








69 

 

 

 

 
 

Figure 3.8  Maximum F/F0 and area under the curve analysis for cultures subjected to 50% strain at a strain rate of 20s
-1

 with and 

without TTx pretreatment.  Student’s t-test found the two groups to be statistically different (p < 0.05). 
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Figure 3.9  Figure represents maximum F/F0 and area under the curve analysis for cultures pretreated with 1µM TTx.  Cultures were 

exposed to 50% strain at three different rates.  Modulation of strain rate showed increases in both maximum F/F0 and area under the 

curve for strain rates >20s
-1 

despite pretreatment with 1µM TTx.  These results were found to be statistically significant (p < 0.05). 
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injury group.  At slower rates, cultures behaved by exhibiting slow [Ca
2+

]i oscillations 

that, generally, returned to baseline.  When cultures in this injury group were injured at a 

higher strain rates, the cells experienced steep rises in [Ca
2+

]i and did not show signs of 

[Ca
2+

]i oscillations.   The maximum F/F0 between the slow and rapid rate group was 

found to be statistically different (p < 0.05) as was area under the curve analysis (p 

<0.05).  Neither rate in the 60% injury group produced [Ca
2+

]i oscillations; neither group 

returned to baseline fluorescence within the measurement period.  Both groups showed 

steep increases in F/F0.  When compared, maximum F/F0 and area under the curve for 

both groups were statistically different (p < 0.05). 

The data clearly show two phenomena. Foremost, at a single strain rate, the 

[Ca
2+

]i of injured neurons increased as applied strain is increased.  More importantly, 

however, the data shows that as strain rate was increased, Ca
2+

 response of injured 

neurons was exacerbated in each injury group.  This suggests that forces exerted on 

cultures during mechanical injury may produce similar results under different loading 

conditions; i.e., cells that experience a low strain, high strain rate injury may experience 

similar pathology, dysfunction and viability as that of cells that experience a high strain, 

low strain rate injury.  Consequently, when statistical analysis was done to compare the 

area under the curve and maximum normalized intensity for the 20% strain group injured 

at a strain rate of 70s
-1

 and the 40% group injured at a strain rate of 30s
-1

, there was no 

statistical difference between the two groups (p >0.05).  This was also found to be true of 

the maximum F/F0 of cultures exposed to 40% strain at a strain rate of 70s
-1

 and cultures 

exposed to 60% strain at a strain rate of 30s
-1

 This suggests that cultures injured at lower 

strains (20-40%) may experience injury responses similar those injured at higher strains 
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(+60%) by simply altering the strain rate.  Two-way ANOVA showed that both strain and 

strain rate had an effect on both the max F/F0 and area under the curve.  Two-way 

ANOVA also indicated that strain and strain rate showed a significant interaction with 

each other. 

Iwata et al., (2004) proposed a mechanism for TTx blocking of [Ca
2+

]i elevation.  

During injury, mechanical perturbation  of the cell causes voltage gated sodium channels 

to open causing neurons to become depolarized.  This depolarization activates voltage 

gated calcium channels allowing Ca
2+

 to enter the cell.  Due to the nature of the injury 

process, the cell eventually becomes overwhelmed by a massive influx of Ca
2+

.  This 

elevated level of Ca
2+

 activates proteases and other enzymes.  These proteases and 

enzymes begin a deleterious process, which ultimately ends in cellular dysfunction and/or 

cell death. 

TTx proved capable of significantly reducing increases in [Ca
2+

]i.  When 

compared to cultures not treated with TTx prior to injury, the two groups were found to 

be statistically different (p < 0.05).  When strain rate was increased, TTx was no longer 

capable of blocking rises in [Ca
2+

]i.  Cultures pretreated with TTx and injured at strain 

rates > 20s
-1

 showed a significant rise in [Ca
2+

]i.  Maximum F/F0 and area under the curve 

of these cultures were found to be statistically different (p < 0.05) when compared to 

pretreated cultures exposed to 50% strain at a strain rate of 20s
-1

.  This data suggests that 

at high strain rates, the TTx block of voltage gated sodium channels no longer affects the 

fluorescent response of injured neurons.  It is possible to speculate that an alternative 

means of elevating [Ca
2+

]i of the cell may be activated.  Wolf et al., (2001) demonstrated 

that the fluorescent response is due to an external source of Ca
2+

 and is not a result of 
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release of intracellular stores of Ca
2+

.  However, because of the observed changes in 

fluorescent response as strain rate is increased, it is possible that a completely different 

type of injury, governed by different mechanisms, is being observed.  Therefore, one 

could speculate that at high strain rates, it is possible that the exacerbated response is due 

to release of intracellular Ca
2+

 stores. 

