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Effect of Nearby Construction Activity on
Endothelial Function, Sensitivity to Nitric
Oxide, and Potassium Channel Activity in the
Middle Cerebral Arteries of Rats

Maia N Terashvili,! Kaleigh N Kozak,! Debebe Gebremedhin,! Linda A Allen,? Alison L Gifford,! Kenneth P Allen,?
Joseph D Thulin,? and Julian H Lombard"*

The present study assessed the effect of nearby construction activity on the responses of rat middle cerebral arteries (MCA)
to the endothelium-dependent vasodilator acetylcholine and the NO donor sodium nitroprusside (SNP) and the activity of
MaxiK potassium channels in MCA smooth muscle cells from male Sprague-Dawley rats. Two monitoring systems were
used to assess vibrations in the animal rooms during and immediately after construction activities near the research build-
ing where the animal facility is located. One was a commercially available system; the other was a Raspberry-Pi (RPi)-based
vibration monitoring system designed in our laboratory that included a small computing unit attached to a rolling sensor
(low sensitivity) and a piezoelectric film sensor (high sensitivity). Both systems recorded increased levels of vibration during
construction activity outside the building. During the construction period, vasodilator responses to acetylcholine and SNP
were abolished, and MaxiK single-channel current opening frequency and open-state probability in cell-attached patches
of isolated MCA myocytes were dramatically decreased. Recovery of acetylcholine- and SNP-induced dilation was minimal
in MCA from rats studied after completion of construction but housed in the animal facility during construction, whereas
responses to acetylcholine and SNP were intact in rats purchased, housed, and studied after construction. Baseline levels of
vibration returned after the completion of construction, concomitant with the recovery of normal endothelium-dependent
vasodilation to acetylcholine and of NO sensitivity assessed by using SNP in MCA from animals obtained after construction.
The results of this study indicate that the vibration associated with nearby construction can have highly disruptive effects

on crucial physiologic phenotypes.

Abbreviations: MCA, middle cerebral artery; NP , open state probability; RPi, Raspberry-Pi; SNP, sodium nitroprusside
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During the period of October 2017 through May 2018, our
institution undertook several substantial construction projects
near or within research buildings in which animal facilities are
located. Prior to the construction period, we were concerned
about the potential effects of activities on animal research, in
light of an earlier study*’ showing that previous construction
activities our institution had a deleterious effect on physiologic
responses such as cortisol secretion. Other studies similarly have
shown deleterious effects of noise and vibration on physiologic
phenotypes in research animals.>7324246555658 The effects of
noise and vibration on research animals have been examined in a
report from a leading cancer research institute,” and AALAS has
developed a valuable webinar presentation on minimizing the
disruptive effects of noise and vibration on research animals.>
Despite existing knowledge of potential deleterious effects of
construction activities on rodent phenotypes, the project at
our institution was initiated without adequate notification to
researchers and without plans to isolate animals housed in the
animal facility from the noise and vibration resulting from the
intense construction activities.
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The ability of blood vessels to relax in response to acetylcho-
line is a ‘gold standard’ for normal endothelial function and
arterial reactivity, and the loss of acetylcholine-induced dilation
is a universal indicator of endothelial dysfunction.39121451 Ag
a result, acetylcholine-induced relaxation is a standard test
used in numerous laboratories throughout the world and
has been an essential and reliable phenotype incorporated
into the design of NIH-funded experiments by our research
group.1028:38495354 Normally, the loss of endothelium-dependent
dilation to acetylcholine is the consequence of a reduction in
the availability of endothelium-derived NO due to impaired
NO release, destruction of NO by reactive oxygen species—
especially superoxide—or uncoupling of endothelial nitric oxide
synthase, resulting in superoxide production rather than NO
production.!'# However, to definitively establish that loss of
acetylcholine-induced vascular relaxation is due to reduced
availability of NO, it is essential to verify that the vascular
smooth muscle retains its sensitivity to the vasodilator effects
of NO. The latter objective is accomplished by verifying that the
blood vessels being tested exhibit normal relaxation in response
to exogenous NO donors, such as sodium nitroprusside (SNP).

Because of the sudden loss of our established phenotype to
verify normal endothelial function in control animals (acetyl-
choline-induced dilation in rat middle cerebral artery [MCA])
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and our concern regarding the potential effects of vibration,
noise, and construction activity on physiologic phenotypes
including endothelial function,??%5¢ we hypothesized that
increased levels of vibration would be present in the animal
holding room during construction activity and that this
elevated vibration would be associated with the loss of crucial
physiologic mechanisms involved in the normal relaxation of
vascular smooth muscle cells in cerebral arteries. Mechanisms
tested in the current study included endothelium-dependent
vasodilation in response to acetylcholine and the activation
of the large conductance Ca?*-activated MaxiK channels in
isolated arterial smooth muscle cells. The present study had 2
goals: 1) to identify and quantify at the cage level any vibrations
caused by construction activities and 2) to determine whether
those vibrations affected the cellular and ionic mechanisms
regulating active tone and vascular relaxation in arterial smooth
muscle cells.

To achieve those goals, we measured vibration levels in the
animal facility by using 2 different methods. One was a com-
mercially available monitoring system, and the other was a
vibration monitoring system that designed in our own labora-
tory and based on a small computing unit attached to low- and
high-sensitivity vibration detectors. Endothelial function was
assessed by evaluating vascular responses to acetylcholine, and
vascular NO sensitivity was assessed by using the NO donor
SNP in isolated MCA from Sprague-Dawley rats obtained from
the same source as for our previous studies and housed in the
laboratory animal facility during the construction activities.
In other experiments, the activity of the large-conductance
Ca?*-activated K* channels (MaxiK channels) was evaluated
by using patch-clamp methodology in vascular smooth muscle
cells isolated from MCA to determine whether construction-
related activities have direct effects on a crucial cellular ionic
mechanism regulating active tone and vascular relaxation in
smooth muscle cells.

