaired cognitive function

Impairments in hippocampal-dependent behavior have

been observed in both animal models (Stafstrom et al.,

1993) and patients with TLE (Helmstaedter, 2002; Stefan

and Pauli, 2002). Since recent findings suggest that adult

neurogenesis is important in pattern separation, a func-

tion attributed to the DG (Clelland et al., 2009), one might

suspect that abnormal neurogenesis could contribute to

impairments of hippocampal function. Support for this

thesis comes from Jessberger et al. (2007a), who demon-

strated that inhibition of neurogenesis after SE reduced

cognitive impairment, although it is important to note that

the method used had effects besides those on neurogene-

sis. Potschka et al. (2008) also found that cognitive func-

tion was improved by reducing neurogenesis in an animal

model of epilepsy where epileptogenesis is initiated by

SE, although again, the method was not completely selec-

tive for neurogenesis. Nevertheless, Potschka et al.

(2008) noted that the cognitive effects of reduced neuro-

genesis appeared to be more robust than any effect on

chronic seizures. These experimental findings have fueled

an emerging discussion of postnatal neurogenesis in the

DG as a potential therapeutic target to ameliorate cogni-

tive impairment in TLE (Kuruba and Shetty, 2007; Scharf-

man and Gray, 2007; Scharfman and McCloskey, 2009).

The results of the morphometric studies reported here

add support for the hypothesis that hilar EGCs would be

likely to disturb DG network function, and reducing the

large numbers of hilar EGCs that develop after SE would

be restorative (Scharfman and McCloskey, 2009).

Seizure generation
It is also necessary to consider the relevance of the

current findings to the potential for hilar EGCs to increase

DG excitability. This is critical, since it is hypothesized

that the DG normally acts as an inhibitory ‘‘gate’’ to sei-

zure activity, and maintaining that gate can inhibit seiz-

ures (Lothman et al., 1992; Heinemann et al., 1992;

Coulter and Carlson, 2007; Hsu, 2007). The implication is

that increasing DG excitability would increase seizure

propagation through the hippocampal formation, leading

to limbic seizures. Since past studies have shown that

hilar EGCs are more excitable than normal GCs, it has

been suggested that hilar EGCs might play a role in

increasing DG excitability and disrupting the gate function

of the DG. By promoting the propagation of seizure activ-

ity from the entorhinal cortex to the hippocampus, hilar

EGCs could contribute to the generation of seizures. This

suggestion is based on the observation that hilar EGCs

appear to become synchronized with CA3 pyramidal cells

in epileptic rat slices, creating a potential focus (Scharf-

man et al., 2000, 2007; Scharfman, 2004). However,

these hypotheses remain to be proven.

The fact that some hilar EGCs have longitudinally ori-

ented dendrites is relevant to the above hypotheses

because, as mentioned, these dendrites could allow hilar

EGCs to derive afferent input from multiple laminae. This

might enable them to receive expanded convergent excita-

tory input from GC layer GCs, which is not otherwise possi-

ble, since mossy fiber axons are primarily confined to the

transverse axis. The idea that hilar EGC dendrites, by virtue

of their longitudinal projection, are optimized for receipt of

mossy fiber input is supported by previous ultrastructural

analyses, where it was shown that mossy fiber terminals

represent the predominant source of afferent input to the

shafts of EGC dendrites. On average, mossy fiber terminals

comprised 67% of all terminals and occupied 40% of the

surface of EGC dendritic shafts in the hilus (Pierce et al.,

2005). It was noted that EGC dendrites also receive input

from terminals forming symmetric (presumably inhibitory)

synapses (Pierce et al., 2005), potentially from surviving

interneurons. However, only 8% of all synapses on EGC

dendritic shafts were symmetric (Pierce et al., 2005), sug-

gesting that excitatory connections predominate. Recent

physiological findings (Zhan et al., 2010) provide support

Pierce et al.
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for this thesis: hilar EGCs display a high ratio of synaptic

excitation to synaptic inhibition. Another source of excita-

tory input to longitudinally oriented EGC dendritic arbors

could come from surviving mossy cells, since mossy cell

axons also project longitudinally. Although it has been pro-

posed that this projection primarily terminates on GC layer

GCs normally (Buckmaster et al., 1996), in the epileptic rat

mossy cells innervate EGCs (Pierce et al., 2007).

This pattern of predominantly excitatory, potentially

strongly convergent, afferent input to EGCs is matched by

a broad, divergent pattern of efferent output. EGC axons

project to area CA3, the hilus, and the ML, making it likely

that their activation would strongly influence both DG and

CA3 network function. Such signaling could magnify the

spread of excitatory activity within the structure because

of the numerous recurrent excitatory circuits that these

EGC connections could support. Indeed, hilar EGCs might

be the ‘‘hub’’ cell that has been suggested to play an im-

portant role in the epileptic DG network (Morgan and Sol-

tesz, 2008). As such, hilar EGCs could be a trigger for the

DG network and not merely a contributor to mossy fiber

sprouting. Since most GC layer GCs are not very active,

they presumably provide relatively little excitatory drive.

In contrast, hilar EGCs could act as a source of excitatory

drive because of their periodic burst discharges (Scharf-

man et al., 2000) that originate in area CA3.

A critical component of this hypothesis is the drive pro-

vided by area CA3. Past studies of hilar EGCs have shown

that CA3 exhibits synchronized epileptiform bursts in sli-

ces from pilocarpine-treated rats, and the incidence of

these bursts increases in frequency with time after SE

(Scharfman et al., 2000; Scharfman, 2004). Simultaneous

recordings have shown that all hilar neurons burst >1 ms

after these CA3 discharges, suggesting CA3 is the pace-

maker, which has also been confirmed by other experi-

ments (Scharfman, 2007). In addition to spontaneous

burst discharges, the perforant path can drive CA3 to syn-

chronously discharge, which then causes hilar neurons to

burst (Scharfman et al., 2003). Therefore, hilar EGCs may

be an additional source of recurrent excitation to a region

that is already primed to discharge as a unit. The extent

to which this network can drive seizures is likely to

depend on many factors, such as the extent of cell loss in

the hilus, CA3, the DG, and entorhinal cortex, which is

highly variable in the pilocarpine model of TLE (Curia

et al., 2008) and tissue resected from patients with phar-

macoresistant TLE (Thom et al., 2002, 2009; Scharfman

and Pedley, 2006; Seress et al., 2009).

CONCLUSIONS

The present study provides a quantitative description

of the morphometry of hilar EGCs which sheds light on

both the maturation of GCs at ectopic locations within

the hilus and their integration into the DG network. The

fact that many of the characteristics of GC layer GCs are

conserved in hilar-ex EGCs suggests a remarkable preser-

vation of the determinants of structure, even in an adult

animal that contains extensive pathology. However, there

are also aberrant structural characteristics that could

contribute to cognitive impairments in the DG in epileptic

rats, and their recurrent seizures.
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