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Summary

Objective—The present study tested whether ictal onset sites are regions of more severe 

interneuron loss in epileptic pilocarpine-treated rats, a model of human temporal lobe epilepsy.

Methods—Local field potential recordings were evaluated to identify ictal onset sites. Electrode 

sites were visualized in Nissl-stained sections. Adjacent sections were processed with proximity 

ligation in situ hybridization for glutamic acid decarboxylase 2 (Gad2). Gad2 neuron profile 

numbers at ictal onset sites were compared to contralateral regions. Other sections were processed 

with immunocytochemistry for reelin or nitric oxide synthase (NOS) which labeled major 

subtypes of granule cell layer-associated interneurons. Stereology was used to estimate numbers of 

reelin and NOS granule cell layer-associated interneurons per hippocampus.

Results—Ictal onset sites varied between and within rats but were mostly in the ventral 

hippocampus and were frequently bilateral. There was no conclusive evidence of more severe 

Gad2 neuron profile loss at sites of earliest seizure activity compared to contralateral regions. 

Numbers of granule cell layer-associated NOS neurons were reduced in the ventral hippocampus.

Significance—In epileptic pilocarpine-treated rats, ictal onset sites were mostly in the ventral 

hippocampus where there was loss of granule cell layer-associated NOS interneurons. These 

findings suggest the hypothesis that loss of granule cell layer-associated NOS interneurons in the 

ventral hippocampus is a mechanism of temporal lobe epilepsy.
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Introduction

Many questions persist about mechanisms of temporal lobe epilepsy. How do spontaneous 

seizures initiate? Do seizures start at a consistent focus, across a more distributed network, 

or both? An experimental model that might help answer these questions are rats that develop 

epilepsy after systemic treatment with pilocarpine to cause status epilepticus1. In epileptic 

pilocarpine-treated rats and in human patients with temporal lobe epilepsy the most 

epileptogenic zone is a homologous region: ventral hippocampus in rats2, anterior 

hippocampus in humans3–5. Hippocampal sclerosis is bilateral in 25% of human patients6. 

In epileptic pilocarpine-treated rats, the degree to which seizures start unilaterally, 

bilaterally, or both is unclear. Addressing that would help investigators target ictal onset sites 

in their experiments.

GABAergic neuron loss occurs in the dentate gyrus of patients with temporal lobe 

epilepsy7–12 and in animal models13–21. Functionally, dentate granule cells display reduced 

inhibitory synaptic input in patients with temporal lobe epilepsy22 and in epileptic 

rats20,23,24. In epileptic pilocarpine-treated mice, seizure frequency correlates with loss of 

granule cell layer-associated GABAergic neurons25, and transplanting GABAergic neuron 

progenitors into the hippocampus reduces seizure frequency26. The present study tested 

whether ictal onset sites in epileptic pilocarpine-treated rats are regions of more severe 

interneuron loss.

Methods

Animals

Pilocarpine treatment—All experiments were performed in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and were 

approved by a Stanford University Institutional Animal Care and Use Committee. When 

they were 34–41 d old, male and female Sprague-Dawley rats were treated with pilocarpine 

hydrochloride (380 mg/kg, intraperitoneal) administered 20 min after atropine methyl 

bromide (5 mg/kg, intraperitoneal). Sixty two percent of the rats treated with pilocarpine 

developed status epilepticus. Diazepam (10 mg/kg, intraperitoneal) was administered 2 h 

after the onset of motor seizures and was repeated as needed for the next 10 h to suppress 

convulsions. Ten percent of the rats that developed status epilepticus died. Eleven percent of 

the rats that did not develop status epilepticus did display one convulsive seizure the day of 

pilocarpine treatment. However, none of the rats that failed to develop status epilepticus was 

observed to experience seizures in the following months. To reduce the number of animals 

used, the implanted control group consisted of rats that had been treated identically with 

pilocarpine but did not develop status epilepticus.

