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Abstract 

Cerebral blood vessels are vital to maintaining the health of the brain. Traumatic brain 

injury (TBI) commonly results in autoregulatory dysfunction and associated failure of cerebral 

vessels to maintain homeostasis in the brain. While post-injury changes to brain biochemistry are 

known to contribute to this dysfunction, tissue deformation may also directly alter vascular 

smooth muscle cell (SMC) function. As a first step toward understanding stretch-induced 

dysfunction, this study investigates the effect of overstretch on the contractile behavior of SMCs 

in middle cerebral arteries (MCAs). We hypothesized that vessel function is altered above a 

threshold of stretch and strain rate. 

Twenty-four MCAs from Sprague Dawley rats were tested. Following development of 

basal SMC tone, vessels were subjected to increasing levels of isosmotic extracellular potassium 

(K+). Samples were then subjected to an axial overstretch of either 1.2*λIV or 1.3*λIV at strain 

rates of 0.2 s-1 or 20 s-1. Following overstretch, SMC contractile behavior was measured again, 

both immediately and 60 minutes after overstretch. Control vessels were subjected to the same 

protocol but without overstretch. SMC contractile behavior was characterized using both percent 

contraction (%C) relative to the fully dilated inner diameter and the K+ dose required to evoke 
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the half maximal contractile response (EC50). Control vessels exhibited increased sensitivity to 

K+ in successive characterization tests, so all effects were quantified relative to the time-matched 

control response.  

Samples exhibited the typical biphasic response to extracellular K+, dilating and 

contracting in response to small and large K+ concentrations, respectively. As hypothesized, 

axial overstretch altered SMC contractile behavior, as seen in a decrease in %C for sub-maximal 

contractile K+ doses (p<0.05) and an increase in EC50 (p<0.01), but only for the test group 

stretched rapidly to 1.3*λIV. While the change in %C was only significantly different 

immediately after overstretch, the change to EC50 persisted for 60 minutes. These results 

indicate that deformation can alter SMC contractile behavior and thus potentially play a role in 

cerebrovascular autoregulatory dysfunction independent of the pathological chemical 

environment in the brain post-TBI.   

 

Keywords: traumatic brain injury; rat cerebral blood vessels; autoregulatory dysfunction; damage 

 

1 Introduction 

Traumatic brain injury (TBI) is a devastating cause of disability, leading to an estimated 

53,000 deaths annually in the United States alone (Coronado et al., 2011), with the incidence of 

TBI increasing significantly across the globe (Maas et al., 2008). While this death toll is 

staggering, the majority of the estimated 2.4 million annual cases in the United States (CDC, 

2013) result in survival, highlighting the importance of clinical methods to reduce the risk of 

secondary complications.  
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The cerebrovasculature plays a critical role in the maintenance of the healthy brain. 

Specifically, the ability of the cerebral vessels to generate intrinsic tone in the smooth muscle 

cells (SMCs) (Ursino, 1994), and then to alter that level of tone to maintain appropriate cerebral 

blood flow (CBF), is vital to the maintenance of homeostasis in the brain (Lassen, 1974;Ursino, 

1994). This process, known as autoregulation, is often disrupted following TBI (Martin et al., 

1992;Golding et al., 1999a;Zubkov et al., 2000;Golding, 2002;Kenney et al., 2016), resulting in 

unfavorable clinical outcomes (Robertson et al., 1992;Czosnyka et al., 1996).  Autoregulation is 

accomplished through multiple mechanisms (Johnson, 1986;Udomphorn et al., 2008). 

Endothelial cells (ECs) can release compounds to produce both vasodilation and vasoconstriction 

(Armstead, 1999;Hamel, 2006;Seals et al., 2011). Smooth muscle cell function can also be 

directly affected by mechanical signals (Bayliss, 1902;Davis, 1993;Osol et al., 2002), a process 

known as myogenic contraction, as well as by non-endothelial chemicals (Kontos et al., 

1977;Talman and Nitschke Dragon, 2007). For example, potassium (K+) in surrounding tissue 

interacts directly with SMCs to produce either dilation or contraction.  

