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Introduction and Background  

This project studies the changes in neurogenesis following traumatic brain injury. The 

goal is to discover if the brain attempts to regenerate after injury and determine whether this 

phenomenon is beneficial or harmful. In order to do this, the studies detailed here targeted 

neurons that are produced after injury; this project determines whether or not they show 

alterations in development and any abnormal properties. A niche region for birth of neurons in 

the adult brain is located in the hippocampus, which is a structure involved in spatial memory 

formation within the subregion known as the dentate gyrus. The hippocampus, a limbic structure 

primarily involved in spatial memory formation, contains a locus for adult neurogenesis within 

its subregion, the dentate gyrus. The dentate gyrus has a unidirectional major input from the 

entorhinal cortex as fibers known as the perforant path that convey sensory information which 

then is converted by the dentate gyrus in specific pattern neuron firing that leads to pattern 

separation, a mode to memory formation [1]. Due to the fact that dentate gyrus is the initial 

processing system of cortical input to the hippocampus, and serves as a “gate”, it is tightly 

inhibited to encode robust cortical signaling into discrete outputs to the cornu ammonis. With its 

lower rates of functional activity, it has led to the hypothesis that dentate gyrus transfers and 

translates cortical signals into coding mechanisms that suit memory formation with the aid of 

neurogenesis [3]. It houses the neurogenic niche, which becomes stimulated in response to injury 

to produce and increase in newborn neurons. The dentate gyrus is also an area exhibiting 

increased excitability and neuronal death after traumatic brain injury [2, 4-6]. In concert with 

dentate hyperexcitability, an early increase in neurogenesis following fluid percussion injury has 

been previously reported in rats [2]. In early studies, our lab demonstrated that targeted 

suppression of post injury neurogenesis to normal levels reduced hyperexcitability in the dentate 
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gyrus [2]. Reducing the dentate hyperexcitability, through reducing injury-induced increases in 

early neurogenesis, also reversed the increase of likelihood of seizures in rats [2]. Thus, it is 

proposed that although neurogenesis is highly beneficial and necessary for cognitive function 

under normal physiological conditions, aberrant neurogenesis as a result of TBI may facilitate 

dentate gyrus network pathology. The fluid percussion injury paradigm is used as a mild to 

moderate, highly reproducible diffuse injury model that induces hippocampal pathology without 

loss of cortical tissue. Using the FPI model, we determined the contribution of injury on cell 

death, aberrant neurogenesis, dentate network dysfunction, and identified a potential role for 

injury-induced abGCs in coordinating pathological changes in the injured dentate gyrus. The 

results of this study suggest that abGCs, born in response to injury, are more abundant, migrate 

ectopically, and mature more rapidly than in sham controls. These atypical characteristics of 

injury-induced abGCs may underlie their potential contribution to epileptogenesis and dentate 

circuit pathology. 
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Methods 

Fluid Percussion Injury: The eight to ten week old C57/Bl6 mice underwent either the fluid 

percussion injury (FPI) and sham injury. Mice received a 3 mm lateral craniotomy under 

anesthesia to expose the dura and implant a luer lock hub on the parietal bone and were allowed 

to recover. The following day, mice were attached to the end of a nozzle in the fluid percussion 

injury device at the luer lock hub under inhaled anesthetic. The mice were hooked to one end of 

the percussion tube and a pendulum was dropped at the other end of a fluid filled cylinder to 

generate a water pressure pulse which propagated through the water, continuous with the dura of 

the brain; 1.5 atm pressure pulse (20 ms wide) was administered for a mild to moderate injury. 

The sham injury involves identical surgical and anesthesia procedures without the presence of 

the pendulum drop to generate injury. 

