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Summary and Key words 

Objective: Febrile seizures (FS) are fever-associated convulsions, being the most common 

seizure disorder in early childhood. A subgroup of these children later develops epilepsy 

characterized by a hyperexcitable neuronal network in the hippocampus. Hippocampal 

excitability is regulated by the hippocampal dentate gyrus (DG) where postnatal 

neurogenesis occurs. Experimental FS increase the survival of newborn hippocampal dentate 

granule cells (DGC), yet the significance of this neuronal subpopulation to the hippocampal 

network remains unclear. In the current study, we characterized the temporal maturation 

and structural integration of these post-FS born DGC in the DG.  

Methods: Experimental FS were induced in 10-day old rat pups. The next day, retroviral 

particles coding for eGFP were stereotactically injected in the DG to label newborn cells. 

Histochemical analyses of eGFP expressing DGC were performed one, four and eight weeks 

later and consisted of: 1. colocalization with neurodevelopmental markers doublecortin, 

calretinin and NeuN, 2. quantification of dendritic complexity and 3. quantification of spine 

density and morphology. 

Results: At neither time point were neurodevelopmental markers differently expressed 

between FS animals and normothermia (NT) controls. One week after treatment DGC from 

FS animals showed dendrites that were 66% longer than those from NT controls. At four and 

eight weeks Sholl analysis of the outer 83% of the molecular layer showed 20-25% more 

intersections in FS animals than in NT controls (p<0.01). Although overall spine density was 

not affected, an increase in mushroom type spines was observed after eight weeks. 

Significance: Experimental FS increase dendritic complexity and the number of mushroom 

type spines in post-FS born DGC, demonstrating a more mature phenotype and suggesting 

increased incoming excitatory information.  The consequences of this hyperconnectivity to 

signal processing in the DG and the output of the hippocampus remain to be studied. 

Key words: Dendritogenesis, dentate gyrus, epileptogenesis, hyperthermia, neurogenesis, 

spine density 

  

Page 2 of 25Epilepsia

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

  Raijmakers et al. | 3 

Key Points: 

The morphology of newborn dentate granule cells after febrile seizures (FS) is characterized 

by: 

• A stable maturation rate based on expression of neurodevelopmental markers DCX, 

calretinin and NeuN 

• An increased dendritic length at one week after FS induction 

• An increased dendritic complexity connecting with the outer 83% of the molecular 

layer at four and eight weeks after FS induction 

• An increase of mushroom type spines eight weeks after FS induction 
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1. Introduction 

Febrile seizures (FS) are the most common convulsions in children, with an occurrence of 3 -

4% in the general population between the age of three months and five years
1
. In about 35% 

of these children the FS are complex, i.e. prolonged or recurrent, which increases the risk for 

the development of epilepsy later in life
2
. Experimental complex FS cause a persistent 

increase in hippocampal excitability resulting in an enhanced seizure susceptibility in 

adulthood
3
. The cellular mechanisms that underlie this FS-induced epileptogenesis are 

currently being unraveled, but still not fully understood. 

Hippocampal excitability is normally regulated by the hippocampal dentate gyrus (DG), the 

area where also postnatal neurogenesis occurs. Neurogenesis dynamically controls the 

hippocampal output as newborn dentate granule cells (DGC), though small in absolute 

number, have been shown to change hippocampal activity
4
. It has been demonstrated in 

adult animal models that status epilepticus (SE) increases cell proliferation in the 

subgranular layer of the DG
5,6

. These seizure-induced newborn DGC can incorporate 

aberrantly in the dentate neuronal circuit, showing e.g. hilar basal dendrites, an ectopic 

localization and an abnormal projection of axons to both CA3 pyramidal cell regions and the 

inner molecular layer (ML) of the DG
6-8

. Hence, seizure-induced newborn DGC may disrupt 

the DG filter function promoting hippocampal hyperexcitability. Blocking the process of 

neurogenesis after induction of SE decreases the frequency of spontaneous recurrent 

seizures, suggesting a pro-epileptogenic role for post-seizure born DGC
9
. Although it is 

unclear whether seizures in the developing brain change the proliferative rate of DGC (for 

review see
10

), experimental neonatal FS do increase the survival of newborn DGC
11,12

.  

Moreover, newborn DGC may migrate to ectopic locations after experimental FS, a 
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phenomenon that is related to hippocampal hyperactivity
13

. However, little is known about 

the post-FS born DGC that are normotopically localized in the granular cell layer.  