Surgery—Rats were implanted with electrodes 9 ± 1 months (mean ± s.e.m.) after 

pilocarpine-treatment. Rats were sedated with diazepam (5 mg/kg, intraperitoneal), 

anesthetized with isoflurane (1.5%), placed in a stereotaxic frame, maintained on a heating 

pad with feedback control, given antibiotic (enrofloxacin, 10 mg/kg, subcutaneous), lactated 

Ringer’s solution (10 ml, subcutaneous) and analgesic (carprofen, 5 mg/kg, subcutaneous), 

and prepared for aseptic surgery. Bipolar electrodes consisted of 25 μm diameter H-formvar-
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coated stainless steel wires (California Wire Company) glued together with tips 1 mm apart. 

Electrodes were directed toward the following regions bilaterally (anterior-posterior and 

medial-lateral stereotactic coordinates in mm referenced to bregma and to the brain surface): 

septum (medial and lateral parts and the diagonal band of Broca) (0.7, 0.3, 5.9), amygdala 

(including the cortex-amygdala transition zone and amygdaloid-hippocampus) (−2.8, 4.4, 

7.9), olfactory cortex (including the endopiriform nucleus, postpiriform transition area, and 

olfactory tubercle) (−2.8, 5.8, 7.4), dorsal hippocampus (dentate gyrus and CA1–3) (-4.6, 

2.6, 3.1), ventral hippocampus (−5.5, 4.8, 7.1), ventral subiculum (−6.6, 4.6, 7.5), and 

entorhinal cortex (medial and lateral parts) (−7.9, 5.0, 5.3). A reference electrode was placed 

in the cerebellum. The ground consisted of screws in the skull caudal to lambda. Electrodes 

were connected to an interface board (EIB-36–9 drive, Neuralynx) on an aluminum ring 

affixed to the skull with cranioplastic cement and jeweler’s screws.

Recording and analysis

Local field potential and time-locked video recording began at least 7 d after surgery. 

Recordings were obtained as rats rested in a cage during the day (9.8 ± 0.1 h/d) for 16.1 ± 

3.4 (range, 5–43) days. Signals were buffered with a headstage (HS-36, Neuralynx), 

amplified, digitized, filtered (0.1–1,800 Hz), sampled (2000 Hz) (Cheetah Data Acquisition, 

Neuralynx), and saved for off-line analysis.

Seizures were included for analysis if they were at least 10 s in duration. For each seizure, 

the channel that displayed the earliest persistent change that developed into clear seizure 

activity was identified by a single investigator (P.S.B.) who was blind to electrode locations. 

At the 2000 Hz sampling rate, it was almost always possible to identify a single channel 

with the earliest seizure onset. On rare occasions, when two channels had simultaneous 

onsets, the channel with the largest amplitude deflection relative to its pre-seizure baseline 

activity was selected as the onset channel. This manual method was used because it was 

previously found to be more reliable than automated approaches2. More complicated 

analyses that identify epileptogenic zones by evaluating features that extend beyond the 

earliest evidence of seizure onset are under development and might be useful in future 

studies27.

Anatomy

After recordings were completed, rats were killed with pentobarbital (>100 mg/kg, 

intraperitoneal) and perfused at 30 ml/min through the ascending aorta for 1 min with 0.9% 

NaCl and 30 min with 4% formaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains 

were removed and stored in fixative at 4°C at least overnight, equilibrated in 30% sucrose in 

PB, and sectioned coronally using a sliding microtome set at 40 μm. Every other section was 

Nissl-stained with 0.25% thionin to visualize electrode tracks.

In situ hybridization—GABAergic neurons were labeled for expression of glutamic acid 

decarboxylase 2 (Gad2) mRNA using proximity ligation in situ hybridization28. Free-

floating sections were rinsed in phosphate buffered saline (PBS) then pretreated with 0.2 N 

HCl for 10 min, followed by 3 min in 0.01% Triton-X 100 at room temperature. After 

rinsing, pretreatment continued with 0.25 μg/ml Proteinase K with 5 mM EDTA in 50 mM 
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Tris (pH 7.4) for 10 min, then two 3 min incubations in 2 mg/ml glycine, both at 37°C. Two 

adjacent 20 base pair probes targeted 40 base pair sections of rat Gad2. See Supporting 