TTx reversibly blocks voltage gated sodium channels.  An alternative hypothesis 

is that the forces generated by high strain rate injuries are strong enough to reverse the 

TTx block on sodium channels. 

The work described in Yuen et al. (2009), characterized injury conditions that 

yielded no [Ca
2+

]i increases and described them as sub-threshold injuries (< 5% strain).  

However, repeated sub-threshold insults, within an appropriate refractory period, elicited 

exacerbated levels of [Ca
2+

]i analogous to injuries on the order of 20% strain.  The data 

presented in this study, while different in nature, holds the same underlying principle; 

characterizing loading conditions of traumatic brain injury models is a complex system 

with many variables.  Characterizing severity of brain injury may not be as concrete 

when one considers the rate of injury.  In light of the data presented, injuries that were 

once categorized as "mild" might actually be considered to be moderate or severe.  

Different mechanical loading of cells can yield similar responses with respect to the 

measurement technique used.  These considerations become important when applying the 

data to larger in vivo and clinical models. 
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CHAPTER 4  

EFFECT OF ACUTE STRETCH INJURY ON ACTION POTENTIAL AND 

NETWORK ACTIVITY OF RAT NEOCORTICAL NEURONS IN CULTURE 

4.1 Background and Significance 

In human patients and animal models, traumatic brain injury (TBI) can cause deficits in 

motor, cognitive, and behavioral function including problems with memory, attention, 

and task execution (Ashman et al., 2006; Goforth et al., 2011).  These dysfunctions may 

reflect neuronal loss (Ellis et al., 1995; Magou et al., 2011), disconnection of critical 

network circuitry, or changes in synaptic activity (Zhang et al., 1996; Goforth et al., 

1999; Kao et al., 2004; Cohen et al., 2007; Goforth et al., 2011).  Changes in synaptic 

activity may reflect an imbalance in the relationship between excitatory and inhibitory 

signaling in cells (Cohen et al., 2007) 

N-methyl-D-aspartate receptor (NMDA) and the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor are responsible for the primary excitatory 

currents at the synapse.  These currents promote excitatory post-synaptic potentials 

(EPSPs) necessary for signal transduction.  Prior research has been aimed at investigating 

the effects of stretch injury on the function of these receptors and their kinetics. 

A mechanical injury system (Ellis et al. (1995), similar to the system described in 

Chapter 2, has been used to show that there are significant changes in NMDA receptors 

after injury (Zhang et al., 1996).  This study illustrated that following mechanical injury 

NMDA receptors of injured neurons showed a large increase in conductance at 
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and the glutamate receptor antagonist kynurenic acid (3mM).  All network activity was 

blocked shortly after administration of bicuculline and kynuernic acid.  Also, cells 

exhibited a small hyperpolarization during application of drugs (Figure 4.2, right). 

4.3.2 Comparison of Passive Membrane and Action Potential Properties 

Resting membrane potential, membrane resistance, threshold for action potential, and 

action potential amplitude were recorded for non-injured and injured neurons, (Table 

4.1).  Passive membrane properties, measured as resting membrane potential (RMP) and 

input resistance (Rm), as well as action potential threshold and amplitude were not 

significantly different in injured neurons. 

Table 4.1  Table showing passive and action potential properties.  Differences between 

injured and non-injured neurons did not reach significance. 