The process of neurogenesis typically involves four milestones, i.e. proliferation, migration, 

differentiation and integration. Within four weeks after division, newborn DGC extend their 

dendrites into the ML
14

 and within seven weeks integration is completed
5
. It has been shown 

that granule cell maturity is correlated to dendritic length, arbor complexity and spine 

formation
15,16

. Experimental SE accelerates this integration process since, already two weeks 

after seizures, dendrites of normotopically located DGC extend into the middle and outer 

ML, whereas in controls they only reach the inner ML. Also functional integration is 

increased by experimental SE since stimulation of the perforant path could elicit excitatory 

postsynaptic potentials in newborn DGC, which show the presence of dendritic spines, 

phenomena that were not seen in control animals
17

. Because spines are a major site of 

synaptic input, they could directly influence neuronal excitability. 

Here, we studied the temporal maturation and structural integration of post-FS born, 

normotopically localized DGC. To this end, FS were evoked by treating 10-day old rats with 

hyperthermia (HT)
18-20

. The next day, these animals received an intrahippocampal injection 

with enhanced green fluorescent protein (eGFP)-encoding retroviral particles to label 

dividing DGC
21

. One, four and eight weeks after HT treatment, we analyzed co-localization of 

eGFP-positive cells with neurodevelopmental maturation markers and studied dendritic 

complexity (total dendritic length, number of branching points and Sholl analysis), overall 

spine density and mushroom type spine density. 
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2. Methods 

2.1 Animals 

In total, seventy-five male Sprague-Dawley rats were used (Harlan, Horst, The Netherlands). 

Six to ten pups were housed together with a foster dam and on postnatal day (P) 22 the dam 

was removed from the nest. From P36 onwards, animals were housed individually. Housing 

conditions were temperature-controlled at 21±1°C, with a 12:12h light/dark cycle and 

animals had access to food and water ad libitum. All animal procedures were approved by 

the Hasselt University ethics committee for animals (ethical matrix 2012/42). 

2.2 Induction of FS 

FS were induced as described earlier
11,18,22

. Briefly, P10 pups were injected subcutaneously 

with 0.2 mL 0.9% NaCl and placed in a 50 cm high, 10 cm diameter Perspex cylinder and 

subjected to a regulated heated air stream. Rectal temperature was measured every 2.5 min 

and maintained for 30 min between 39.5 and 42.5°C for 30 min. Behavioral seizures, 

characterized by clonic contractions of fore- and hindlimbs while lying on side or back, were 

monitored by two observers. After HT treatment, pups were cooled down to pre-exposure 

body temperature by rubbing them with a water-soaked tissue and returned to the nest. As 

described previously, during HT treatment, a subset of animals displayed behavioural 

seizures (HT
+
), whereas others did not (HT

-
)

12,20,22
. The control group consisted of animals 

that were subjected to the same procedure, with the exception that they were kept 

normotherm (NT).  
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2.3 Production and stereotactic injection of eGFP-coding retroviral particles 

Replication-deficient enhanced GFP (eGFP)-expressing retroviral particles based on the 

Moloney murine leukemia virus were produced using a triple transient transfection of 

human embryonic kidney (HEK) 293T cells with three different plasmids containing CMV-

gag/pol, CMV-VSVG and CAG-eGFP (kindly donated by prof. H. van Praag, Laboratory of 

Neurosciences, Biomedical Research Center NIA, Baltimore, USA)
21

. Plasmids were 

transfected in HEK 293T cells with a mixture of Lipofectamine 2000 (Invitrogen, Belgium) and 

Opti-MEM (Invitrogen) at 37°C. Supernatant containing retroviral particles was collected 

after 72h, filtered through a 0.22 μm filter and concentrated by two centrifugations of 

19,400 rcf (2h at 4°C). The final pellet was resuspended in phosphate buffered saline (PBS) 

and stored at -80°C until further use. 

At P11, newborn DGC were labelled via stereotactic injection of eGFP-encoding retroviral 

particles. For anesthesia, animals were injected subcutaneously with 37.5 μg/kg 

Dexdomitor® (Orion Corporation, Finland) together with 75 μg/kg Temgesic® (Reckitt 

Benckiser Healthcare, United Kingdom). After 10 min, animals were intraperitoneally 

injected with 22.5 mg/kg Ketalar® (Pfizer, Ireland). Animals were positioned on a 

temperature-controlled heating pad in a stereotactic frame with a neonatal rat adaptor 

(Stoelting, Illinois, USA). Next, the skin was incised and 2 drops of 2% Xylocaine® (Recipharm 

Monts, France) were applied on the periost before removal. Bur holes in the skull were 

drilled bilaterally at anterioposterior -3.0 mm and mediolateral 2.4 mm (relative to lambda). 