Information for probe sequences. For hybridization, sections were incubated in a solution 

containing 5 probe pairs (100 nM each) in hybridization buffer (1 M sodium 

trichloroacetate, 5 mM EDTA, and 0.2 mg/ml heparin in Tris) with 100 mM dithiothreitol 

and 10 mg/ml tRNA for 2 h at 37°C. Sections were rinsed in hybridization buffer at 37°C 

before incubation in a solution containing phosphorylated “bridge” oligos (120 nM) that 

bind the Gad2 probe pairs and “circle” oligos (120 nM) with a target sequence for the label 

probe suspended in Ligase Buffer with 10 mM ATP (New England Biolabs) in addition to 

0.4 mg/ml bovine serum albumin (BSA), 0.2 mg/ml heparin, 0.25 M NaCl, and 0.005% 

Tween-20 for 1 h at 37°C. Sections were briefly rinsed in PBS with 0.5% Tween-20 before 

the ligation reaction to join the bridge and circle oligos. For this, sections were incubated in 

a solution containing 10,000 units/ml T4 DNA Ligase in Ligase Buffer with 10 mM ATP 

(New England Biolabs) together with 0.4 units/μl RNaseOUT (Invitrogen), 0.4 mg/ml BSA, 

0.25 NaCl, and 0.005% Tween-20 for 2 h at 37°C. Sections were rinsed in hybridization 

buffer followed by phi29 polymerase buffer before the rolling circle amplification reaction. 

Amplification solution contained 1000 units/ml NxGen phi29 DNA polymerase in phi29 

polymerase buffer (Lucigen) and 1 mM dNTP mix (0.25 mM/nucleotide, Invitrogen), 0.4 

units/μl RNaseOUT, 5% glycerol, and 0.4 mg/ml BSA; sections incubated overnight at 

37°C. The next day sections were rinsed in a label probe hybridization buffer of 2x saline-

sodium citrate (Invitrogen) and 20% deionized formamide (Invitrogen) in DEPC-treated 

water. Sections were finally incubated with the detection oligo conjugated to Cy5 (100 nM) 

in the label probe hybridization buffer along with 0.2 mg/ml heparin for 1 h at 37°C, before 

rinsing with PBS, labeling with DAPI, mounting, and coverslipping. Sections were imaged 

with a Nikon A-1 confocal microscope.

Immunocytochemistry—In unimplanted control rats, hippocampi were isolated and 

sectioned transversely along the septotemporal axis. Adjacent 1-in-24 series of sections were 

processed for reelin (RLN, Abcam, ab78540, 1:8000), somatostatin (Peninsula, T-4103, 

1:32,000), parvalbumin (Swant, PV27, 1:80,000), nitric oxide synthase (NOS, Sigma, 

N7280, 1:64,000), cholecystokinin (Center for Ulcer Research and Education, UCLA, 9303, 

1:10,000), calretinin (Swant, CR7697, 1:32,000), or vasoactive intestinal polypeptide 

(Immunostar, 20077, 1:4000) using an established protocol and optical fractionator method 

to estimate the number of interneurons per hippocampus25. Neuron somata were counted if 

they were in or adjacent to the granule cell layer and were not cut at the surface of the 

section.

From each of the electrode-implanted control and epileptic rats, 1-in-8 series of coronal 

sections were processed for RLN- or NOS-immunoreactivity. Immunoreactive neuron 

profiles in or adjacent to the granule cell layer were counted. A method was devised to 

convert data from coronal sections to plots along the septotemporal axis of the hippocampus 

(Figure 5E). In coronal sections, the septal hippocampus is dorsal: the temporal 

hippocampus is ventral. Caudally the dorsal and ventral parts become contiguous. Here, 

dorsal and ventral halves were defined by drawing a perpendicular line equidistant from a 

line connecting the dorsal tip of the granule cell layer to the ventral tip. To estimate numbers 

Wyeth et al. Page 4

Epilepsia. Author manuscript; available in PMC 2020 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of neurons per hippocampus from profile counts, five hippocampi with a broad range of 

profile counts were evaluated using the optical fractionator method to generate a plot of 

profiles versus neurons per dentate gyrus. Regression line (r > 0.93) slopes were used to 

convert profile counts to neurons per hippocampus for all samples.