 

 Non-Injured (n=10) Injured (n=10) 

Passive Membrane Properties 

RMP (mV) -40 ± 7 -39 ± 5 

RM (GΩ) 0.92 ± 0.60 1.27 ± 0.83 

Action Potential Properties 

Threshold (mV) -38 ± 3 † -35 ± 1 

Amplitude (mV) 64 ± 14 69 ± 10 

4.3.3 Stretch Injury Reduces Spontaneous Electrical Activity 

Cultures were exposed to 60% strain (n=16) at a rate of 30s
-1

.  Control measurements 

were taken outside of the stretch zone (n=13).  Typical tracings of injured and non-

injured cultures are shown in Figure 4.3. 
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Figure 4.2  Effect of 100µM bicuculline and 3mM kynurenic acid on spontaneous electrical activity. 
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Figure 4.3  Recordings of spontaneous electrical activity in non-injured and injured neurons. 
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Spontaneous events were counted and placed into two categories: action 

potentials and sub-threshold events, (Table 4.2).  Sub-threshold events were defined as 

events that caused the cell to depolarize but not reach the threshold for AP generation. 

Table 4.2  Frequency of sub-threshold depolarizations and APs during a 150s recording 

period.  Differences between non-injured and injured neurons that were found to be 

statistically significant via a Mann-Whitney U test (p < 0.05) are indicated with *. 

 

 Non-Injured Injured 

Sub-threshold 78 ± 67 70 ± 31 

Action Potentials 83 ± 54 28 ± 26* 

Total 161 ± 95 98 ± 44 

 

Frequency of action potential firing was calculated as "action potentials/min" for 

each recording and compared, (Figure 4.4).  Generally, non-injured neurons displayed 

higher frequencies of spontaneous action potential firing than injured neurons.  Data are 

displayed by group (non-injured vs. injured) and by experimental day to illustrate that 

despite the variability between experimental days, significant differences are observed. 

4.3.4 Action Potential Firing Pattern 

Spontaneous recordings were further analyzed to investigate whether firing patterns 

within each group differed.  This was done by analyzing the inter-AP interval for each 

event in a spontaneous recording session.  Inter-AP interval was defined as the amount of 

time between the current AP in a trace and the previous AP.  Inter-AP interval for all 

traces in each group were accumulated and plotted in histograms (Figure 4.5). 

This data was also plotted as a normalized cumulative distribution function, 

(Figure 4.6) to identify if the two populations were significantly different. 
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Figure 4.4 Action potential (AP) frequency by group and experimental day (ED). 

Significance was determined by a Mann-Whitney U test (p < 0.05) and is indicated by *. 

4.3.5 Analysis of Bursting Activity 

Distribution analysis of inter-AP intervals indicated that uninjured cultures exhibited a 

large number of events with inter-AP intervals of 0-2s.  For this analysis, a bursting event 

was defined as an event that had an inter-AP interval ≤ 1s.   A representative burst is 

illustrated in Figure 4.7. 

For each cell (n=13 non-injured, n=16 injured) the number of bursts were counted 

and distribution of bursting activity within each group was analyzed.  Data were plotted 

in histograms illustrating the distribution of the cell-by-cell busting activities  in each 

group, (Figure 4.8).  Average number of bursts per cell was calculated and is represented 

in Table 4.3. 
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Figure 4.5  Histograms showing the distribution of inter-AP intervals observed  in non-injured (n=13) and injured neurons (n=16). 
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Figure 4.6  Normalized cumulative distribution plot.  Kolmogorov-Smirnov test yields 

that the distributions are significantly different (p < 0.05) 

 

4.3.6 Analysis of Action Potential Waveform Properties 

4.3.6.1 Analysis of Spontaneous Action Potentials. For each cell (n=13 non-

injured, n=16 injured) a representative action potential, during spontaneous activity 

recording was chosen.  Action potential duration at 50% amplitude (APD50) and 90% 

amplitude (APD90) was calculated for each action potential (Figure 4.9). 

APD50 for non-injured and injured neurons appeared to remain unchanged as a 

result of stretch injury.  However, APD90 of injured neurons was significantly increased, 

(Figure 4.10). 
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Table 4.3  Table showing spontaneous burst activity properties.  Significance determined 

with a Mann-Whitney U test is indicated by *. 