Each DG was infused with 2 μL (0.25 μL/min) using a 34G beveled needle (World Precision 

Instruments, United Kingdom) at dorsoventral coordinates -3.1 mm and -2.6 mm (1 μL at 

each coordinate). After injection, the skin was closed using 3/0 VICRYL™ (Johnson and 
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Johnson, Belgium). One day post-surgery, animals were injected subcutaneously with 1.5 

mg/kg Metacam® (Labiana Life Sciences S.A., Spain) to minimize pain and suffering.  

2.4 Tissue processing 

At P17, P38 or P66, animals were injected intraperitoneally with 100 mg/kg sodium 

Nembutal® (Ceva Santé Animale, France) and transcardially perfused with ice-cold 0.9% NaCl 

followed by ice-cold 4% paraformaldehyde (PFA) in PBS. Brains were post-fixed in 4% PFA 

(1h at 4°C), cryoprotected in 20% sucrose in PBS (overnight at 4°C) and snap frozen using 

liquid nitrogen.  

2.5 Immunohistochemistry  

For immunohistochemical labelling, 10 μm coronal cryosections were stained with the 

following primary antibodies: anti-calretinin (#MAB1568, Millipore, 1:1000), anti-

doublecortin (DCX) (ab18723, Abcam®, 1:2000 for P17 tissue and 1:1000 for P38 and P66 

tissue) or anti-NeuN (#MAB377, Millipore, 1:100). After washing in PBS, cryosections were 

blocked with 20% normal donkey serum in PBS-0.1% Triton (for 1h at room temperature). 

Subsequently, sections were incubated with primary antibody diluted in PBS-0.1% Triton 

containing 1% normal donkey serum (overnight at 4°C). The next day, sections were 

incubated with secondary donkey-anti-mouse antibody conjugated to AlexaFluor-555 

(A21422, Life Technologies, 1:500) or donkey-anti-rabbit conjugated to AlexaFluor-555 

(A31572, Life Technologies, 1:500) (60 min at room temperature) and subsequently washed 

in PBS. Finally, cryosections were embedded in mounting medium containing 4’,6-diamidino-

2-fenylindool (DAPI) (Labconsult, Belgium) and sealed with a coverglass. 
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Immunohistochemical stainings were visualized using a 20x (NA of 0.50) or a 40x (NA of 0.75) 

Plan Fluor objective and a Nikon Eclipse 80i microscope connected to a Nikon digital sight 

camera DS-2MBWc. Cells that expressed both eGFP and one of the neuronal maturation 

markers were counted using NIS-elements software (Nikon Instruments Europe B.V., The 

Netherlands). Cell counting was done independently by two researchers who were blinded 

to treatment group. Strict inclusion criteria were used: 1. only eGFP-positive cells located in 

the DG granule cell layer were included in the analysis, 2. each eGFP-positive cell must 

contain a clear DAPI positive cell nucleus and 3. clear staining of a maturation marker 

overlapping but not extending the eGFP signal, or clear absence of this staining must be 

seen. The amount of double positive cells was expressed as a % of the total number of eGFP-

positive cells that was analyzed. Per animal four cryosections were evaluated. 

2.6 Morphological analyses  

For morphological assessment, 40 μm coronal cryosections were embedded in DAPI-

containing mounting medium and sealed with a coverglass. For dendritic and spine 

visualization, z-stacks were obtained with a Zeiss LSM510 META (Carl Zeiss, Germany) 

mounted on an Axiovert 200 M. For dendritic growth analysis at P17, z-stacks (1.0 μm 

interval) were made using a 40x water immersion objective (LD C-Apochromat 40/1.1 W Korr 

UV-VIS-IR, Carl Zeiss) (512x512 pixels). Dendritic length was traced using Fiji software 

(http://fiji.sc/Fiji; an open source image processing package based on ImageJ software 

(http://imagej.nih.gov/ij/)) and the number of branching points was counted manually. 