Previous experiments have demonstrated vascular dysfunction following TBI. In vivo 

studies have shown that both EC-mediated dilation (Ellison et al., 1989;Kontos and Wei, 

1992;Toklu et al., 2015) and myogenic pressure response (Golding et al., 1998a;Mathew et al., 

1999) are impaired after TBI. However, some in vitro studies have shown no change in function 

in vessels removed quickly from the brain post-TBI (Bukoski et al., 1997;Golding et al., 1999b). 

This has led some to conclude that dysfunction following TBI is not due to mechanical damage 

to the vessels but is instead associated with the milieu of the injured brain. However, it should be 

noted that vessels tested in vitro following TBI were taken from a portion of the brain either far 

removed from the site of injury (Bukoski et al., 1997) or where the mechanical deformation 
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experienced by the tested samples was not well defined (Golding et al., 1999b). Therefore, these 

studies do not directly address mechanical damage as a potential contributor to autoregulatory 

dysfunction.  

Mechanical injury of the cerebrovasculature might be expected to alter both passive 

mechanical properties and cellular function through damage to the extracellular matrix and cells, 

respectively. Our group has previously shown that the passive mechanical properties of cerebral 

vessels are altered following in vitro axial stretch beyond the in vivo length (Bell et al., 2015). 

Others have shown that the degree of TBI-induced autoregulatory dysfunction in rats, along with 

the time frame for the onset of that dysfunction, are dependent on impact velocity in closed head 

injury (Prat et al., 1997). This suggests a role for mechanics in cellular dysfunction but may also 

simply indicate that more dysfunction results from a more severe injury.  

The objective of the current study was to begin to define the role of mechanics in 

cerebrovascular dysfunction by evaluating the contractile behavior of isolated rat middle cerebral 

arteries (MCAs) before and after axial overstretch. We hypothesized that subfailure mechanical 

deformation would induce a change in the contractile behavior of rat MCAs that would be 

dependent upon both the level and rate of applied overstretch. While many pathways of 

dysfunction could be explored, we chose to evaluate SMC function directly by measuring vessel 

response to increasing levels of isotonic (Golding et al., 2000) extracellular potassium (K+), a 

pathway independent of the endothelium.  

 

2 Methods 

2.1 Sample acquisition and preparation 
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The right MCA was dissected from 24 male Sprague Dawley rats (371 ± 24 grams). All 

procedures met the requirements established by the Institutional Animal Use and Care 

Committee at the University of Utah. Rats were euthanized through isoflurane overdose and 

decapitation. The brain was immediately removed and placed in 5◦ C physiological saline 

solution (PSS) for dissection of the MCA (Donato et al., 2007). Side branches were ligated with 

individual fibrils from unwound 6-0 silk suture. The MCA was cannulated with glass needles 

approximately 200 μm in diameter and secured with 11-0 monofilament nylon suture.  Ceramic 

coated forceps (Roboz Surgical Instruments, Gaithersburg, MD) were utilized for dissection and 

mounting in order to prevent any depolarization of SMCs via environmental static electricity. 

2.2 Test Apparatus 

The cannulated MCA was mounted horizontally in a temperature controlled (37◦ C) PSS 

bath. The bath included a glass window in its base for light and a submersible glass viewing 

window above the MCA. One needle was stationary during testing but was mounted to an X-Y 

stage (MS-125-XY, Newport, Irvine, CA) that allowed fine adjustment for needle alignment. The 

other needle was mounted to the tester via a horizontal, low friction sled that was connected to a 

voice coil actuator (MGV52-25-1.0, Akribis, Singapore). The actuator moved the proximal 

needle horizontally along the sled track, axially stretching the MCA. Actuator position was given 

by a digital encoder (resolution 1.0 μm). A digital video camera (PL-A641, Pixelink, Ottawa, 

Canada) mounted to a light microscope (Ziess 2000C, Carl Zeiss Microscopy, Thornwood, NY) 

recorded vessel deformations during testing. The MCA was perfused with warm PSS originating 

from a hanging, open syringe to provide fluid pressure. The fluid path passed through the 

proximal needle, mounted MCA, and the distal needle, to a closed valve that prevented flow. 