In-Vivo LPF Recordings: The mice were anesthetized with 1.5 g/kg urethane, secured in a 

stereotaxic frame and underwent surgical implantation of electrodes. Electrical stimulation of the 

medial perforant path (150 microsecond, square pulses, 0.1Hz) was achieved by stimulating an 

electrode in the angular bundle and recorded using a tungsten wire in the granule cell layer of the 

dentate gyrus. Pair pulse responses at 20 and 60 milliseconds were recorded and analyzed to 

examine changes in feedback inhibition and network facilitation, respectively. In conjunction 

with the tungsten wire, screw electrodes were placed contralaterally to function as reference and 

ground electrodes. 

Kainic Acid Injections for Cortical Seizure Recordings: 21 days post injury, bilateral screw 

electrodes and a contralateral and reference electrodes were implanted under anesthesia to record 

the cortical activity. These electrodes are placed over the hippocampus in the brain; the 

electrodes were fixed with dental cement. The mice recovered from this procedure for 3 days. 
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Presence of electrographic and behavioral seizures was observed with cortical and video 

electroencephalograms (EEGs) respectively, 3 weeks post injury or sham. 

First, the mice were recorded for 15 mins to establish baseline cortical activity. Then kainic acid 

(7 mg/kg), a chemical convulsive agent, was given via intraperitoneal injections (IP) to induce 

acute seizures and EEGs were recorded for 30 mins. Throughout the 30 minute time frame, the 

number of electrographic seizures and their total duration were analyzed. The generation of 

electrographic seizures was defined by the presence of ictal spikes with amplitudes 5 standard 

deviations above the mean baseline activity, persisting at least for a minimum time period of 10 

seconds. 

BrdU injections: Mice underwent FPI/ sham injury. On the same day of injury the mice were 

administered 1 ml BrdU concentrate per 100 g body weight (Invitrogen, #000103) through 

intraperitoneal injection once every 2 hours beginning 1 hour post-injury for a total of 3 

injections to label actively dividing cells. Seven days after injury/BrdU injection, mice were 

euthanized by perfusion with 4% paraformaldehyde and hippocampal tissue was isolated to 

examine abGCs. 

Histology: Standard immunostaining protocols were performed for doublecortin, fluorojade-C, 

and BrdU immunohistochemical staining [2]. 50 nanomicron coronal sections were imaged using 

a Zeiss imager, M2 microscope was connected to the Stereo Investigator program. The 40X tile 

stack of BrdU/ NeuN co-labeling was visualized using a Zeiss 880 Airyscan confocal 

microscope.  

Stereological Doublecortin Counts: The number of neurons in the granule cell layer were 

counted 3 dimensionally; a new and objective method was implemented to analyze the ectopic 

expression throughout the granule cell layer of these doublecortin expressing neurons. First, the 
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granule cell layer was outlined with a contour. Then the stereoinvestigator program was used to 

mark and count cells expressing doublecortin in the granule layer. The program allowed the 

granule cell to be analyzed in parts, in the boundaries of squares, which allowed doublecortin 

expressing cells to be counted individually. The size of the granule cell contour dictated the 

number of squares the program designated for counting cells in the layer. Counting of the cells 

was limited to an individual square, the program allowed for 3 dimensional scan of the layer to 

isolate the cells and mark them one by one. The program was set to express 50% of the 

doublecortin in the granule cell layer. After, those marked cells that were present in the granule 

cell layer were isolated into clusters with 3 lines across the granule layer. This allowed for the 

measurement of the width of the granular particular to where there was doublecortin expression; 

the granule cell layer was sectioned into thirds across the width of the layer. In doing so, the 

granule cell layer was separated into thirds objectively, whereas the older method was subjective 

in dividing the granule cell layer into thirds. All the neurons that were expressed within the inner 

third of the contour were isolated from the count because this was designated as normal 

migration.  