Dendritic arbors at P38 and P66 were visualized by acquiring z-stacks (0.5 μm interval) using 

a 20x Plan-Apochromat (NA of 0.75) (1024x1024 pixels). Stacks of images were compressed 

along the z-axis to two-dimensional images and whole dendritic arbors were traced using Fiji 
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and analyzed for dendritic length and number of branching points. Next, dendritic 

complexity was further determined using Sholl analysis by counting the number of dendrite 

intersections for a series of concentric circles at 5 μm intervals around the soma. Truncated 

cells were excluded from the analysis. An average of 3 cells/animal were analyzed. Spines 

were imaged by obtaining z-stacks (0.25 μm interval) using a 100x/1.46 alpha Plan-

Apochromat objective (1024x500 pixels) and a scan zoom of 3. To determine spine density, 

we divided the ML in two parts as described by Murphy et al
23

, i.e. the innermost 17% which 

is defined as the inner ML (IML) and the outer 83% containing the middle and outer ML 

(MML + OML). Length of dendritic segments was measured automatically from 3D images 

using Fiji. The number of spines on dendritic segments were counted manually on the 3D 

images using Fiji software by two researchers who were blinded to treatment (average of 5 

segments per animal). Strict inclusion criteria were used to include spines in analyses: 1. 

spines had to be connected to the dendritic branch. 2. no adjacent dendritic segments were 

present in the analyzed confocal photograph. Spine head surface area was calculated 

(π*Dmajor*Dminor/4) and mushroom type spines were identified when surface area > 0.4 μm
2 

16,24
.  

2.7 Statistics 

As data were not normally distributed, statistical significance was assessed by the 

nonparametric Kruskal-Wallis test, and in case of significance, followed by post-hoc Dunn’s 

comparison of columns, using GraphPad Prism 5. P-values < 0.05 were considered as 

significant. In case of significance in Sholl analysis, post-hoc individual student t-tests were 

performed (GraphPad Software, Inc., La Jolla, USA). To avoid type I errors due to multiple t-

tests, only p-values < 0.05 of three or more consecutive points were considered as 
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significantly different
25

. Outliers, assessed by descriptive statistics using SPSS22 (IBM Corp., 

IBM SPSS Statistics Version 22.0, NY, USA), were excluded from the data. Values are 

expressed as median with interquartile range (IQR) and whiskers (5-95% interval) or as mean 

± standard error of the mean (SEM). The number of animals is represented by n.  

3. Results 

3.1 FS do not change the temporal expression of neurodevelopmental markers in newborn 

DGC  

Previous research using the HT rat model of FS indicated that the majority of post-FS born 

DGC were differentiated into mature neurons in the DG granule layer at P66
26

. We 

determined the pace of this maturation by analyzing eGFP-labelled post-FS born DGC at 

three time points (P17, P38 and P66) by double labelling with different neurodevelopmental 

markers (DCX, calretinin and NeuN). The immature neuronal cell marker DCX was 

ubiquitously present in the DG granule cell layer of P17 NT controls. This implies that the 

vast majority of eGFP-labelled DGC expressed DCX (Fig. 1 A-C), while quantification revealed 

a substantial decline in the proportion of DCX/eGFP double-labelled DGCs to 9% at P38 and 

2% at P66 (Fig. 1 D-F, M). These percentages were similar in HT
+
 and HT

-
 rats (Fig. 1M). 

Labelling of early granule cells in the post-mitotic stage was performed by using calretinin. At 

P17, no calretinin-positive cells could be detected in the DG in none of the three 

experimental groups (data not shown). At P38 and P66, calretinin expression was present in 

the DG of NT rats, yet no eGFP-positive DGC co-labelled with calretinin in all three 

experimental groups (Fig. 1 G-I). In contrast, a large proportion of eGFP-labelled cells co-

expressed the mature neuronal marker NeuN, i.e. 79% at P38 and 86% at P66 in NT rats. 

These numbers were not altered in HT
+
 and HT

-
 rats compared to NT controls (Fig. 1 J-L, N).  
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3.2 FS increase dendritic complexity of newborn DGC  

To investigate how FS-induced newborn granule cells incorporate into the existing 

hippocampal network, dendritic complexity of eGFP-labeled post-FS born DGC was 

determined by scoring their total dendritic length and their number of branching points at 

P17, P38 and P66.  

At P17 (Fig. 2), eGFP-labelled DGC in HT
+ 

rats showed 66% longer dendrites (p<0.001) 

compared to NT controls and 97% longer dendrites (p<0.001) compared to HT
-
 rats (Fig. 2D). 