Inline pressure transducers (26PCDFM6G, Honeywell, Golden Valley, MN) were located both 
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proximal and distal to the mounted MCA, equidistant from the vessel. The average between 

these two transducers was taken to be the pressure inside the MCA, or the luminal pressure. A 

custom LabVIEW program (National Instruments, Austin, TX) provided test control and data 

and video acquisition. Vessel diameter was estimated using an edge detection tool that utilizes a 

histogram of pixel intensity along a line perpendicular to the long axis of the mounted vessel. 

Each estimated diameter was derived from the average of multiple lines (Vision Assistant, 

National Instruments). 

2.3 Test Procedure 

After mounting the MCA, luminal pressure was slowly raised from 2 kPa to the testing 

pressure of 6.65 kPa (50 mmHg) in approximately 0.5 kPa increments every 5 minutes. During 

this period, the length of the vessel was also gradually increased to the approximate in vivo 

length (λIV), corresponding to an axial stretch of λz = 1.1 (Bell et al., 2013). Once the MCA 

reached test pressure, it was allowed to equilibrate for 40 minutes in order to develop basal 

smooth muscle tone. Vessels that failed to develop basal tone or that leaked were discarded. 

Throughout the entire duration of MCA testing, the PSS in the bath was changed at least every 

20 minutes.  

The MCA was then subjected to a K+ dose response test to characterize the sample 

specific baseline response. Serially increasing doses of K+ were applied externally by changing 

the PSS in the bath for PSS with altered K+ concentrations but equivalent osmolarity. After 5 

minutes of exposure to each K+ concentration (10, 30, 40, 60, and 100 mM), the inner diameter 

was measured from images. Following a complete K+ dose response test, the bath was rinsed and 

the MCA was allowed to equilibrate for 30 minutes to allow basal tone to redevelop.  
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Following the re-equilibration period, the MCA was stretched beyond its in vivo length to 

one of two stretch levels (λz = 1.2*λIV or 1.3*λIV) at one of two strain rates (0.2 or 20 s-1), giving 

4 overstretched sample groups (n=4 or 5 each). The K+ dose response test was then repeated 

twice more with a 30 minute equilibration period in between, providing a characterization of 

SMC contractility initiated both immediately and 60 minutes after overstretch. After the final 

dose response test, the bath PSS was replaced by an isosmotic calcium free PSS (Donato et al., 

2007), and the MCA was allowed to dilate for 30 minutes to obtain a maximum diameter 

measurement. Finally, to ensure complete dilation, sodium nitroprusside (SNP: 10-4 mM) was 

added to the bath. The fully dilated inner diameter was measured from images once the diameter 

was stable, approximately 3 minutes after SNP exposure. To ensure that any changes following 

overstretch were not simply due to MCA degradation, time matched control tests were performed 

without overstretch (n=5).  

2.4 Data analysis 

The results of K+ dose response tests were quantified using percent contraction (%C), 

calculated as (Eq. 1):  

%𝑪𝑪 =
(𝑫𝑫𝑴𝑴 − 𝑫𝑫𝑪𝑪)

𝑫𝑫𝑴𝑴
∗ 𝟏𝟏𝟏𝟏𝟏𝟏 (1) 

where DM is the maximum dilated inner diameter and DC is the current measured inner diameter. 

With this definition, percent contraction, %C, is 100% for a closed lumen and 0% for a fully 

dilated lumen. Because the observed baseline level of contraction varied dramatically from 

sample to sample, we also compared the post-overstretch contraction of each specimen to its 

baseline value at the same K+ dosage by calculating Δ%C (Eq. 2). 
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𝜟𝜟%𝑪𝑪 = (𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷-𝑷𝑷𝒐𝒐𝒐𝒐𝒐𝒐𝑷𝑷𝑷𝑷𝒐𝒐𝒐𝒐𝑷𝑷𝒐𝒐𝒐𝒐 %𝑪𝑪) − (𝑷𝑷𝒐𝒐𝒐𝒐-𝑷𝑷𝒐𝒐𝒐𝒐𝒐𝒐𝑷𝑷𝑷𝑷𝒐𝒐𝒐𝒐𝑷𝑷𝒐𝒐𝒐𝒐 %𝑪𝑪) (2) 

Additionally, the K+ dosage resulting in half maximum contraction (EC50) was also 

calculated by fitting the normalized dose response data (excluding baseline values) to a four-

parameter logistic function (Eq. 3) (Finney, 1976;Jiang and Kopp-Schneider, 2014). 