Statistical Analysis: All statistical analyses were performed using the independent samples t-test.  
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Results 

Network Dysfunction  

Measuring of cell death was determined by the immunohistochemical staining for 

flourojade-C. Figure 1 (a) displays the images of fluorojade-C staining of both FPI and sham 

mice 4 hours after injury. There are several fluorojade-C labeled degenerating neurons in the 

granule cell layer (GCL) and hilus in FPI mice vs. Sham. Next, changes in network function 

were examined by in-vivo electrophysiological experiments. Figure 1(b) illustrates the 

placement of the electrodes in the dentate and angular bundle and the reference cortical 

electrodes. Paired pulse recordings were obtained by stimulating the medial perforant path in the 

ipsilateral dorsal dentate gyrus in 8-12 week old mice, 7-9 days after FPI and sham. Figure 1 (c) 

displayed paired pulse depression, a decrease in amplitude of the negative deflection deemed as 

population spike, when the stimulus pairs were delivered at 20 ms intervals. However; at 60 

second interpulse intervals, in comparison to naive and sham mice which showed paired pulse 

facilitation, the increase in the amplitude of the second population spike in response to the 

second stimulus, FPI mice failed to exhibit paired pulse facilitation.  

Seizure susceptibility   

After baseline EEG recordings, kainic acid (KA) was administered in mice 3 weeks post 

FPI and sham. As illustrated by the EEG recording traces in Figure 2 (a), both FPI and sham 

mice demonstrated the electrographic seizures following injection of kainic acid. There was 

significantly longer electrographic seizure activity in mice after FPI than in sham injured mice. 

Figure 2 (b) summarizes the difference in the number of KA induced seizures in FPI mice 

compared to sham controls. The total duration of electrographic seizures also increased in FPI 

mice when compared to sham (Figure 2c).  
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Neuronal Migration  

To determine if injury has detrimental effects on neurogenesis, neuronal migration 

throughout the GCL was examined 3 days following injury and the total number of immature 

neurons labeled by doublecortin in the dentate gyrus was counted using stereological methods. 

Figure 3 displays both histology and quantitative unbiased analysis for immature neuronal 

migration. The analysis revealed that the total number of dentate granule cells born after FPI was 

not different from that in sham 3 days post injury (figure 3c). However, as quantified in Figure 

3 (d), a significantly greater percentage of the neurons were located ectopically in the other ⅔ of 

the granule cell layer, rather than the inner ⅓ where newborn neurons were found in sham mice. 

This was observed in both the anterior and posterior dorsal dentate gyrus.  

Granule Cell Count Analysis  

A similar analysis was done at the 7 days post injury time interval where both FPI and 

sham mice were compared (figure 4). At this time interval, stereological counts demonstrated 

that there is a significant increase in the total number of immature granule cells in FPI compared 

to sham shown in figure 4 (b).  

BrdU and NeuN Expression 

Next, sections from mice injected with BrdU were immunostained for BrdU and NeuN; 

NeuN is a marker for mature granule cells which is normally in neurons which are around 3 

weeks old. Figure 5 examined the coexpression of the two markers. Figure 5 (b) is a 

representative confocal image of BrdU/NeuN expression in the ipsilateral dorsal dentate gyrus of 

7 day old neurons from an FPI mouse. Upon examining these confocal images, quantitative 

analysis in figure 5 (c) shows that the total number of cells expressing BrdU increased 7 days 

post injury. Additionally, the number of BrdU expressing cells that labeled for NeuN also 
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increased significantly after FPI (figure 5 (d)) resulting in a greater percentage of neurons 

labeled for BrdU coexpressing NeuN 7 days after FPI, displayed in figure 5 (e).   
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Discussion 

What is seen by the results in Figure 1 is that there is a robust increase rate of cell death 

in the dentate gyrus within hours after FPI. Network dysfunction in the form of altered inhibitory 

regulation after injury was also prevalent, as revealed by in-vivo local field potential recordings. 