The number of branching points in HT
+
 rats was similar to NT controls and significantly 

increased compared to HT
-
 rats (p<0.05) (Fig. 2E). Dendrites reached the outer part of the 

ML within four weeks after cell division and the furthest dendritic extension (in NT controls: 

258 μm at P38 and 275 μm at P66) was comparable in all experimental groups. Neither 

seizures nor HT treatment affected dendritic length or the number of branching points at 

P38 (Fig. 3K,L) or P66 (Fig. 4K,L). Next, we performed a Sholl analysis to express dendritic 

complexity in function of the distance to the cell soma, i.e. the specific location in the ML. At 

P38, the number of dendrite crossings with consecutive Sholl circles located at 130-155 µm 

from cell soma was significantly increased in HT
+
 rats compared to NT and HT

-
 rats (p<0.01; 

Fig. 3J). At P66, Sholl analysis revealed a significantly enhanced dendritic complexity in HT
+
 

and HT
-
 rats compared to NT controls (p<0.01; Fig. 4J). More specifically, dendritic 

complexity in HT
+
 animals was increased at 105-185 and 195-215 μm from cell soma. In HT

-
 

animals significant differences were situated 100-150 and 160-215 μm from cell soma.  

3.3 Newborn DGC display more mushroom spines eight weeks after FS 

We determined dendritic spine density to estimate excitatory synapse density, though only 

at P38 (Fig. 3 G-I,M) and P66 (Fig. 4 G-I,M) since spines were not present in eGFP-positive 
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DGC at P17 in any of the experimental groups (data not shown). This is consistent with 

previous observations
16

. 

Overall dendritic spine density was similar in the IML as well as in the MML+OML of HT
+
 and 

HT
-
 rats compared to NT controls at P38 (Fig. 3 M) and P66 (Fig. 4 M). Furthermore, spine 

head surface analyses at P38 revealed comparable numbers of mushroom spines in the IML 

as well as the MML+OML of all experimental groups (Fig. 3 N). However, at P66 the amount 

of mushroom spines was significantly increased in the MML+OML in HT
+
 animals compared 

to NT controls (p<0.05), whereas in the IML the density of this spine type was unaltered (Fig. 

4N). 

 4. Discussion 

It is well known that complex FS induce a decreased seizure threshold leading to a 

hyperexcitable state of the hippocampal network
3
. As the hippocampal DG is a site where 

neurogenesis occurs and since cell survival of post-FS born granule cells is increased
11,12

, we 

aimed to elucidate how these newborn granule cells incorporate into the existing 

hippocampal network. In the present study, the neuronal maturation stage and the 

structural integration of these newborn cells were investigated at different time points (one 

week, four weeks and eight weeks) following experimental FS. The maturation rate was 

unaltered, however, the structural integration was accelerated after experimental FS. This 

increased integration was demonstrated by an increased dendritic length at one week and 

an enhanced dendritic complexity at four and eight weeks, when cells show a fully mature 

phenotype.  

Hippocampal neurogenesis has been shown to play a significant role in the process of 

epileptogenesis
5,6,12,26

. Since neurogenesis in the DG is particularly active in rats around the 
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age of 10 days, changes in this process during the neonatal period may significantly affect 

the filtering function of the DG
27

. There are strong indications from the experimental FS 

model that newborn DGC behave abnormally, as a subset of newly born cells migrate 

incorrectly to the hilar DG
13

. Several animal FS and TLE models have shown that the 

occurrence of spontaneous seizures is associated with abnormal granule cell 

localization
13,28,29

. However, it also has been stated that this phenomenon alone is not 

sufficient to cause epilepsy
13

. The vast majority of DGC born after FS migrates correctly to 

the middle and upper layer of the granular DG
13

. So far, little is known about the role of 

these normotopically localized post-FS born DGC in the generation of an epileptogenic 

hippocampal network. Consistent with previous data
26

, we show here that the majority of 

normotopic post-FS born DGC develop a mature neuronal phenotype. Since analysis of the 

neuronal maturation rate might gain insight into the role of newborn DCG during the process 

of epileptogenesis, we additionally examined the expression of neurodevelopmental 

markers DCX, calretinin and NeuN at different time points after experimental FS. It has been 

shown by others that one week after kainic-acid induced SE, the majority of newborn 

granule cells co-localize with the early neuronal marker DCX in both treated and control 

animals
30

. In line with this, we also see that one week after experimental FS, newborn 

granule cells co-localize mainly with DCX. This co-localization decreases over time and the 

majority of cells express the mature neuronal marker NeuN after four and eight weeks. The 

marker for early granule cells in the post-mitotic stage was not expressed by FS-induced 

newborn cells which is most likely due to the limited time window of calretinin expression
31

. 

We did not find any differences between animals that experienced FS and controls and 

therefore we conclude that, at least based on the expression of neurodevelopmental 
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markers over time, newborn cells mature into adult neurons at the same rate in all 

experimental groups.  