Materials and Methods

Animals. The present experiments involved male Sprague—
Dawley rats (age, 8 to 12 wk on arrival; Envigo, Indianapolis,
IN), which had been extensively used in our laboratory in prior
studies to assess vascular regulation in normotensive rats. All
protocols used in the present experiments were approved by
the Medical College of Wisconsin IACUC.

The rats were maintained on a commercial chow (Teklad 5001
global diet [0.2% NaCl], Envigo) from the time of arrival until
the day of the experiment and did not receive any treatments.
The experiments reported herein arose because of a sudden loss
of basic vascular phenotypes, notably endothelium-dependent
dilation to acetylcholine in the Envigo Sprague-Dawley rats
used as control animals for a variety of experiments in our labo-
ratory. The 16 rats in which endothelium-dependent dilation to
acetylcholine was completely lost in this study (see following
section) were housed in the animal facility for periods ranging
from 2 to 3 wk (6 rats), 4 wk (7 rats), or 5 wk (3 rats).

Animal housing and husbandry. All animals used for testing
MCA responses to acetylcholine and SNP in this study were
housed in a single holding room within an animal facility of
conventional design. Rats used for studies of MaxiK channel
currents in MCA myocytes were housed in a holding room
immediately adjacent to the one housing the rats used in the
studies of MCA reactivity to acetylcholine and SNP. Throughout
the facility, walls are constructed of concrete block and finished
with epoxy paint. Floors are concrete slab with a troweled
epoxy finish. Animal room ceilings are drywall coated with

epoxy paint, and corridor ceilings are fiberglass-reinforced
panels in a suspended frame. Animal room doors are of steel
construction finished with epoxy paint. Controlled animal room
environmental parameters included temperature (72 +2 °F [22.2
°C £ 1.1°)]), relative humidity (30% to 70%), air exchange rate
(approximately 16 air changes hourly, negative pressure relative
to corridor), and light cycle (12:12-h light:dark).

Rats were housed in pairs in IVC (model no. RS10147U40M-
VSPSHR-R, Allentown Caging, Allentown, NJ). HEPA-filtered
air was supplied to cages via a blower (model SB4100, Allen-
town Caging) mounted on the top of the cage rack. A similarly
mounted exhauster (model EP5000E, Allentown Caging) HEPA-
filtered cage exhaust air prior to discharge into the room. Rats
were fed Laboratory Rodent Diet 5001 (LabDiet, St Louis, MO)
and received drinking water treated by reverse osmosis, chlo-
rinated to 3 ppm, and distributed via an automatic watering
system (Edstrom Industries, Waterford, WI). Cages contained
hardwood bedding (Sani-Chips, P] Murphy, Montville, NJ), and
a paper towel was added to each cage for nesting material. Cages
and caging supplies were sanitized in mechanical washers prior
to use. Cage changing was performed approximately weekly,
in a laminar-flow cage-changing station (model NU-5612-400,
Nuaire, Plymouth, MN). Animal rooms were swept and then
mopped by using a detergent-based cleaner (GP100, Sanitation
Strategies, Holt, MI) daily, except on weekends and holidays.
Animal health monitoring used sentinel rats (CRL:CD, Charles
River Laboratories, Wilmington, MA) exposed to dirty bedding
from the cages housing study animals. Sentinels were negative
for Sendai virus, pneumonia virus of mice, sialodacryoadenitis
virus, Kilham rat virus, Toolan H1 virus, rat parvovirus, rat
minute virus, reovirus 3, rat theilovirus, Mycoplasma pulmonis,
Pneumocystis carinii, pinworms, and fur mites.

Description and location of construction activity. Construction
activities in the vicinity of the animal facility, their approximate
distance from the animal housing areas, and the dates of the
individual construction activities are summarized in Figure 1.
Replacement of the existing heating system at our institution
began on 2 October 2017 and started immediately on one side
of the facility near the animal quarters. Construction work con-
tinued with tunneling operations immediately in front of the
main building. The project involved substantial vibration and
extensive use of heavy equipment (steam shovels, bulldozers,
dump trucks, front-end loaders, road roller, backhoe, excavator,
etc.). The initial portion of the project was completed on 5 April
2018. The estimated distance between the construction work
and the animal housing rooms was approximately 325 ft. After
completion of that portion of the project, additional construction
in front of the building continued until 31 May 2018.

Other construction activity at our institution (5 to 16 March
2018) included an electrical upgrade involving saw-cutting
in concrete, drilling, and hammering. The estimated distance
between the electrical upgrade work and animal housing was
approximately 518 ft. Additional electrical work occurred
between 30 April and May 2, 2018. Construction work in a
courtyard near the animal facility (approximately 164 ft from
the animal rooms) involved large tractors and dump trucks
and occurred between 2 April and 11 May 2018. That activity
included ground tilling, tree cutting and removal, soil removal,
irrigation repairs, and tree planting. Construction work on
the loading dock for the animal facility (21 to 28 April 2018)
involved removal and replacement of concrete floors, drilling,
and hammering into concrete. The estimated distance from
the loading dock construction activities to the animal quarters
was 224 ft.
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Construction disruptions during March, April, May 2018 and distance from rat facility:
+ Outside Front Construction: Gravel compacting and filling
*  Machinery: Road roller, backhoe, excavator
Electrical Upgrade: Saw-cutting into concrete, loud drilling and hammering
+ Courlyard Construction: Ground filling, tree cutting/removal, soil removal, irrigation repairs, tree planting

*  Machinery: large tractors, dump trucks

BRC Dock Construction: Removal and replacement of concrete floors, drilling and hammering into

concrete

Figure 1. Nature and timeline of specific construction activities that occurred during the present study, with approximate distances to the animal

housing areas.