𝒚𝒚 = 𝒎𝒎𝒎𝒎𝒎𝒎 +
(𝒎𝒎𝒎𝒎𝒎𝒎 −𝒎𝒎𝒎𝒎𝒎𝒎)

�𝟏𝟏 + 𝒎𝒎𝒂𝒂𝑷𝑷 � 𝒎𝒎
𝒍𝒍𝑷𝑷𝒍𝒍𝟏𝟏𝟏𝟏(𝑬𝑬𝑪𝑪𝑬𝑬𝟏𝟏)�

𝑯𝑯𝒎𝒎𝒍𝒍𝒍𝒍𝑷𝑷𝒍𝒍𝑷𝑷𝑯𝑯𝒐𝒐
�

 
(3) 

The parameters min and max are the minimum and maximum level of contraction, while x and y 

are log10 applied K+ concentration and resulting normalized %C, respectively. Hillslope is the 

slope of the central portion of the curve. Units for EC50 are mM. To normalize between testing 

groups, all %C data gathered were adjusted such that 0% still corresponded to the fully dilated 

diameter and 100% corresponded to the median maximally observed contraction over all tests 

performed in that group (pre- or post-overstretch). Further, for fitting of dose response data to 

Eq. 3, the parameters min, max, and Hillslope were held constant over all three dose response 

tests performed on that test group. The appropriateness of this constraint on the fitting 

parameters was confirmed with an F-test for parallelism between curves, as recommended by 

SigmaPlot (San Jose, CA), which showed the reduction did not statistically affect the resulting 

EC50 values. Finally, the percent change of EC50 (%ΔEC50) for post-overstretch dose response 

tests was calculated relative to the vessel specific pre-overstretch EC50 value (Eq. 4), 
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%𝜟𝜟𝑬𝑬𝑪𝑪𝑬𝑬𝟏𝟏 = 𝟏𝟏𝟏𝟏𝟏𝟏 ∗ �
𝑬𝑬𝑪𝑪𝑬𝑬𝟏𝟏𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 − 𝑬𝑬𝑪𝑪𝑬𝑬𝟏𝟏𝑷𝑷𝒐𝒐𝒐𝒐

𝑬𝑬𝑪𝑪𝑬𝑬𝟏𝟏𝑷𝑷𝒐𝒐𝒐𝒐
� (4) 

where EC50Pre and EC50Post are the EC50 values for a sample in pre-overstretch and post-

overstretch tests, respectively. 

Statistical analysis was performed to evaluate the significance of the overstretch 

parameters. For comparison of Δ%C, a Levene test was first used to determine if the variances 

were statistically different. When variances were not different, a one way ANOVA, followed by 

a Tukey-Kramer post-hoc test, was performed. For comparisons with statistically different 

variances, Welsh's ANOVA, followed by Games-Howell post-hoc tests, were performed to 

determine significance. The significance threshold used for the Levene tests, as well as for the 

various ANOVAs and post-hoc tests, was p<0.05. Both the EC50 values within a test group over 

time, as well as the %ΔEC50 between groups, were compared using one way ANOVA tests 

followed by post-hoc two way t-tests utilizing a Bonferroni correction factor, with p<0.05 

indicating significance. The EC50 and %ΔEC50 post-hoc tests required a resulting corrected p-

value below 0.01 for significance. A preliminary analysis utilizing a multivariate generalized 

linear model (MiniTab, State College, PA) showed that time after overstretch did not play a 

significant role in the metrics used, so time was excluded as an independent variable, and only 

comparisons to the time matched control values were utilized for statistical analysis. 

 

3 Results 

Twenty four arteries were successfully tested. Mean (± standard deviation) in vivo length 

and fully dilated inner diameter of these specimens were 0.61 (± 0.13) and 0.25 (± 0.02) mm, 
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respectively. The overstretch parameters and number of samples for each of the test groups are 

detailed in Table 1.  