 

 Non-Injured Injured 

Cells tested 13 16 

Bursting cells 13 13 

Bursts per cell 50 ±52 12 ± 19* 

 

 
 

Figure 4.7  Trace of a representative burst during recording of spontaneous electrical 

activity. 
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Figure 4.8  Histograms showing the cell-by-cell counts of bursting activities observed in each 150 sec recording period.
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Figure 4.9  Method for calculating action potential duration (APD).  50% and 90% 

amplitude were calculated with respect to the peak of the action potential. 

 

 
 

Figure 4.10  APD50 and APD90 of spontaneous APs. Significance was determined by a 

Mann-Whitney U test. (p < 0.05) as indicated (*). 

 

The increase in APD90 of injured cultures warranted further investigation.  Further 

inspection of spontaneous action potential recordings yielded the occurrence of three 

types of action potentials waveforms common to both non-injured and injured neurons 

(Figure 4.11).  Waveform I exhibited strong after hyperpolarization (AHP).  Waveform II 
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did not have an after hyperpolarization.  Instead during action potential repolarization, a 

secondary depolarization occurred before the membrane potential reached baseline levels.  

This second depolarization decayed  slowly and lasted anywhere from 150-400ms.  

Waveform III also did not have an after hyperpolarization, but rather returned to baseline 

slowly.  Generally, Waveform III showed APD90 greater than Waveform I but less than 

Waveform II. 

Census of action potential waveforms was taken for each cell (n= 13 non-injured, 

n= 16 injured) and presented in Table 4.4.  Cells commonly exhibited one or more action 

potential styles. Therefore, a census was done by noting presence or absence of each type 

of action potential in a cell. 

Table 4.4  Census of each AP waveform observed in non-injured and injured neurons.  

Some cells displayed more than one AP waveform. Significance was determined by a 

two-way Chi-square analysis and is indicated by *. 

 

 Waveform I Waveform II Waveform III 

Non-injured 10 5 11 

Injured 1 16 14 

p < 0.05 * * - 

 

 

4.3.6.2 Analysis of Stimulated Action Potentials. For each cell (n=13 non-injured, 

n=16 injured) action potentials were measured via stimulation with a brief (3ms) 

depolarizing current (100-400pA).  A representative action potential was chosen for each 

cell.  APD50 and APD90 was calculated for each action potential, (Figure 4.9). 



90 

 

 

 

 
 

Figure 4.11  Representative action potentials of the three types of waveforms observed in spontaneous action potential recordings. 
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APD50 and APD90 were found to be similar in both groups (Figure 4.12). 

 

 
 

Figure 4.12  APD50 and APD90 for stimulated APs in non-injured and injured neurons. 

 

4.4 Discussion 

This study focused on exploring electrical activity of stretch injured neuronal cultures.  

Primary focus for this analysis was to determine if changes in the behavior of the 

neuronal network and action potentials occurred subsequent to stretch injury.  The most 

critical finding in this study was that spontaneous network activity was depressed as a 

result of mechanical injury.  Injured cultures showed a 66% reduction in spontaneous 

action potential frequency after mechanical injury (p < 0.05).  Despite the cell-to-cell 

variability found in the data, (Figure 4.4) it was evident that non- injured neurons 

generally exhibited higher action potential firing frequencies than injured neurons.  Since 

it was verified that spontaneous action potential firing was a result of synaptic network 

activity (Figure 4.2), variability between experimental days might be attributed to 

variability in cell plating density. 
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Since, changes in synaptic activity showed severely depressed rates of firing, it is 

logical to speculate that these same changes could also yield different firing patterns.  

When the distribution of inter-AP interval was compared (Figure 4.5), initial observation 

showed a large decrease in overall number of events in neurons that had been 

mechanically injured.  More importantly, the histograms show a clear difference in the 

level of activity within the 0-2s inter-AP interval range.  The cumulative distribution plot 

showed that injured neurons not only exhibit reduced firing rates, but also exhibit an 

overall pattern of spontaneous action potential activity. 

These findings point toward a change in bursting activity, a point confirmed by 

analysis of bursting activity.  Injured neurons also exhibited a lowered average number of 

bursts per cell (p < 0.05), (Table 4.3).  Distributions of bursting on a cell-by cell basis 

showed that most injured neurons exhibited less than 10 bursts per recording session, 

whereas non-injured neurons exhibited higher numbers of bursts per recording and, as a 

population, spanned a larger range of bursting frequencies, (Figure 4.8). 