Vibration monitoring. Two vibration monitoring systems were
used in this study. One sensor was a commercially available
monitoring system (VivAlarm 24-Hour Vibration Monitor, Turn-
er Scientific, Jacksonville, IL), which quantified vibrations as G
force. Literature included with the VivAlarm system indicated
that measurements of 0.050 G and higher are known to cause a
stress response in rodents. Low-level alarms were set to notify
users when values between 0.025 and 0.050 G were recorded,
and high-level alarms were set to notify users when values of
0.050 G or higher were recorded. The sensor for the VivAlarm?24
system was placed on the side of a standard mouse cage on a
positive pressure rack and in several other locations within the
animal facility at various times. Vibration levels were monitored
on the VivAlarm?24 system from 25 April to 7 May 2018.

The other vibration monitor was a Raspberry Pi (RPi)-based
system that was designed in our laboratory to provide an in-
expensive and easily portable system to measure vibrations in
multiple locations within the facility. The RPi system consisted
of a small computing unit attached to a rolling-type vibration
sensor (low sensitivity) and a piezoelectric film sensor (high
sensitivity); these sensors are connected to an analog-to-digital
converter wired to a central processing unit powered by a
portable battery (Figure 2). Both sensors work by converting
vibrations to electricity. In the piezo sensors, vibrations cause a
closing of the detection circuit, triggering an electrical impulse
proportional to the magnitude of the vibration, expressed as
a portion of the maximum voltage of the circuit. The rolling
sensor is maintained in the closed position until vibration is
detected, at which point the closed circuit is disturbed, and the
total voltage of the system drops below maximum. The reading
on each computing system (in volts) is then compared with a
standard relationship (determined individually depending on
sensor and system) to express the detected signal in G forces. The
RPi system monitored vibration levels from 16 March through
31 May 2018, corresponding to the time of ongoing construc-
tion activities; additional monitoring was conducted after the
completion of construction activities.

The RPi unit, battery, and rolling and piezo film sensors were
placed in an empty rat cage that was with other rat cages on an

actively used rack in one of the standard rat rooms. The rolling
and piezo film sensors were placed near each other and taped
to the bottom of a cage devoid of bedding in a manner that
allowed a free angle of rotation. This arrangement allowed all
vibrations transmitted to the cage to be detected without static
build-up from bedding, which could short the circuits. Vibration
responses on the laboratory-designed monitoring system were
initially quantified in hertz. As data were collected, they were
stored in SQLite database files and transferred via email to a
designated inbox for further aggregation and off-site analysis.
Any lapses in coverage of the RPi system were due to limitations
imposed by using rechargeable batteries.

Allhuman activity in the room during this time was self-mon-
itored by a sign-in sheet that enabled us to subtract regularly
occurring vibration events due to animal facility staff activity
from other vibrations detected by the sensors. At the time of
analysis, these data points were manually subtracted from data
files. At the end of data collection, the sensors were calibrated
by using a combination of an oscilloscope and a wave genera-
tor to determine a standard relationship of hertz to volts and
to establish thresholds of detection.

Studies involving isolated vessels. Responses to acetylcholine
and SNP were evaluated in MCA isolated from rats that were
housed in the animal facility during the construction period and
studied either before or after cessation of construction activity.
In other experiments, the responses to acetylcholine and SNP
were determined in MCA from newly obtained rats that were
purchased, housed in the same animal room, and studied after
cessation of the construction activity.

On the day of the experiment, the rats were anesthetized
with 5% isoflurane and euthanized, and the brain was
removed. MCA were isolated and cannulated with micropi-
pettes. The vessels were maintained at a transmural pressure
of 80 mm Hg and perfused and superfused with bicarbonate-
buffered physiologic salt solution maintained at 37 °C and
equilibrated by using a gas mixture (O,, 21%; CO,, 5%; N,,
74%) as described in previous studies by our laboratory.!353°%
Endothelial function was assessed by adding increasing con-
centrations of the classic endothelium-dependent vasodilator
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Figure 2. RPi vibration detection unit constructed from 3 different types of vibration sensors (rolling, piezoelectric film, and inertial measure-
ment unit), with signals passed through digital-to-analog converters, processed by a Raspberry Pi computer, and emailed wirelessly to a desired

destination. Power is supplied by large-capacity portable batteries.

acetylcholine (10717 to 10-° M) to the vessel chamber and vas-
cular smooth muscle sensitivity to NO was assessed by adding
increasing concentrations of the NO donor SNP (10710 to 10-°
M) to the vessel chamber, as described previously.35* Active
resting tone (%) in the vessels was calculated as [(D,_ -D,_ ) /
D, 1x100%, where D_, is the diameter after equilibration in
normal physiologic salt solution, and D, is the diameter in
Ca?*-free physiologic salt solution at the control transmural
pressure of 80 mm Hg.