Table 1 Summary of overstretch parameters (mean ± standard deviation) and group sizes for each test group. 
 

Test Groups N Overstretch Level (X*λIV) Strain Rate (s-1) 

Control 5 N/A N/A 

1.2*λIV Slow 4 1.18 ± 0.02 0.28 ± 0.02 

1.2*λIV Fast 5 1.20 ± 0.02 20.63 ± 0.59 

1.3*λIV Slow 5 1.32 ± 0.02 0.33 ± 0.09 

1.3*λIV Fast 5 1.31 ± 0.02 24.49 ± 1.90 

 

As increasing doses of K+ were applied, the level of observed contraction followed the 

previously observed biphasic potassium response for rat cerebral vessels (Figure 1) (Johnson et 

al., 1998;Golding et al., 2000), dilating with exposure to the lower concentration (10 mM KCl) 

and exhibiting increasing levels of contraction with higher doses (30 - 100 mM KCl).  In the 

control group, the observed levels of %C at a given K+ dosage increased with successive dose 

response tests for all but the dilatory dose (10 mM) and the maximal dose (100 mM) (Figure 2 

(A)). This change in sub-maximal %C for subsequent K+ tests was attributed to sensitization of 

the SMCs to potassium-evoked contraction.  
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Figure 1: Representative K+ dose response for a rat MCA sample (A) in terms of percent contraction 

(%C), and (B) as viewed by the camera. Characteristic biphasic response exhibits dilation to small increases of 
K+ and contraction to high K+ concentrations. Baseline KCl concentration is 4.7 mM. Scale bar at image right is 

100 µm 
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Figure 2: Δ%C (mean ± standard error) as a function of KCl concentration for (A) controls and (B-E) 

following various levels and rates of axial overstretch. Controls show changes in contractility with repeated 
exposures to identical dosing sequences. Comparison of overstretch and control groups shows that the ability of 
vessels to contract tends to be impaired following higher, faster overstretch. “*” indicates statistical difference 

from the time-matched control group measurement. 
 

Following overstretch, vessel contraction followed similar overall patterns as controls, 

except that higher and faster overstretch tended to decrease the ability of a vessel to contract 

(Figure 2). However, these changes were only statistically significant (p<0.05) for the vessels 

rapidly stretched to 1.3*λIV and only for sub-maximal contractile doses (30 - 60 mM KCl) 

immediately following overstretch. Contractions at 60 minutes post-overstretch displayed similar 

patterns but were not statistically significant, likely due to relatively high variability in the 

control group at 60 minutes. This was also true of maximal dose contractions both immediately 

and 60 minutes after overstretch. 

The four-parameter logistic function (Eq. 3) was successful at calculating EC50 for the 

various test groups, but the deviations within the groups were large (Table 2). As was observed 

for Δ%C results in controls, EC50 values decreased with repeated dose response tests for the 

http://dx.doi.org/10.1016/j.jmbbm.2016.09.028


Note: This is the accepted manuscript version of the paper. The final paper will  
be available through the Journal of the Mechanical Behavior of Biomedical Materials  
at the following DOI 10.1016/j.jmbbm.2016.09.028. 

13 
 

control group, though the reductions were not statistically significant (p=0.67). Similarly, pre- 

and post-overstretch EC50 values were not statistically different for any of the overstretch 

groups, likely due to the observed large standard deviations.  

Table 2 Best fit parameters for the four parameter logistic function used to calculate EC50 values. 
 

Test Groups 

Best Fit Parameters 

Shared Parameters  EC50 (mM) 

Min Max Hillslope  Pre-OS 0 min Post-OS 60 min Post-OS 

Control 8.44 99.97 3.22 Mean 27.57 25.25 23.90 

   St. Dev. 7.48 6.74 5.28 

1.2*λIV Slow 0.16 100.59 4.48 Mean 27.29 26.60 25.05 

   St. Dev. 7.27 7.23 5.76 

1.2*λIV Fast -0.27 101.32 2.82 Mean 30.69 28.38 28.16 

   St. Dev. 9.65 6.45 5.61 

1.3*λIV Slow 4.53 104.47 2.85 Mean 33.23 35.09 36.57 

   St. Dev. 8.41 9.88 12.80 

1.3*λIV Fast -5.10 107.09 2.24 Mean 27.26 31.54 33.01 

   St. Dev. 13.07 14.97 17.35 

 

In order to overcome these sample specific variations, %ΔEC50 values were calculated. 