In analyzing network excitability and inhibition through pair pulse responses, stimuli were set 20 

ms apart. The reason is because it takes that amount of time to recruit interneurons on the second 

pulse. When given the first pulse, it activates the fibers, causing dentate gyrus to fire. Before the 

second pulse happens, the neurons that fire activate inhibitory neurons. When the second pulse 

occurs 20 ms later, lesser activity should be seen because of the inherent recruitment of the 

interneurons that cause the suppression of the network. In the naive animals and in injured 

animals, this mode of inhibition is intact, known as the feedback inhibition. Then in the control, a 

paired pulse at 60ms, should cause facilitation. Facilitation is when you prime the network to 

actually be more excitable in following instances of activation. On the second pulse in the 60ms 

interval, the network that fired is primed, it is likely to fire more robustly. 

Naive and sham animals in the experiment showed intact facilitation; however, in injured 

animals, that facilitation was lost. This suggests that there is some sort of compensatory 

inhibitory action that is happening but the cause is unknown. This shows that there is in fact 

network dysfunction following injury in the dentate gyrus.   

Injury also functioned to increase seizure susceptibility, as traces of kainic acid induced 

an increased number of electrographic seizures in FPI, with seizure activity significantly longer 

compared with the sham model. Thus far, experimentally, the injury model induced cell death, 

network dysfunction, and an increase in seizure susceptibility.   
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The injury model helped to determine if there were detrimental effects on neurogenesis 

through the investigation of granule cell migration born following injury and the total number of 

immature neurons that are labeled by doublecortin, an immature granule cell marker. 

Doublecortin expression in the dentate gyrus determined whether or not there was an increase in 

neurogenesis following injury. While a large percentage of the total number of immature neurons 

examined 3 days after injury were located ectopically in the outer ⅔ of the granule cell layer, the 

total number of doublecortin expressing neurons was not statistically different between FPI and 

sham groups. Thus, at an early time-point after injury, immature granule cells are significantly 

more abundant in ectopic regions of the dentate granule cell layer, which suggests potential for 

improper network integration to occur. Because doublecortin labels immature granule cells up to 

12 days old, many of the doublecortin expressing neurons were most likely born before injury, 

and may account for the lack of difference observed in the total number of immature abGCs 

between FPI and sham animals.  

At 7 days post injury, it was discovered that there is a significant increase of neurons 

expressing doublecortin. At the 7 post injury, more of the neurons that express doublecortin are 

going to be born post-injury, thereby underlining an increased onset of neurogenesis following 

injury. Similarly, there were more BrdU positive cells seven days after FPI confirming the 

presence of increased neurogenesis after FPI. 

In determining if the neurons born specifically after injury are more abundant, and if they 

are maturing normally, BrdU was used to pulse label the progeny of dividing cells.  

What was found after injury was that there was a significant increase in the total number of cells 

labeled for BrdU in injured animals vs. sham indicating an increase in post injury neurogenesis. 

When BrdU is colabled with a marker NeuN, which is thought to be only expressed in mature 
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granule cells, there should be very little of NeuN expressed in BrdU expressing cells because 

these neurons are one week old. In injured animals, surprisingly, there was not only an increased 

expression of BrdU and NeuN co-labeling but also an increase in expression of the total BrdU 

labeled cells that also expressed NeuN.   

This data suggests that the neurons born after injury are not only more abundant but they 

might be maturing at an accelerated rate, going into neuron adulthood quicker. This raises the 

question whether adult born neurons after injury are influencing the network earlier than they 

should be. Taking it into the context of this ectopic expression, are these neurons, when they 

influence the network, contributing to the network function in a proper manner. Our lab believes 

that this experiment might be the foundation for the argument that neurons born after injury 

might actually be dysfunctional in their contribution to normal network function. 
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Conclusion 