Statistics

Sigma Plot 12 was used for statistical analyses, and p < 0.05 was considered significant. To 

test if the observed number of earliest recorded seizure onsets exceeded that expected by 

chance, based on the number of recording electrodes in a region, z-scores were calculated 

according to the following formula:

z = p′ − p
pq
n

where p’ = observed probability of earliest seizure onset, p = expected probability of earliest 

seizure onset if random (= number of electrodes in that brain region / total number of 

electrodes), q = p-1, n = number of seizures. Z-scores ≥ 1.96 were significant (p < 0.05)29.

Results

Ictal onset sites

In each rat, 28 electrodes (14 bipolar) were implanted, and there were 23.5 ± 4.2 useful 

electrodes/rat, 20.2 ± 3.7 in targeted regions (Table 1). A total of 1451 seizures were 

analyzed, 112 ± 19 per rat. No region displayed the earliest seizure activity with 100% 

consistency in any of the rats. For example, of the 109 seizures recorded in rat #1, 48% were 

earliest in the left ventral subiculum, 43% in the right ventral subiculum, and 9% in the left 

dorsal hippocampus (Figure 1). Between 13 rats with seven regions targeted bilaterally, 143 

targeted regions were recorded and 65% displayed the earliest seizure activity at least once. 

Of 16 electrodes in the septum for the group, five recorded the earliest seizure activity at 

least once. The septum had the lowest proportion of earliest seizure recordings per number 

of recording sites (5/16); the ventral hippocampus had the highest (19/20).

In all epileptic rats, a subset of regions had significantly more onsets than expected by 

chance. In rat #2 for example, 7/13 targeted regions had at least one earliest recorded seizure 

(Table 1). Of those, more onsets than expected by chance occurred in three: the left ventral 

hippocampus (8% of onsets), left subiculum (16%), and right ventral hippocampus (66%) 

which had the maximum z-score in this animal (Figure 2). The right ventral hippocampus 

contained four electrodes, one of which recorded almost all of the onsets. For the group, 

there were 2.5 ± 0.3 sites/rat that were more likely than chance to display earliest seizure 

activity. Individual significantly early sites accounted for 30 ± 3% (range 8–70%) of 

seizures/rat. Summing all significantly early sites/rat accounted for 75 ± 4% (range 47–96%) 

of seizures. The septum was the site with the lowest proportion of significant onsets 

recorded (0/16), and the ventral hippocampus had the highest (15/20). The ventral 

hippocampus also had the maximum z-score in 6/13 rats, and in three more rats the ventral 

subicium had the maximum z-score.
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There were significantly early sites on both sides of the brain in 11/13 rats (Table 1). In 7 

rats these sites included those in the same brain region, and in 5 rats this included the region 

contralateral to the region with the maximum z-score. For the group, there were 22 cases in 

which there was a significantly early site and bilateral electrodes for that region. 

Significantly early sites were unilateral in the olfactory cortex (1 case), entorhinal cortex (1), 

and dorsal hippocampus (4). Bilateral significantly early sites occurred in a subset of cases 

in the amygdala (1/3), ventral subiculum (1/5), and especially in the ventral hippocampus 

(5/8).

Gad2 neurons

In some cases, a single electrode could record almost all of the earliest seizure activity 

within a brain region that contained multiple electrodes (Figure 2), suggesting specificity to 

that electrode location. Brain regions with at least two electrodes and at least ten 

significantly earliest seizure recordings were further evaluated for subregion specificity. Of 

79 electrodes in those regions, 15 recorded at least twice as many seizures earlier than 

expected by chance for the number of electrodes in that region, and seven recorded all in 

their region. This raises the possibility that an ictal onset zone can be as small as the space 

between closest electrodes (1 mm) or that it can be defined by sharp borders. To test ictal 

onset sites for more severe loss of GABAergic neurons, electrodes with the highest z-scores 

for earliest seizure activity were identified (Table 1). For those electrodes, the section 

including the recording site or within four sections (160 μm) was evaluated by counting the 

number of Gad2-positive neuron profiles within a radius of 250 μm from the electrode tip 

(Figure 3), since local field potential electrodes are estimated to record signals within 250 

μm30,31.