The only overstretch group that showed a statistical difference relative to the time-matched 

controls was the 1.3*λIV fast group (p<0.01) (Figure 3), which agrees well with findings 

associated with Δ%C. However, in contrast to the Δ%C statistical analysis, the %ΔEC50 values 

were statistically different both immediately (p=0.0046) and 60 minutes (p=0.0072) post-

overstretch, further evidence that the lack of statistical significance in Δ%C 60 minutes post-

overstretch in this group is due to the variability in the time-matched control Δ%C data. 
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Figure 3: Percent change in EC50 for all five test groups, displayed as mean ± standard deviation. Results 

show that changes in EC50 tend to increase with higher, faster overstretch. “*” indicates statistical difference 
from the time-matched control group measurement. 

 

4 Discussion 

The goal of this study was to determine if potassium-evoked contractile behavior of 

cerebral SMCs is altered following axial mechanical stretch. Results show that axial overstretch 

at the levels tested did not affect the baseline or maximum contraction levels. However, there 

was a reduction in contractility at sub-maximal contraction levels, shown by a decrease in Δ%C 

and mirrored by an increase in EC50, but statistically significant changes were found only for the 

largest axial stretch and strain rate investigated. There was no recovery of the EC50 values over 

the 60 minutes following overstretch. This research supports the theory that TBI-induced 

autoregulatory dysfunction may be caused directly by mechanical insult, as well as by the altered 

chemical milieu in the brain (DeWitt and Prough, 2003). 

While both high stretch (1.3*λIV) and high loading rate (20 s-1) were required to produce 

statistically significant alterations in vessel response, there were clear trends between 

overstretches of 1.2 and 1.3 at both the low and high loading rates, indicating an important role 

of stretch magnitude. To put the overstretch values in context, the low and high stretch 

magnitudes used in this study coincide with approximately 65% and 85%, respectively, of the in 
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vivo stretch at failure for these vessels (Bell et al., 2013). As a result, the overstretch values used 

should be considered relatively severe. Results also indicate a dependence on loading rate. Brain 

tissue strain rates during head impact vary widely depending upon loading conditions, with a 

recent study reporting values for deep brain tissue, where deformations were not large, between 

approximately 10 and 100 s-1 (Hardy et al., 2007). Our highest rate of 20 s-1 should thus be 

considered mild, with the expectation that impairment would be more pronounced at higher 

rates.  

The K+ concentrations at which overstretch altered SMC response provide insight into 

possible mechanism for the observed changes. All test groups had unchanged levels of Δ%C for 

the baseline as well as the 10 mM K+ dilational response. At these lower concentrations of K+, it 

has been shown that the inward rectifying potassium (Kir) channels (responsible for dilation) 

dominate the SMC response (Johnson et al., 1998;Golding et al., 2000). There are no studies to-

date linking Kir channel dysfunction with the mechanical insult associated with TBI, and the 

present study appears to confirm the lack of a connection between these. While Kir channel 

impairment has been observed following ischemia reperfusion injury (Marrelli et al., 

1998;Bastide et al., 1999), it has been suggested that this observed impairment may be due to 

lower density of these channels rather than reduced channel function (Bastide et al., 1999).  

It was also observed that the Δ%C at the maximum K+ dosage was unaffected by 

overstretch, but sub-maximal levels of contraction were decreased in the test group with the 

highest and fastest overstretch. When depolarization of the SMC membrane occurs, both voltage 

sensitive calcium channels (VSCCs) and Kir channels are activated, evoking contraction and 

dilation, respectively. As noted above, the Kir channels dominate at mild levels of depolarization 

and the net result is dilation. At higher levels of depolarization (such as with K+ doses above 10 
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mM), the net result is contraction. VSCCs have an opening probability that is a continuous 

function of membrane potential, rather than having a set membrane potential opening threshold 