The fluid percussion injury model induced neuronal cell death, changes in the dentate 

function in altering inhibition, and contributed to an increased seizure susceptibility. Abnormal 

migration of doublecortin expressing neurons to the outer two thirds of the dentate occurred 3 

days after FPI. Additionally, there was an increased number of labeled immature granule cells 

for doublecortin and BrdU markers observed 7 days after FPI, indicating an increase of 

neurogenesis following moderate injury in mice. Accelerated maturation rate of adult born 

granule cells was observed with an increased BrdU/NeuN staining in injured mice 7 days post 

injury. Previously in the lab we showed that if we suppress neurogenesis after injury, we can 

reduce hyperexcitability in the dentate gyrus. Increase in neurogenesis seen after injury might 

potentially be contributing to hyperexcitability. The findings infer that these granule cells might 

have a surprisingly early role in hyperexcitability, network dysfunction within a week after 

injury, and contribute to epileptogenesis.  

 

 

 

 

 

 

 

 

 

 

 



16 
 

Figures 

Figure 1: Cell Death and Network Alterations in the Dorsal Ipsilateral Dentate Gyrus After FPI 

 
(A) Fluorojade-C staining 4 hours post-FPI or sham injury in the ipsilateral dentate gyrus. The staining is present in the 

granule cell layer and the hilus in the injured models but not in sham. (B) Diagram of electrode placement for in-vivo 

electrophysiological experiments (C) Paired pulse local field potentials recorded at 7-9 days post FPI or sham in 8-12 week 

old mice. Recordings were also obtained from naive mice. Paired pulse depression was observed at a 20 ms interval in 

naive, sham, and FPI models. FPI expressed a lack of paired pulse facilitation at 60 ms interval compared to sham and naive 

models. 

 

 

 

 

 

 

 

 

 



17 
 

Figure 2: Increased Seizure Susceptibility in Mice 3 Weeks Post FPI 

 
(A) Electrographic seizure activity induced by kainic acid. (B) FPI increased the number of electrographic seizures compared to 

sham. (C) Electrographic seizure activity was comparatively longer in FPI mice compared to sham. (* represents p<.05 by t-test) 
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Figure 3: Immature Granule Cell Migration 3 Days Post FPI 

 
(A ) Stereology was performed to quantify immature granule cell migration. (B) DCX+ neurons, in the granule cell layer, 

were imaged 3 days post FPI and sham model. (C) The increase of the number of DCX+ neurons was not significant 3 

days post injury; 6 sections from 3 mice/group are represented. (D) There is an increased ectopic expression of DCX+ 

neurons in the outer 2/3rd of the granule cell layer both anteriorly and posteriorly; 6 sections from 4 mice/group are 

represented. (* represents  p<.05 by t-test) 
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Figure 4: Increased Immature Granule Cell Generation 7 Days Post FPI 

 
(A) DCX+ neurons, in the granule cell layer, are imaged 7 days post FPI and sham model. (B) Stereological counts of DCX+ 

neurons in the dorsal dentate gyrus display an increase of newborn neuronal expression 7 days post FPI relative to sham 

model; 6 sections from 3 mice/group are represented. (* represents  p<.05 by t-test) 
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Figure 5: Accelerated Maturation of Adult Born Granule Cells in FPI Mice 7 Days Post Injury 

 
(A) The experimental procedure is illustrated. (B1) 40X tile confocal image of BrdU/NeuN expression in the granule cell 

layer of the ipsilateral dorsal dentate gyrus (B2) NeuN positive neurons individually imaged in the subgranular zone, in 7 

days post FPI mice. (B3) BrdU positive neurons were individually imaged in the subgranular zone, in 7 days post FPI mice. 

(C) Total number of neurons BrdU expressing neurons increased post FPI in relation to sham model; 5-6 sections from 2 

mice/group are represented. (D) Total number of co-labeled BrdU/NeuN neurons increased 7 days post FPI;  5-6 sections 

from 2 mice/group are represented. (E) Percentage of the total number of BrdU cells that co-express NeuN significantly 

increased 7 days post FPI. This fosters the idea that there is an advantaged maturation rate of adult born granule cells post 

injury; 5-6 sections from 2 mice/group are represented. (* represents  p<.05 by t-test) 
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