Although the rate of maturation is unchanged in FS animals versus controls, the structural 

integration of these cells seems to be altered. Here, we show that dendritic growth is 

increased in newborn normotopic DGC one week following FS. Moreover, we demonstrate 

that in FS
 
rats the enhanced dendritic complexity sustains for up to eight weeks in the 83% 

outer part of the ML, which can be subdivided equally into the MML and OML according to 

Murphy et al
23

. Enhanced dendritic complexity is mainly confined to the MML at P38 while at 

P66 the area with increased dendritic complexity is drastically extended involving the OML 

also. Increased dendritic length and structural integration has already been described in 

other adult and neonatal models for seizures
17,32,33

. In line with our results, Overstreet-

Wadiche et al. (2006) reported that newborn DGC extended their dendrites in the OML two 

weeks post-SE, whereas dendrites of control cells were restricted to the IML
17

. Importantly, 

these findings were obtained from a pro-opiomelanocortin-eGFP transgenic mice in which 

newborn DGC expressed eGFP only transiently, i.e. during the first weeks after cell birth. In 

contrast, we pulse-chased only those DGC that were born after  FS and could demonstrate 

that their changes in dendritic structure are persistent up to at least eight weeks. In contrast 

with our findings, Koyama et al. described a comparable dendritic complexity in FS animals 

versus controls
13

. Although it is not clear whether these cells reflect normotopic or ectopic 

cells, it is worth noting that, in this study, newborn cells were labelled prior to, instead of 

after experimental FS induction. As reported by Kron et al., the developmental stage of DGC 

at the time of an insult determines the type of morphological alteration
7
 and in our study we 

have labelled cells that are dividing shortly after experimental FS.  
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In line with previous studies
12,18,20,26

, we also describe an experimental group consisting of 

HT-treated animals without behavioral seizures. At P17 and P38, dendritic complexity in HT
- 

rats resembles that of NT rats suggesting that changes in dendritic complexity are a seizure-

specific effect. In contrast, at eight weeks after HT-treatment the dendritic complexity in HT
-
 

rats is comparable to HT
+
 rats. Yet, it has to be stressed that we did not confirm seizure 

activity with an electroencephalogram. Hence, it is possible that HT
-
 rats experienced 

subclinical seizures during or after HT treatment
12

. 

Previously, we have shown that post-FS born granule cells in HT
+
 animals express more often 

the GABAA receptor compared to eight weeks controls after HT treatment
12

. GABAA 

receptors may display excitatory instead of inhibitory effects in newborn cells and 

epileptogenic conditions
34

. Moreover, depolarizing GABA-ergic input can accelerate 

maturation and synaptic integration of immature neurons
35

. The increased GABAA receptor 

expression combined with the potential depolarizing GABA effect may underlie the 

enhanced maturation processes of newly formed cells after experimental FS. In line with 

this, it was shown that GABAA receptor signaling mediated the correct migration of newborn 

granule cells and that this process is disrupted after experimental FS induction presumably 

by excitatory GABA effects
13

. 

The higher degree of dendritic arborization in the MML and OML suggests an increased 

excitatory input coming from respectively the medial and lateral entorhinal cortex
23

. This 

hypothesis is in line with previous results from the pilocarpine model in which induction of 

SE reduces inhibitory synaptic input in layer II of the medial entorhinal cortical neurons 

causing excessive excitatory synaptic input into the DG
36

. In addition, increased VGLUT-1 

immunoreactivity in the ML and an increase in the excitability ratio in the DG was observed 
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in the experimental FS model suggesting augmented excitatory input to the DG
37

. As 

dendritic spines are the major postsynaptic sites for excitatory synaptic input, spine density 

can be used as a measure for excitatory synapse density. Although we did not find any 

influence of FS on overall spine density, we showed an increase in the amount of mushroom 

type spines in the MML+OML at P66. Mushroom spines contain a larger postsynaptic density 

which has a direct positive correlation with synaptic strength
38

. An increase in mushroom 

type spines therefore further indicates a more mature phenotype of the newborn DGC in 

HT
+
 animals compared to controls, presumably caused by an increased input from the 

entorhinal cortex
39

 .  