(Smirnov and Aaronson, 1992). As a result, their influence grows with potassium concentration, 

overwhelming the Kir channels to produce contraction at the sub-maximal levels studied. At the 

highest potassium dosage, both VSCC behavior and the structural integrity of the contractile 

mechanisms in the SMCs are expected to dictate the maximal level of contraction. In the absence 

of other potential contractile mechanisms, our observation that sub-maximal contractile behavior 

was affected by overstretch, while the maximal Δ%C was not, suggests that axial overstretch 

alters the opening probability function for the VSCCs without necessarily damaging the 

underlying contractile structures, such as the myosin-actin complexes.  

Overstretch of cerebral arteries has also been shown previously to result in an increase in 

mechanical compliance, also known as softening (Bell et al., 2015). While that previous study 

only investigated the effect of axial overstretch on the axial passive mechanical properties, the 

helical nature of collagen fibers in MCAs suggests that axially-induced microstructural damage 

would also affect the circumferential direction. The concept of axial overstretch affecting 

circumferential behavior is further supported by the observed decrease in sub-maximal 

contractile response in the current study. As noted above, this could be attributed to altered 

contractile behavior in helically oriented SMCs, but axial softening occurred with even small 

amounts of stretch beyond the in vivo level in the previous study. Although those experiments 

were conducted on sheep MCAs, it is almost certain that there were some overstretch-induced 

changes in the extracellular matrix of vessels in the present study, though it is not yet known how 

those changes might have influenced vessel contractility. As a result, the precise mechanisms 

responsible for the functional impairment observed in the present study remain undefined. 
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A limited number of previous studies have similarly investigated the response of blood 

vessels to controlled mechanical stretch. Vasospasm lasting up to 20 minutes was produced by 

manipulating subarachnoid connective tissue attached to cerebral arteries in vivo, but not when 

the vessels themselves were deformed (Arutiunov et al., 1974). Dynamic mechanical stretch 

applied directly to isolated femoral arteries has also led to vasospasm, but this was shorter in 

duration, lasting 2 minutes or less (Boock, 1991). Longer term effects, lasting at least 24 hours, 

have been observed in cultured SMCs exposed to rapid mechanical stretch (Alford et al., 2011). 

Another investigation explored K+ dose response, as in our study, of rat basilar arteries following 

in vivo blast exposure but found no change in %C or EC50 values (Toklu et al., 2015). The lack 

of any change in contraction could be related to methodological differences between studies but 

could also be due to differences in mode, magnitude, and rate of loading. Regardless, each of 

these cited studies seems to be in conflict with the present findings where smooth muscle activity 

was reduced following overstretch. However, another group similarly demonstrated impairment 

of contractility in response to KCl for up to 7 days following hyperdistension of rat carotid artery 

in vivo, though the primary loading mode in that case was circumferential (Jamal et al., 1992). 

Reasons for differences between the present and previous studies are not known, but variations 

in loading conditions and vessel type may be important factors.  

The present findings show that rapid deformation alters cerebral artery function in 

isolation, but it is not currently clear how these results might relate to TBI-induced vascular 

dysfunction. It is known that global CBF is commonly reduced following TBI (DeWitt and 

Prough, 2003). In cases with focal injury, as in controlled cortical impact, CBF has been shown 

to be particularly reduced in the region of tissue damage (Golding et al., 1998a), suggesting that 

deformation at the time of injury plays an important role in subsequent CBF reductions. In the 
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present study, however, the observed decrease in %C at sub-maximal levels appears to be 

inconsistent with a reduction in CBF. It is important to recognize that our investigation examined 

SMC contraction following rapid overstretch in the absence of the many other chemical and 

physical factors that would also be contributing to vessel behavior post-TBI. As a result, it is not 

surprising that results appear to be inconsistent with clinical observations of the injured brain as 

a whole. Findings here provide insight into one small piece of a larger puzzle that will hopefully 

be helpful in future CBF modeling efforts. Additionally, the high stretch value used in the study 

is near that required for structural failure of a vessel. If tissue throughout the brain experienced 

this level of deformation, it would be devastated and there would be little concern for vascular 

dysfunction. However, focal loading commonly produces deformations that exceed, or nearly 

exceed, structural limits of both brain and vessel tissue within relatively small regions. Findings 

from the present study are thus most relevant to such a situation where better understanding of 

vessel behavior may lead to therapies that limit the growth of a lesion. 