The new PLISH method28 was validated by confirming the expected Gad2 expression 

pattern in the dentate gyrus of control rats (Figure 3B). The number of Gad2 profiles/mm2 

was similar at highest z-score sites (67.4 ± 17.0) and contralaterally (65.4 ± 19.4, p = 0.83, 

paired t test). Interneuron axons project beyond 250 μm, so a broader region was evaluated 

(1.6 × 1.6 mm). Again, the number of profiles/mm2 at highest z-score sites (53.4 ± 8.2) was 

not significantly less than contralaterally (64.4 ± 17.5, p = 0.34, Wilcoxon signed rank test). 

In some cases, the contralateral region also was a site of significantly earliest recorded 

seizure activity. Eliminating those cases did not change the conclusion: numbers of 

profiles/mm2 at highest z-score sites versus contralateral sites were similar within a 250 μm 

radius (93.4 ± 28.8 versus 93.4 ± 38.7, p = 0.50, paired t test). In the broader 1.6 × 1.6 mm 

region Gad2 neuron profile density was lower at highest z-score sites (66.2 ± 13.1) 

compared to contralateral sites (90.7 ± 35.6), but the difference was not significant (p = 0.31, 

Wilcoxon signed rank test), and statistical power was limited.

Granule cell layer-associated interneurons

The ventral hippocampus was the most frequent site of earliest seizure activity, and seizure 

frequency correlates with loss of granule cell layer-associated GABAergic neurons25, so 

granule cell layer-associated interneurons were evaluated. Seven major subtypes were 

quantified in unimplanted control rats (n = 3) (Figure 4). There were 14,600 ± 700 RLN- 

and 8120 ± 100 NOS-positive granule cell layer-associated interneurons per hippocampus. 
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All other tested interneuron types were less than 3000 and therefore unlikely to account for 

the quantitative loss that correlates with seizure frequency.

RLN and NOS interneurons were evaluated in implanted control (n = 12) and epileptic rats. 

The number of granule cell layer-associated interneuron profiles per section was plotted 

separating dorsal and ventral parts of the hippocampus along the x-axis (Figure 5). The 

number of granule cell layer-associated RLN interneurons per dentate gyrus in control rats 

was 14,700 ± 400. In epileptic rats, their number was reduced to 86% of controls (12,600 ± 

600, p < 0.001, t test). The reduction was attributable to fewer cells in the dorsal 

hippocampus (7220 ± 330 versus 9130 ± 300, p < 0.001). The plot of RLN profiles/section 

in the ventral hippocampus of epileptic rats was shorter but broader than controls, suggesting 

changes in the shape of the hippocampus. There was no significant reduction per ventral 

hippocampus (5380 ± 280 versus 5560 ± 220, p = 0.62).

The number of granule cell layer-associated NOS interneurons per dentate gyrus in control 

rats was 8550 ± 330. In epileptic rats, their number was reduced to 65% of controls (5580 ± 

460, p < 0.001). The reduction was attributable to fewer cells in both the dorsal (3840 ± 300 

versus 5570 ± 210, p < 0.001) and ventral hippocampus (1730 ± 180 versus 2990 ± 170, p < 

0.001) where the average was reduced to 58% of controls. Ventral hippocampi that were 

sites of significantly earliest recorded seizure activity had fewer granule cell layer-associated 

NOS neurons (1450 ± 120) than ventral hippocampi that were not (1840 ± 380), but the 

difference was not significant (p = 0.32), and sample size and statistical power were limited.

Discussion

The principal findings were that in epileptic pilocarpine-treated rats ictal onset sites were 

mostly in the ventral hippocampus and frequently bilateral. The parameter of interneuron 

loss that colocalized best with ictal onset sites was loss of granule cell layer-associated NOS 

neurons.

Ictal onset sites

Challenges of identifying ictal onset sites have been described32. One is sparse spatial 

sampling, raising the possibility that a seizure actually began in an unrecorded area. As 

described previously, the local field potential recording scheme employed in the present 

study might sample only 0.1% of a rat’s brain2. Another is rapid spread of seizure activity. 