Enzymatic isolation of rat MCA myocytes. Experiments
evaluating MaxiK channel current in MCA myocytes used male
Sprague-Dawley rats (age, 8 to 19 wk) housed in an animal room
adjacent to that housing the rats used for the acetylcholine and
SNP experiments. The initial series of measurements of MaxiK
channel currents was conducted between 17 July and 25 Sep-
tember 2017 (prior to the construction activity). The subsequent
series of experiments evaluating MaxiK channel function was
conducted between 11 December 2017 and 12 January 2018,
when construction was in progress.

MCA myocytes were freshly isolated by enzymatic dissocia-
tion as previously described.!® On the day of the experiment, rats
were anesthetized by using 4% isoflurane and then decapitated.
Brains were quickly removed and placed on a dissecting dish
containing ice-cold, low-calcium arterial myocyte dissociation
solution comprising 134 mM NaCl, 5.2 mM KCl, 1.2 mM MgSO,
* 7H,0, 1.18 mM KH,PO,, 0.05 mM CaCl,, 24 mM NaHCO,,
11 mM glucose, and 10 mM HEPES (pH 7.4). MCA segments
were isolated under a dissecting microscope and placed in a
vial containing 2 mL of a solution of bovine serum albumin
(0.5 mg/mL) in low-calcium arterial myocyte dissociation
solution for 10 min at room temperature. The isolated arterial
segments were dissociated to single cerebral arterial myocytes

by enzymatic digestion at 37 °C.1° The myocytes were kept on
ice and used within 6 h for patch-clamp recording of MaxiK
single-channel current.

Patch-clamp recording of MaxiK single-channel current.
MaxiK single-channel currents were recorded at a patch poten-
tial of +40 mV from cell-attached patches by using symmetrical
145 mM K* recording solution as previously described.'®2° The
recording pipette solution contained 145 mM KCl, 1.8 mM CaCl,,
1.1 mM MgCl,, 5 mM HEPES, and 5 mM EGTA, with the final
pH adjusted to 7.2 with KOH. The bath solution was composed
of 145 mM KCl, 1.8 mM CaCl,, 1.1 mM MgCl,, 5 mM HEPES,
and 5 mM EGTA, with pH adjusted to 7.2 with KOH and result-
ing in a calculated final bath Ca?* concentration of 107 M. The
openings of MaxiK single-channel currents were analyzed by
using the pClamp software package (version 10.4, Molecular
Devices, San Jose, CA) to determine opening frequency, mean
current amplitude, and the probability of channel opening (Po).
The mean open state probability (NPo) was expressed as
NPo =1/i, where I is the time averaged current, N is the number
of channels, i is the amplitude of the single-channel K* current,
and Po is the probability of a channel opening.!62°

Statistical analysis. All data are presented as mean = SEM.
Active resting tone (%) in vessels was calculated as [(D_ -D, ) /
D__1x100%, where D__ is the diameter after equilibration in
normal physiologic salt solution, and D__ is the diameter in
Ca’*-free physiologic salt solution at the control transmural
pressure of 80 mm Hg. Two-way ANOVA followed by Bonfer-
roni testing and multiple ¢ tests followed by the Holm-Sidak
method were used to test the significance of the differences
between vasodilator response in different groups. In all ex-
periments, a P value less than 0.05 was considered to indicate
a significant difference. The Prism statistical software program
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(version 7.03, GraphPad Prism Software, San Diego, CA) was
used to perform the statistical analysis.

Results

Diameter and active tone of MCA. Table 1 summarizes the
mean resting diameter, maximum diameter, and active resting
tone in MCA from the different groups of animals. There were
no significant differences in any of the measured parameters
between the 3 groups of animals, indicating that construction
activity did not affect spontaneous resting tone or result in
remodeling of vessel structure, as indicated by a difference in
the passive diameter of the maximally relaxed arteries.

Responses to acetylcholine and SNP. Figure 3 compares the
responses to acetylcholine (10717 to 10° M) in MCA from: 1) rats
housed and studied during the construction period (1 October
2017 to 30 April 2018); 2) rats studied immediately after cessa-
tion of construction but housed in the animal facility during the
period of construction; and 3) rats obtained and studied after
completion of the construction activity. MCA from rats housed
and studied during the construction period failed to dilate in
response to acetylcholine. Arteries from animals studied after
the construction period but present during construction exhib-
ited little or no dilation in response to acetylcholine. Responses
of MCA to acetylcholine in animals obtained after cessation of
construction activity had returned and were consistent with
normal historical levels, i.e., an approximately 15-um increase
from resting diameter in response to 10" M acetylcholine in
studies from 2002 until 2016.10.28,3849

Figure 4 compares vessel responses to the NO donor SNP
(10719 to 10~ M) in rats obtained and studied after cessation of
construction compared with animals that were studied either
during or after construction activity but housed in the same
animal room prior to the cessation of construction. Similar to
the acetylcholine responses, vasodilator responses to SNP were:
1) absent in MCA from animals housed and studied during
construction; 2) minimal to absent in MCA from animals pre-
sent in the animal facility during construction but studied after
completion of construction; and 3) intact and consistent with
normal historical levels in MCA from newly obtained animals
studied after completion of the construction activities.

Effect of construction activity on MaxiK single-channel cur-
rents in isolated MCA smooth muscle cells. The effect of ongoing
construction activity on the frequency of MaxiK single-channel
current opening and NPo of MaxiK channels in isolated rat
MCA myocytes studied by using the patch clamp ion channel
current recording technique is shown in Figure 5. In these ex-
periments, the opening frequency (Figure 5 A) and NPo (Figure
5 B) of the MaxiK single-channel currents measured by using
the cell-attached mode and symmetrical 145 mM KCl recording
solution were markedly reduced during ongoing construction
work compared with similar measurements obtained from rats
prior to the start of construction.