In conclusion, we show that experimental FS enhance structural integration of newborn 

granule cells (i.e., increase in dendritic complexity and mushroom type spines) and thereby 

possibly increase connectivity with the perforant pathway, which supports the idea that 

these cells contribute to the hyperexcitable state seen after FS.  
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8. Figure legends 

Figure 1: HT-induced seizures do not alter the temporal expression of neurodevelopmental 

markers in newborn DGC. Typical photomicrographs of DCX immunoreactive DGC (A), post-

HT born DGC labelled with eGFP (B) and colocalization of DCX and eGFP (C) in a HT
-
 animal at 

P17. Typical photomicrographs of DCX (D), calretinin (G) and NeuN (J) immunoreactive DGC, 

post-HT born DGC labelled with eGFP (E, H and K) and colocalization of the respective 

maturation markers with eGFP (F, I and L) in a HT
+ 

animal at P38. Arrows indicate examples 

of double-positive cells. Scale bars: A-F, J-L 20 μm, G-I 50 μm. Quantitative analysis of the 

amount of DCX/eGFP (M) and NeuN/eGFP (N) double-labelled DGC at P38 and P66. Data are 

represented as median (black bar), 25-75 percentile (box) and 5-95 percentile (whiskers); 

P38: NT n=5, HT
+
 n=7, HT

-
 n=5; P66: NT n=6, HT

+
 n=5, HT

-
 n=8. 

 

Figure 2: At one week of development, post-seizure born DGC show longer dendrites.  

Photomicrographs of hippocampal DGC, born and eGFP labeled in animals 24h after NT (A), 

HT
+
 (B) or HT

-
 (C) treatment, and visualized at P17. Nuclei stained blue with DAPI. ML= 

molecular layer, GCL= granular cell layer, H= hilus, scale bar= 50 μm. Quantification of the 

dendritic length (D) and number of branching points (E) of eGFP labelled DGC. Data are 

represented as median (black bar), 25-75 percentile (box) and 5-95 percentile (whiskers). 

*p<0.05; **p<0.001; NT n=4, HT
+
 n=5, HT

-
 n=5.  

 

Figure 3: At four weeks of development, post-seizure born DGC show increased dendritic 

complexity and unaltered spine density. Photomicrographs of hippocampal DGC, born and 

eGFP labeled 24 h after NT (A), HT
+
 (B) or HT

-
 (C) treatment and visualized at P38. Examples 

of dendritic traces (D-F) that were acquired from respective photomicrographs (A-C). 

Representative pictures of dendritic spines in the IML and MML+OML after NT (G), HT
+
 (H) or 

HT
-
 (I) treatment. Arrowheads indicate mushroom type spines. Sholl analysis of dendritic 

complexity of eGFP labelled DGC (J). Quantification of total dendritic length (K) and number 

of branching points (L) of eGFP labelled DGC. Quantitative analysis of the overall spine 

density (M) and mushroom type spine density (N) in dendritic segments located in the IML 

and the MML+OML. Data are represented as median (black bar), 25-75 percentile (box) and 

5-95 percentile (whiskers; K, L, M, N) or as mean ± SEM (J). *= HT
+
 vs NT: p<0.01; HT

+
 n=4, 
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HT
-
 n=4, NT n=4. GCL= granular cell layer, IML= inner molecular layer, MML= middle 

molecular layer, OML= outer molecular layer. Scale bars: A-C 50 μm, G-I 5 μm. 

 

Figure 4: At eight weeks of development, post-seizure born DGC show increased dendritic 

complexity and altered spine morphology. Photomicrographs of hippocampal DGC, born 

and eGFP labeled 24 h after NT (A), HT
+
 (B) or HT

-
 (C) treatment and visualized at P66. 

Examples of dendritic traces (D-F) that were acquired from respective photomicrographs (A-

C). Representative pictures of dendritic spines in the IML and MML+OML after NT (G), HT
+
 

(H) or HT
-
 (I) treatment. Arrowheads indicate mushroom type spines. Sholl analysis of 

dendritic complexity of eGFP labelled DGC (J). Quantification of total dendritic length (K) and 

number of branching points (L) of eGFP labelled DGC. Quantitative analysis of the overall 

spine density in dendritic segments located in the IML and the MML+OML (M). Quantitative 

analysis of the mushroom type spine density in dendritic segments located in the IML and 

the MML+OML (N). Data are represented as median (black bar), 25-75 percentile (box) and 

5-95 percentile (whiskers; K, L, M, N) or as mean ± SEM (J). *= HT
+
 vs NT, p<0.01; ‡= HT