Compared to human patients with temporal lobe epilepsy, seizures in pilocarpine-treated rats 

spread faster, and the reason for the difference is unclear2. We attempted to address these 

challenges by recording up to 186 seizures/rat, targeting seven potentially ictogenic regions, 

recording with submillisecond temporal resolution, analyzing earliest seizure activity while 

blind to electrode locations, and statistically testing whether the number of earliest seizure 

recordings was above chance levels. Results confirmed that the ventral hippocampus is a 

likely ictal onset site and revealed that in the ventral hippocampus, ictal onset sites are 

frequently bilateral.

All rats displayed multiple ictal onset sites. Similar variability has been reported in human 

patients33–35 and in other rat models36. This finding is consistent with the view that seizures 
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are generated by multiple foci or a network of interlinked seizure-initiating sites37,38. It 

remains unclear whether ictogenic network nodes are interdependent or can independently 

generate seizures. Rats in the present study were evaluated months after pilocarpine 

treatment. It is possible that there would be fewer seizure foci earlier in the epileptogenic 

process36. In some cases, an electrode only 1 mm away from another accounted for a large 

proportion of the ictal onsets. This finding is consistent with previous reports that ictal onset 

sites can be quite small39–42.

Interneuron loss

A challenge of identifying mechanisms of temporal lobe epilepsy is the abundance of 

abnormalities that have been discovered in tissue from patients and in animal models. The 

abundance has spawned many hypotheses. One is that interneuron loss reduces inhibition of 

excitatory neurons, which lowers seizure threshold (see Introduction). The present study 

tested whether interneuron loss was more severe at ictal onset sites. Gad2 neuron profile 

density was not significantly reduced at narrowly defined ictal onset sites (electrode-

centered). More specific analysis was performed on RLN- and NOS-positive neurons. Both 

are GABAergic43,44 and have been reported to be reduced in the dentate gyrus in rodent 

models of temporal lobe epilepsy45–49. The present study discovered that NOS- but not 

RLN-positive granule cell layer-associated interneurons were significantly reduced in the 

ventral hippocampus, the most common ictal onset site (regionally defined). In the ventral 

hippocampus of rodent models of temporal lobe epilepsy there is loss of other dentate gyrus 

interneurons including parvalbumin interneurons15,16,18,20, but loss of those interneuron 

subtypes has not been shown to correlate with seizure frequency25 (and correlation with 

interneuron loss outside the dentate gyrus has not been tested). Granule cell layer-associated 

NOS neurons are reduced in patients with temporal lobe epilepsy50. More work is needed to 

further test the role of ventral granule cell layer-associated NOS neuron loss in temporal 

lobe epileptogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• Pilocarpine-treated rats display multiple ictal onset sites.

• The ventral hippocampus is the most common ictal onset site.

• Ictal onset sites are frequently bilateral in the ventral hippocampus.

• Reelin and NOS-positive neurons are the most abundant granule cell layer-

associated interneurons.

• Epileptic rats display substantial loss of granule cell layer-associated NOS 

interneurons in the ventral hippocampus.
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Figure 1. 
Earliest recorded seizure activity at multiple sites in an epileptic pilocarpine-treated rat. A 
Seizure onset indicated by red dashed line. B Seizure 1 is an expanded view that reveals 

earliest recorded seizure activity in the left ventral subiculum. The high-amplitude 

background activity in the right ventral hippocampus should not be confused with the 

seizure onset. Seizures 2 and 3 show onsets of two other seizures recorded on another day. 

The earliest recorded seizure activity was in the right ventral subiculum of seizure 2 and the 

left dorsal hippocampus of seizure 3.
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Figure 2. 
Earliest recorded seizure activity in the ventral hippocampus. A Seizure onset indicated by 

red dashed line. B Expanded view reveals earliest seizure activity in the right ventral 

hippocampus. C Nissl-stained section reveals long (arrow) and short parts of a bipolar 

electrode track (double arrow). The short electrode recorded the earliest seizure activity 118 

times, which was 96% of all seizures recorded earliest in the right ventral hippocampus and 

63% of all seizures recorded in this rat. m = molecular layer, g = granule cell layer, h = hilus, 