Activity detected by commercial and laboratory-designed
vibration sensors. Examples of the vibrations detected by the
2 vibration sensor systems are shown in Figures 6 and 7. The
recording from the commercial system (Figure 6 A) was obtained
during construction activity on 26 April 2018. In that figure, the
horizontal blue line indicates the threshold for vibrations that
are sufficiently large to cause a disturbance to laboratory ani-
mals, as determined in a previous study,? and the red horizontal
line indicates the vibration levels deemed sufficient to trigger
stress response pathways in rats. On 26 April 2018, there were 3
sustained periods between 0900 and 1600 when vibration levels
exceeded the threshold for triggering stress response pathways.

Construction-related vibration and vascular dysfunction

These vibration levels corresponded to experiments in which
isolated MCA failed to respond to acetylcholine (Figure 3). Over
the period of monitoring, measurements from the commercial
sensor were below the threshold for a stress response in rodents
(0.05 G and higher) on each day that we measured. However, we
did obtain measurements in the 0.025- to 0.049-G range (close to
levels that cause activation of stress pathways) on each day that
construction occurred and the device was working. We consist-
ently recorded measurements above 0.05 G when construction
was occurring. However, on 22 May 2018, cosmetic courtyard
renovations were being conducted which involved much less
vibration than previous operations (and were likely affected
by low outdoor temperatures and rain). On that day, vibration
levels recorded by the commercial system were much lower,
except for a few disturbances later in the day, (Figure 6 B).
Similar to the commercial system, our inhouse-designed sen-
sor detected significant elevations in vibration levels during the
daylight hours on days when construction activity occurred.
Figure 7 A shows examples of vibration levels detected by our
system on 27 April 2018, when concrete flooring work occurred
in the basic science building housing the vivarium and when
drilling was conducted on the dock of an adjacent building. The
normal background vibration level for the laboratory-designed
sensor is 8000 Hz, corresponding to 1 V output. On that date,
vibration levels throughout the day were continuously elevated
and remained at 25,000 to 32,000 Hz throughout the day (output
of 3 to 4V output through most of the day, with only 4 very brief
periods when sensor output fell to between 2 and 3V [still far
in excess of the 1 V normal output for vibration]). Responses
of the isolated cannulated MCA to acetylcholine and SNP were
absent during this time period. During the period of active con-
struction in various locations near and within the basic science
building, vibration levels revealed by our system were either
continuously elevated throughout the day or were elevated
through the majority of the day, with only a few, brief reductions.
By contrast, periods of reduced construction activity during
late April and early May 2018 (28 April to 2 May and 6 to 10 May)
were generally associated with low levels of vibration, with very
few periods of high vibration levels. Figure 7 B shows vibration
levels recorded on 2 May 2018, when the cosmetic renovation of
the courtyard and irrigation repairs—which included digging,
soil removal, and the addition of soil—were conducted, with
much decreased vibration. Throughout that day, vibration levels
were near baseline values. After the completion of construction
activity on 1 June 2018, baseline levels of vibration had returned,
and the responses of MCA to acetylcholine and SNP in rats
obtained after the construction period and housed in the same
animal room had recovered to normal levels (Figures 3 and 4).

Discussion

The results of this study strongly indicate that ongoing
construction activity associated with noise and vibration near
animal housing areas has profound detrimental effects on cru-
cially important physiologic phenotypes in the MCA of normal
Sprague-Dawley rats. These include vascular relaxation in
response to acetylcholine (a ‘gold standard’ indicator of normal
function of the vascular endothelium) and vascular relaxation
in response to the endothelium-independent NO donor SNP, a
standard indicator of vascular smooth muscle NO sensitivity.
These deleterious effects of construction activity on endothelial
function and vascular NO sensitivity are not readily reversible,
given that they were still present in MCA from rats studied
after cessation of construction activity but present in the animal
facility during the construction activity. In addition, the present
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Table 1. Resting diameters, maximum diameters, and active resting tone in MCA from Sprague-Dawley rats during and after construction activities

During construction
(inhouse rats) n = 16

After construction
(new rats) n =5

After construction
(inhouse rats) n =9

Maximal diameter (um) 211+6 224 +10 221+6
Resting diameter (1um) 127+9 124+7 112 +£11
Active resting tone (%)* 40+4 45+2 50+4
Values are mean + SEM

2Active resting tone (%) = [(D,_ - D, )/D, ]x100%.

-6~ During construction, n =16 (inhouse rats)
8- After construction, n =9 (inhouse rats)
-o- After construction, n =4 (new rats)

[ =S

Maximum Diameter (A , pum)

-10 T

co 10"  10°

10% 107 10® 10°

Acetylcholine Concentration (mol/L)

Figure 3. Response to acetylcholine (1071° to 10~ M) in isolated pressurized MCA from Sprague-Dawley rats during and after construction ac-
tivities. Data are expressed as change from resting control diameter (CD) (um; mean + SEM). Value significantly different in new rats compared
with responses during construction (inhouse rats; *, P < 0.05; , P < 0.0005; m, P < 0.0001) or in new rats compared with inhouse rats studied after

construction (#, P < 0.05).

study indicates that ongoing construction activity directly sup-
presses the activity of the high-conductance Ca*-activated K*
channel (MaxiK channel) that plays an essential role in regulat-
ing active tone and mediating the relaxation of cerebral artery
smooth muscle cells in response to vasodilator factors.