+
 vs 

HT
-
, p<0.01; †= HT

+
 vs NT, p<0.05; HT

+
 n=4, HT

-
 n=4, NT n=4. GCL= granular cell layer, IML= 

inner molecular layer, MML= middle molecular layer, OML= outer molecular layer. Scale 

bars: A-C 50 μm, G-I 5 μm. 
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Figure 1: HT-induced seizures do not alter the temporal expression of neurodevelopmental 
markers in newborn DGC. Typical photomicrographs of DCX immunoreactive DGC (A), post-HT born DGC 

labelled with eGFP (B) and colocalization of DCX and eGFP (C) in a HT- animal at P17. Typical 

photomicrographs of DCX (D), calretinin (G) and NeuN (J) immunoreactive DGC, post-HT born DGC labelled 
with eGFP (E, H and K) and colocalization of the respective maturation markers with eGFP (F, I and L) in a 
HT+ animal at P38. Arrows indicate examples of double-positive cells. Scale bars: A-F, J-L 20 µm, G-I 50 
µm. Quantitative analysis of the amount of DCX/eGFP (M) and NeuN/eGFP (N) double-labelled DGC at P38 

and P66. Data are represented as median (black bar), 25-75 percentile (box) and 5-95 percentile 
(whiskers); P38: NT n=5, HT+ n=7, HT- n=5; P66: NT n=6, HT+ n=5, HT- n=8.  
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Figure 2: At one week of development, post-seizure born DGC show longer dendrites. 
Photomicrographs of hippocampal DGC, born and eGFP labeled in animals 24h after NT (A), HT+ (B) or HT- 
(C) treatment, and visualized at P17. Nuclei stained blue with DAPI. ML= molecular layer, GCL= granular 
cell layer, H= hilus, scale bar= 50 µm. Quantification of the dendritic length (D) and number of branching 
points (E) of eGFP labelled DGC. Data are represented as median (black bar), 25-75 percentile (box) and 5-

95 percentile (whiskers). *p<0.05; **p<0.001; NT n=4, HT+ n=5, HT- n=5.  
127x87mm (300 x 300 DPI)  
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Figure 3: At four weeks of development, post-seizure born DGC show increased dendritic 
complexity and unaltered spine density. Photomicrographs of hippocampal DGC, born and eGFP labeled 
24 h after NT (A), HT+ (B) or HT- (C) treatment and visualized at P38. Examples of dendritic traces (D-F) 

that were acquired from respective photomicrographs (A-C). Representative pictures of dendritic spines in 
the IML and MML+OML after NT (G), HT+ (H) or HT- (I) treatment. Arrowheads indicate mushroom type 
spines. Sholl analysis of dendritic complexity of eGFP labelled DGC (J). Quantification of total dendritic 
length (K) and number of branching points (L) of eGFP labelled DGC. Quantitative analysis of the overall 
spine density (M) and mushroom type spine density (N) in dendritic segments located in the IML and the 
MML+OML. Data are represented as median (black bar), 25-75 percentile (box) and 5-95 percentile 

(whiskers; K, L, M, N) or as mean ± SEM (J). *= HT+ vs NT: p<0.01; HT+ n=4, HT- n=4, NT n=4. GCL= 
granular cell layer, IML= inner molecular layer, MML= middle molecular layer, OML= outer molecular layer. 

Scale bars: A-C 50 µm, G-I 5 µm.  
267x383mm (300 x 300 DPI)  
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Figure 4: At eight weeks of development, post-seizure born DGC show increased dendritic 
complexity and altered spine morphology. Photomicrographs of hippocampal DGC, born and eGFP 

labeled 24 h after NT (A), HT+ (B) or HT- (C) treatment and visualized at P66. Examples of dendritic traces 

(D-F) that were acquired from respective photomicrographs (A-C). Representative pictures of dendritic 
spines in the IML and MML+OML after NT (G), HT+ (H) or HT- (I) treatment. Arrowheads indicate mushroom 
type spines. Sholl analysis of dendritic complexity of eGFP labelled DGC (J). Quantification of total dendritic 
length (K) and number of branching points (L) of eGFP labelled DGC. Quantitative analysis of the overall 
spine density in dendritic segments located in the IML and the MML+OML (M). Quantitative analysis of the 
mushroom type spine density in dendritic segments located in the IML and the MML+OML (N). Data are 

represented as median (black bar), 25-75 percentile (box) and 5-95 percentile (whiskers; K, L, M, N) or as 
mean ± SEM (J). *= HT+ vs NT, p<0.01; ‡= HT+ vs HT-, p<0.01; †= HT+ vs NT, p<0.05; HT+ n=4, HT- 
n=4, NT n=4. GCL= granular cell layer, IML= inner molecular layer, MML= middle molecular layer, OML= 

outer molecular layer. Scale bars: A-C 50 µm, G-I 5 µm.  
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