S = subiculum.
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Figure 3. 
Glutamic acid decarboxylase 2 (Gad2) neurons at ictal onset sites. A Nissl-stained section 

with a box denoting a 250 μm radius centered on the electrode tip with the highest z-score 

for recording earliest seizure activity. m = molecular layer, g = granule cell layer, h = hilus, 

S = subiculum. B Gad2 neurons in the dentate gyrus of a control rat. DAPI in blue. C Gad2 
neurons at the ictal onset site centered on the electrode tip as demarcated in A but in a 

nearby section. D Gad2 in situ at the contralateral site. E Quantification of Gad2 neuron 

profiles at the ictal onset site and contralaterally for each rat. Averages indicated by 

horizontal black lines. Error bars are s.e.m. Magenta lines indicate rats in which the 

contralateral site was not a site of significantly earliest seizure activity.
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Figure 4. 
Cells that express reelin or nitric oxide synthase account for most granule cell layer-

associated interneurons. A-G Adjacent hippocampal sections from a control rat processed 

for different interneuron markers. m = molecular layer, g = granule cell layer, h = hilus. H 
Number of interneurons in or adjacent to the granule cell layer per hippocampus. Circles 

represent individuals, lines indicate averages.
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Figure 5. 
Granule layer-associated reelin (RLN)- and nitric oxide synthase (NOS)-immunoreactive 

interneurons. Ventral hippocampus in a control (A,B) and epileptic rat (C,D). m = molecular 

layer, g = granule cell layer, h = hilus. E Method to analyze coronal sections. Nissl stained 

sections from a control rat show the granule cell layer analyzed at different levels of the 

septotemporal axis of the hippocampus: red outline = septal (dorsal) dentate gyrus; green 

outline = temporal (ventral) dentate gyrus. E2,6 are the same section. E3,5 are the same 

section. E4 was the most posterior section that included granule cell layer. Results from the 
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dorsal and ventral parts of the granule cell layer were plotted as section −1 and 1, 

respectively, in panels F,G. Granule cell layer-associated RLN- (F) and NOS-positive 

neuron profiles/section (G). Number of granule cell layer associated RLN- (H) and NOS-

positive neurons (I) in the entire hippocampus (total), dorsal hippocampus, and ventral 

hippocampus. *p < 0.01, **p < 0.001, t test. For NOS, there also is a plot of the number in 

ventral hippocampi of epileptic rats without versus with a significant ictal onset site.
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Table 1

Number of seizures and electrodes and earliest recorded seizure activity in epileptic pilocarpine-treated rats

rat # seizures 
recorded septum olfactory 

cortex amygdala dorsal 
hippocampus

ventral 
hippocampus

ventral 
subiculum

entorhinal 
cortex

1 109
left 2 3 2 2 - 1 2

right 1 1 3 2 1 2 1

2 186
left - 1 1 1 1 3 2

right 2 1 1 3 4 1 1

3 128
left 2 3 - 1 3 - -

right 2 3 1 4 4 - -

4 184
left - 2 3 2 - - 3

right 3 2 2 1 1 1 2

5 109
left 2 2 1 2 3 2 -

right 2 1 1 1 4 1 1

6 169
left - 2 2 - 2 1 1

right - - 1 2 1 1 1

7 129
left - 2 - 2 - 2 1

right - - 1 2 - 1 2

8 186
left - 1 4 2 2 1 1

right 2 3 3 3 2 - -

9 169
left 1 - 1 2 3 3 -

right 1 1 3 1 - 2 -

10 20
left - 2 3 2 1 3 -

right 1 2 2 2 - 2 -

11 24
left 2 2 1 2 2 4 -

right 1 1 2 2 2 1 2

12 25
left 3 1 1 - 2 1 1

right - 1 2 - 2 2 1

13 13
left 3 1 1 2 2 1 1

right - - 1 2 4 - 2

Values indicate number of recording electrodes. Hyphens indicate targeted regions that were not recorded. Brain regions with at least one earliest 
recorded seizure are highlighted in yellow. Those with significantly more earliest recorded seizures than chance are orange or red (highest z-score 
for that individual).
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