Noise exposure has been shown to have adverse effects on
endothelial function in healthy adults® and in humans with or
athigh risk for coronary artery disease.*® Aircraft noise causes a
reduction in flow-mediated dilation in healthy human subjects;
this reduction in dilation is abrogated by the antioxidant vitamin
C (indicating the presence of vascular oxidative stress).** Other
studies have found that traffic noise leads to an increased risk of
stroke.!# Ultimately, the deleterious effects of noise exposure
in humans with links to cardiovascular disease, heart disease,
arterial hypertension, myocardial infarction, stroke, obesity, and
cardiometabolic diseases such as type 2 diabetes place a sub-
stantial burden on health care systems,?233348 underscoring the
importance of obtaining more precise knowledge of the effects
of noise and other forms of stress on physiologic processes.?®

The known effects of noise on human health have naturally
led to animal studies to evaluate noise-related effects on physi-

ologic responses in laboratory animals. Studies of the effects
of noise and vibration on laboratory animals generally show
patterns that are similar to those reported in humans, includ-
ing increased blood pressure, endothelial dysfunction, and
oxidative stress.>?042 Although studies of the effects of lower
and more common noise levels on the cardiovascular system
of animals are sparse,® one investigation®? used a simulated
aircraft noise exposure model to show that mice exposed to
lower levels of noise (peak sound levels of less than 85 dBA and
mean sound pressure levels of 72 dBA) and shorter exposure
times (1 to 4 d) that do not cause auditory damage still exhibited
impaired dilation in response to both acetylcholine and the NO
donor nitroglycerin. In that study,® vascular NO production
was reduced, vascular superoxide production was elevated,
and the elevated vascular superoxide production was inhibited
by L-NAME, indicative of nitric oxide synthase uncoupling.
The authors® also noted increased NADPH oxidase activity,
an increase in serum proteins positive for 3-nitrotyrosine, and
enhanced 3-nitrotyrosine staining throughout the vasculature.
However, animals exposed to equal sound pressure levels of
white noise did not exhibit those changes. Another potential
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-©- During construction, n =4 (inhouse rats)
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9 (inhouse rats)
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#
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Figure 4. Response to sodium nitroprusside (1071° - 10~ M) in isolated pressurized MCA from Sprague-Dawley rats during and after construc-
tion activities. Data are expressed as change from resting control diameter (CD) (um; mean + SEM). Value significantly different in new rats
compared with responses during construction (inhouse rats; *, P < 0.05; o, P < 0.005; m, P < 0.0001) or in new rats compared with inhouse rats

studied after construction (#, P < 0.05).

contributor to vascular dysfunction with noise exposure could
be scavenging of NO by superoxide to form the vasoconstric-
tor peroxynitrite—a known culprit of vascular dysfunction.®!8

The hearing range of rats (200 to 90,000 Hz) is much higher
than that in humans and extends into the ultrasonic spectrum.
One group of investigators*! concluded that mice hear less
noise due to construction equipment than do humans. In the
present study, it is unlikely that ultrasonic noise would travel
far enough for the rats to hear it, whereas vibrations can be
propagated through the earth and substrates. This conclusion
is consistent with the findings of 2 studies,?>*! which indicated
that vibration due to construction could be a greater concern
than the associated noise. However, an important problem
is that physiologic phenotypes in laboratory animals can be
affected by noise levels and vibrations that are inaudible or
imperceptible to humans in the animal housing areas, as noted
by colleagues®® during earlier construction activity near our
institution that was much less severe than that encountered
during the present study period. In the case of less severe
construction activity, noise levels generated within (or close
to the vivarium) could be affecting animal phenotypes with
no warning signals that are perceptible to investigators. In
addition, construction-related noise generated within the
building housing the vivarium during the current study (for
example, electrical upgrade work [5 to 16 March 2018]) and
work on the animal facility loading dock (21 to 28 April 2018)
could adversely affect a multitude of physiologic phenotypes
in laboratory animals.

In contrast to their insensitivity to construction-related noise
levels external to the building, rodents are very sensitive to
vibrations in the earth. Although rodents can hear ultrasonic
sounds that are above our hearing range, ultrasonic sounds

do not travel very far, and they are easily buffered and elimi-
nated by barriers. Because the vast majority of our vibrational
sources were external to the building and propagated through
soil, buildings, floors, etc., we believe that it is unlikely that
any sound produced by the construction equipment outside
the building would have been heard by the rats. However,
although the same cannot be said for some of the work within
the building.

A previous study!® reported that the initiation of vibration
at certain levels led to behavioral responses in awake mice,
including freeze responses (a fear response) and startle reflexes
and that sleeping mice were alerted by vibration. In addition,
vibration leads to a persistent increase in heart rate in awake
mice.?” Another study* found that vibration led to a reduction
in microvessel density in the mouse soleus muscle, and another
group!® emphasized that, due to the known and unknown ef-
fects of vibration on animals, care should be taken to minimize
all sources of vibration in animal facilities. Consistent with
that conclusion, other studies®>?® have indicated that animals
likely perceive vibrations at higher frequencies than humans
and that construction activity may expose rodents to more
vibration than that perceived by humans. Because the current
configuration of the RPi system does not measure vibration
frequency, one limitation of the present study was the lack of
vibration frequency data for the vibrations encountered dur-
ing the construction activity. An important addition to future
studies investigating this problem is to obtain measurements
of the predominant frequency ranges of vibrations, especially
high-magnitude vibrations. Nonetheless, previous findings by
other investigators and those of the current study regarding the
effect of vibration on various phenotypes suggest the need to
qualify the animal facility environment in terms of noise and
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Figure 5. Effect of nearby construction activity on the opening frequency and open state probability (NP ) of MaxiK* single-channel currents
recorded from cell-attached patches of isolated MCA myocytes from Sprague-Dawley rats by using a symmetrical 145-mM KCl recording solu-
tion at a patch potential of +40 mV. The presence of nearby construction activity caused (A) a striking reduction in the frequency of opening of
MaxiK* channels and (B) a significant decrease in mean open state probability (NP ) for MaxiK* channels compared with that recorded in the