We chose to investigate the effect of mechanical overstretch on SMC function using 

isosmotic elevated extracellular K+ concentrations. Following TBI, there is frequently an 

increase in extracellular K+ in the brain released by neurons, as high as 50-60 mM (Takahashi et 

al., 1981;Katayama et al., 1990;Nilsson et al., 1993;Golding et al., 2000), that typically returns to 

normal within an hour (Nilsson et al., 1993). This TBI-related increase in extracellular K+ is 

hyperosmotic. It has been shown previously that the observed dilation and contraction evoked by 

hyperosmotic K+ increases are endothelium dependent, whereas isosmotic K+ increases lead to 

endothelium independent dilation and contraction (Golding et al., 2000). Therefore, isosmotic K+ 

doses were used in the present study, rather than the clinically observed hyperosmotic K+ 

increase, in order to prevent any potential mechanically induced endothelial damage from 
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corrupting the evaluation of SMC function. However, the endothelium was intact and could have 

added to some of the SMC behavior observed, but any such contributions would be expected to 

be small compared to the direct effect of K+. 

It should be noted that while the MCA was used here to determine the effect of 

mechanical overstretch on SMC function, pial arteries would typically experience larger 

deformations than the MCA during a head impact due to the interaction of the brain with the 

interior of the skull, but we expect that the behaviors of the MCA and nearby pial vessels are 

similar. Together, these vessels provide a large proportion of the overall resistance in the cerebral 

circulation (Harper et al., 1984;Faraci and Heistad, 1990) and thus protect the microvasculature 

from elevated pressures. Use of the MCA in the present study is also helpful for comparison with 

other animal models of TBI autoregulatory dysfunction where the MCA is commonly 

characterized (Bukoski et al., 1997;Golding et al., 1998a;Golding et al., 1998b;Mathew et al., 

1999;Golding et al., 2000;Bell et al., 2013). 

The internal pressure for the mounted samples was 6.65 kPa (50 mmHg). While this 

pressure is below the mean arterial pressure of 80 mmHg previously measured in rats (Barry et 

al., 1982), it is within the pressure range of autoregulation for these vessels (Golding et al., 

1998b). Further, since the myogenic response of vascular smooth muscle results in greater 

baseline contraction at higher pressures (Bayliss, 1902;Golding et al., 1998b), the lower pressure 

of 50 mmHg allows for a larger range of observable contraction upon application of elevated 

extracellular K+. This lower pressure is also similar to that used in previous TBI studies (Golding 

et al., 1999b;Toklu et al., 2015). Additionally, preliminary tests in the present study confirmed 

that a higher pressure of 10.5 kPa (80 mmHg) produced higher levels of basal %C without 

changing the maximal level of %C. Therefore, the higher pressure did not allow as wide of a 
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range on %C over which to observe stretch related changes. As this smaller range would make 

subtle changes in post-overstretch contraction more difficult to detect, the lower pressure level 

(6.65 kPa or 50 mmHg) was selected for testing. 

In summary, the reported experiments show that axial overstretch changes the contractile 

behavior of primarily circumferentially oriented vascular SMCs, independent of the altered 

chemical environment in the injured brain. While the observed differences are small, when 

combined with the mechanical softening that follows overstretch (Bell et al., 2015), these 

changes could contribute to the ongoing TBI disease state. However, the influence of 

deformation on myogenic and endothelium-mediated mechanisms of smooth muscle function 

remains to be studied. A better understanding of vessel injury may lend insight into why some 

traumatic lesions progress (Narayan et al., 2008;Simard et al., 2009) and whether some persistent 

conditions, such as mild TBI (Len and Neary, 2011) and second impact syndrome (Cantu and 

Gean, 2010;Laskowski et al., 2015), may be partially mediated by ongoing cerebrovascular 

dysfunction. Such understanding may also play a role in potential treatments for autoregulatory 

dysfunction.  
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