Aside from changes in network activity, changes were observed in the waveform 

of spontaneous action potentials.  No changes were seen in APD50, however, APD90 of 

injured neurons was much greater than that of non-injured neurons (Figure 4.10).  When 

the waveforms were compared, injured cultures showed almost no incidence of action 

potentials with an after hyperpolarization (Waveform I).  Rather, the action potential 

most prominent for injured neurons was Waveform II.  the incidence of Waveform II was 

found to be statistically different between the two groups, (Table 4.4).  Waveform II 

shows the activation of a depolarizing current not seen in Waveform I or III.  However, it 

is interesting to note that these changes were not seen in stimulated action potentials 
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(Figure 4.12).  Non-Injured and injured neurons showed no statistical difference in APD50 

or APD90. 

Changes in the repolarization of neurons may suggest that there are changes in 

repolarizing currents being expressed in a cell.  Currents that are widely known to be 

responsible for repolarization and after hyperpolarization in neurons are K currents 

(Storm, 1987; Wu & Barish, 1992; Korngreen & Sakmann, 2000).  However, since the 

changes in action potential waveform do not translate to stimulated action potentials, it is 

likely that the change is due to alterations in regulation of K channel kinetics rather than 

changes in channel number or function.  It is also possible that by eliciting action 

potentials via current stimulation, the effects of injury seen in the APD90 of injured 

neurons may go unseen.  Additionally, spontaneous recordings were done with no 

disturbances to the cell's native state.  Stimulated action potentials were collected at a rate 

of 1 Hz.  This may have created an artificial "steady-state" of activity in cells, thereby 

negating the natural state of the cell and masking the changes seen in spontaneous APD90. 

Furthermore, no changes were seen in resting membrane potential, input 

resistance, threshold, or action potential amplitude.  This indicates that injured cells did 

not exhibit signs of compromised membrane integrity, changes in passive ionic currents, 

or ability to fire action potentials.  The changes seen in this study point to overall changes 

in network activity in the form of depressed bursting and spontaneous AP firing.  In 

addition, changes seen in APD90 suggest a possible change in the kinetics of repolarizing 

K
+
 currents. 
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CHAPTER 5    

DISCUSSION AND CONCLUSIONS 

In Chapter 1, the author proposed the notion of exploring the effects of strain rate more 

closely.  In order to do this, a system that could achieve high strain rates while controlling 

strain and strain rate accurately and independently needed to be designed.  The system 

showed the ability to accurately and reproducibly control both pressure pulse magnitude 

and rate of delivery.  Testing done on cultured neurons showed morphologies and 

compromised cell viabilities similar to that published in the literature (Smith et al.,1999; 

Wolf et al., 2001; Iwata et al., 2004).  The system is able to achieve strain rates > 100s
-1

. 

Changes in intracellular Ca
2+

 levels were used as an indicator for severity of 

injury.  Studies done on the effects of rate showed a change in the injury response at each 

strain level.  Maximum F/F0 of the 20% injury group showed no significant differences 

when strain rate was modulated.  However, when the time course intensity traces were 

compared, there were clear differences in the behavior.  The 30s
-1

 group exhibited slow 

oscillating fluorescent peaks that returned to baseline intensity, whereas the 70s
-1

 showed 

rapid spiking and sustained elevation of [Ca
2+

]i.  To further characterize this behavior, 

area under the curve was examined for each time course intensity trace.  When compared, 

the 30s
-1

 and 70s
-1

 group statistical statistically different (p < 0.05). 

A similar phenomena was seen with the 40% injury group.  At slower rates, 

cultures behaved by exhibiting slow oscillations that, generally, returned to baseline.  

When cultures in this injury group were injured at a rapid rate, the cells experienced steep 
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rises in Ca
2+

 and did not show signs of Ca
2+

 oscillations.  This behavior may reflect the 

threshold at which cells are capable of responding to injury.  The forces produced from 

an injury of 40% strain at a rate of 70s
-1

 may elicit a Ca
2+

 response that exceeds the 

buffering capabilities of the cell. 