absence of construction activity (n = 10-12; *, P < 0.05).

vibration, as is currently practiced for factors such as lighting,
temperature, humidity, cleanliness, and air exchange rates.

One question that arises is whether the effects of noise on
animals are different from those in humans and, therefore, not
representative of effects in humans.3* However, the immense
importance of animal models in investigating molecular and
physiologic mechanisms of human disease strongly em-
phasizes the need to understand how noise and vibration
affect physiologic mechanisms in animals because noise- and
vibration-related artifacts could confound the conclusions of
carefully designed and extramurally funded studies seeking to
investigate specific physiologic and molecular mechanisms of
human disease. Implicit in this concern is the need for institu-
tions to be aware of the potential effects of construction-related
noise and vibration on investigators using animal models and
to develop effective communication plans to protect researchers
from the potentially confounding effects of construction-related
noise and vibration on their research.

One dangerous assumption is that molecular studies, genomic
studies, and other reductionist approaches will be immune
from the effects of construction activity that affect physiologic
responses at the whole-animal level. However, oxidative stress
and redox regulation can strongly affect gene regulation, stress
adaptation processes, and other essential pathways.* Relevant
to those concerns, one group® reported that noise exposure led
to changes in many important genes that are at least partially
responsible for the regulation of vascular function, vascular
remodeling, and cell death. Especially noteworthy in this regard
is the conclusion that environmental disturbances very likely
produce marked effects on the results of investigators who col-
lect tissues for measurements of transcription factors and other
measures of specific gene activity.”

In addition to noise and vibration generated in the animal
quarters by human activity or sources such as ventilation
equipment, etc., noise and vibration can easily arise as a result

of nearby construction activity.*’ The growing importance of
specialized animal genetic models and increasingly powerful
methods to analyze widespread effects of experimental pertur-
bations or genetic factors on gene expression (e.g., RN Aseq)%%
strongly emphasize the need to avoid any effects of extraneous
factors on genetic and homeostatic mechanisms in laboratory
animals. In the case of laboratory animals, one extremely impor-
tant extraneous factor that can affect these mechanisms is the
influence of nearby construction activity, which can involve not
only noise but, more importantly, significant levels of vibration.

Although few studies describe the effects of nearby con-
struction on research animals to date, the deleterious effects of
construction activities on experimental animals has been noted
by several authors®”40424658 For example, one group” reported
that nearby construction activity altered crucial phenotypes
(hyperphagic responses and weight gain) associated with a
change in the background genotype (knockout of the 5HT2C
receptor gene) in mice and that the mutant mice did not eat
or grow as well as those in a more protected room that was
similar in regard to cleanliness, lighting, and diet. In addition,
the authors” noted that jackhammering on the roof (performed
late in the day to avoid disturbances to people in the build-
ing) abruptly reduced food intake and caused weight loss in
a sentinel rat. Construction activity also caused a reduction in
nocturnal food intake and an increase in diurnal food intake
in a sentinel rat—a response characteristic of stressed rats. As
shown in Figure 7 A, jackhammering and heavy equipment
use produced significant levels of vibration in animal housing
rooms in our institution as well.

Significant effects on physiologic phenotypes have been
demonstrated during construction activity even in the absence
of changes in arterial blood pressure and body weight and
without changes in well-known drivers of stress responses,
such as plasma renin activity. One study*® investigated the
effects of nearby construction activity at MCW that had many
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Figure 6. (A) VivAlarm data during courtyard renovations on 26 April
2018. Multiple periods had spikes that exceeded the warning level
(blue line), and 3 periods had spikes higher the danger level (red line).
(B) VivAlarm data sent via email during cosmetic renovation of court-
yard on 22 May 2018 during reduced construction activity and a brief
disturbance between 1600 and 1800. Data are expressed as G-force.

similarities to the current construction activity, that is, build-
out, remodeling, and landscaping outside the animal facility.
Basal HPA and renin-aldosterone activity was evaluated in
rats before, during, and after the construction activities. In that
study,* plasma ACTH, corticosterone, and aldosterone levels
were approximately doubled during construction compared
with pre- and postconstruction levels. The magnitude of the
increases in plasma ACTH and corticosterone were similar to
those known to be induced by stressors in laboratory rodents!
and comparable to those seen in response to mild acute stressors,
such as open-field or elevated plus-maze tests.??31>2 However, in
that study, body weight was unaffected during construction—in
contrast to another study,” which showed weight loss in mice
during construction.