The same could be said about the 60% group.  When injured at a strain of 60%, 

neither group rate produced fluorescent Ca
2+

 oscillations.  All cultures displayed a steep 

rise in Ca
2+

 fluorescence, much greater than that of the 20% and 40% groups, and did not 

return to baseline within the measurement period.  60% strain may also represent a 

threshold for cell response to injury. 

It is clear from the data that both rate and strain rate contribute to the injury 

response of stretch injured neurons.  One underlying concept in this project was the idea 

that injuries at lower strains but higher rates could elicit cellular responses similar that of 

a high strain low strain rate injury.  When statistical analysis was done to compare the 

area under the curve for the 20% strain group at a strain rate of 70s
-1

 and the 40% group 

at a strain rate of 30s
-1

, there was no statistical difference between the two groups (p > 

0.05).  This implies that (based on Ca
2+

 response) the cultures experienced similar 

injuries under different loading conditions. 

In terms of strain, it is clear that 40% and 60% represent the upper bound for Ca
2+

 

response in stretch injured neurons.  The 20% strain group and 40% strain 30s
-1

 rate 

group were the only experiments that exhibited clear fluorescent Ca
2+

 oscillations.  It 

would be interesting to return to these experiments to investigate the effect of rate at 

lower strains.  Sub-threshold strain levels that do not yield a Ca
2+

 response, such as those 
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described in Yuen et al. (2009), could be tested.  The strain rate could be modulated at 

these strain levels to elicit an injury damaging enough to produce a Ca
2+

 response. 

TTx experiments confirmed two main points.  Pretreatment with TTx indeed 

reduces intracellular entry of Ca
2+

 after stretch injury.  However, when the rate of injury 

was increased, TTx was no longer capable of completely blocking the Ca
2+

 response.  A 

supplemental study could be done to see if this effect is a result of the inefficacy of TTx 

or an alternative mechanism of Ca
2+

 elevation in rapidly stretch injured neurons.  

Cultures could be pretreated with TTx and injured under two conditions; in the presence 

of 0mM Na
+
 or in the presence of 0mM Ca

2+
.  Under these conditions, it could be 

elucidated if the effect is a result of TTx no longer blocking voltage gated sodium 

channels or the possibility of an alternative method of Ca
2+

 entry into the cytosol.  It is 

quite possible that high strain rate injuries have exacerbated effects on alternative 

methods of Ca
2+

 entry such as those mentioned in Wolf et al. (2001) (P/Q and N-type 

voltage gated Ca
2+

 channels and Na
+
-Ca

2+
 exchanger). 

Investigation of network activity and action potential properties yielded two major 

findings.  First, there was a decrease in spontaneous electrical activity of injured neurons.  

Injured neurons not only showed a decrease in rate of action potential firing, but changes 

in bursting activity.  It is unknown what the mechanism behind depression of 

spontaneous action potential firing is.  However, knowing that these action potential are a 

product of synaptic activity, one could speculate that this phenomenon is similar to the 

results seen in Goforth et al. (2011).  It would be interesting to combine the 

pharmacological agents used in Wolf et al. (2001) and Iwata et al. (2004) to investigate 

the possibility of preventing synaptic activity depression after injury.  Neurons could be 
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injured in the presence of TTx, and ω-conotoxin MVIIC.  Pharmacological agents can be 

washed off prior to spontaneous activity recordings to see if network activity remained 

intact. 

Kao et al., 2004 showed that GABAA potentiation is severely increase after 

stretch injury indicating that there is a high potential for inhibition in injured neurons.  

Goforth et al 2011 showed that synaptic activity could be restored by blocking GABAA 

receptors with bicuculline methiodide (BMI).  It would be interesting to see if 

spontaneous action potential firing could be restored by treating cells with BMI after 

stretch injury.  One could speculate that positive results may suggest an over expression 

of GABAA channels and in parallel testing could be done to test this hypothesis. 

In conclusion the work done here may be used to begin to describe the processes 

involved in and affected by stretch injury.  It has been shown that strain rate is an 

important factor to consider in the injury process and in characterizing the injury model.  

Electrophysiological data strongly suggest the depression of spontaneous electrical 

activity after stretch injury.  While it has not yet been looked at, it would be important to 

investigate these results under the strain rate paradigm. 
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