One previous study® reported that plasma renin activity
did not increase during the construction activity. This failure of
PRA to increase® is important in light of other studies showing
significant increases in plasma angiotensin II levels (as well
as oxidative stress and nitric oxide synthase uncoupling) in
animals exposed to noise and vibration,*? providing evidence
for a very narrow window for angiotensin I levels to maintain
normal function”” and the potentially powerful effects of both

Construction-related vibration and vascular dysfunction

low and high levels of angiotensin II on vascular function. For
example, previous studies® have shown that 2 kidney-1 clip
hypertension, which increases plasma angiotensin II levels,
restores endothelium-dependent dilation to acetylcholine,
which is normally impaired or absent in Sprague-Dawley
rats fed a high-salt diet, due to salt-induced suppression of
plasma angiotensin I levels. In a separate study,* diet-induced
obesity, which increases plasma angiotensin II levels, restored
acetylcholine-induced dilation in MCA of normotensive Dahl
salt-sensitive (SS) rats fed a low-salt (0.4% NaCl) diet (which
normally exhibit endothelial dysfunction due to chronically
low plasma ANG Il levels). In that study,* diet-induced obesity
also eliminated acetylcholine-induced dilation in low-salt—fed
SS.13BN consomic rats, which are 98% identical to the SS rats
genetically but exhibit normal plasma angiotensin II levels at
rest due to the presence of the Brown Norway renin gene in the
Dahl SS genetic background. Although not tested directly, the
loss of acetylcholine-induced dilation in the consomic rats in
that study* would be consistent with the prooxidative effects
of elevated plasma angiotensin II levels.

Comparison of the results of previous studies
comparing different phenotypes, for example, body weigh
clearly demonstrate that construction activity and other sources
of noise and vibration can have different effects on the same
phenotype. The existence of such striking differences in the
effect of noise, vibration, and construction activity on the same
physiologic phenotype underscores the dangers of assessing the
potentially detrimental effects of construction activity based on
one specific parameter.

In one report,® the effects of construction activity were
evident even in the absence of noise and vibration that were
perceptible to humans in the area. The authors noted that an
important limitation of their study was that noise and vibra-
tion levels were not monitored in their experiments, due to the
unexpected onset of subtle noise and vibration influences on
physiologic responses. Those authors* stressed the importance
of actual monitoring of noise and vibration levels in animal
quarters to gain a more precise indication of specific factors
that can adversely affect physiologic responses.

During our study, we considered the importance of monitor-
ing vibration levels in animal housing areas by using continuous
monitoring of vibration with 2 different systems. One was a
commercially available monitoring system, which has an ac-
celerometer that measures forces in one plane. Although the
commercial system provided very valuable information, meas-
urement accuracy would be improved using an accelerometer
that measures forces in multiple planes. The other monitoring
device used in the present study was a small, low-cost, and eas-
ily deployed monitoring system of our own design (Figure 2),
which provided continuous monitoring of vibration levels and
could be easily placed in cages on standard racks in different
animal rooms. Both of these monitoring systems enabled us to
evaluate the levels of construction-related vibrations present in
the animal housing areas. Vibrations were monitored during
times when individual experiments showed either a loss of
crucial phenotypes (acetylcholine-induced and SNP-induced
dilation) or a recovery of vasodilator responses in arteries of
rats that were obtained and studied after the completion of the
construction activity.

Both monitoring systems showed dramatic increases in vibra-
tion in animal housing areas during the period of construction
(when acetylcholine- and SNP-induced dilation of the MCA
were lost and MaxiK single-channel current activity was signifi-
cantly reduced). Vibration levels recovered to baseline values

3240 and studies
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Figure 7. (A) RPi data collected during construction activities above the vivarium on 27 April 2018. Many collections of spikes exceed the mini-
mum for detection; data are expressed as volts. MCA of exposed rats were not acetylcholine-responsive. (B) RPi data collected during cosmetic
courtyard work on 2 May 2018, with several spikes that exceed the minimum. MCA responses to acetylcholine and SNP were still compromised
compared with historical levels and with animals obtained and studied after the completion of construction.

after completion of the construction activity. Consistent with
previous reports in the literature®? regarding other physiologic
phenotypes, such as impaired vasodilation to acetylcholine and
the NO donor nitroglycerin (as well as NOS uncoupling and
enhanced constriction to norepinephrine and endothelin 1), we
found that acetylcholine-induced dilation, SNP-induced dila-
tion, and MaxiK single-channel channel activity were eliminated
or dramatically suppressed during the construction period.
Although not reported here, endothelium-dependent dilation
to acetylcholine was lost in other normotensive animals housed
in the facility and likewise appeared to be related to the onset
of construction activities in the surrounding area.

Vasodilator responses to acetylcholine and SNP were mini-
mal or absent in MCA from animals that were present during
construction activity but studied after the completion of construc-
tion. However, in animals obtained and studied after cessation
of construction activity, MCA responses to acetylcholine and
SNP were intact and consistent with historical levels.1028:3849
Taken together, these findings indicate that the effects of con-
struction-related vibration on crucial vascular functions are not
immediately reversible and persist even after the construction
activity is completed. The precise mechanisms responsible for the
persistent impairment of endothelium-dependent vasodilation
and reduced NO sensitivity in animals studied after construc-
tion but housed in the facility during construction are unclear.
However, one possible mechanism for the impaired responses to
acetylcholine and SNP in these animals is prolonged exposure to
vascular oxidative stress (e.g., superoxide radicals in particular)
during construction. Such prolonged exposure to superoxide
radicals would not only degrade endothelium-derived NO but
could also impair soluble guanylate cyclase function, as previ-
ously reported by others,'”?4% leading to reduced formation
of cGMP in response to NO and subsequent impairment of
the vascular relaxation in response to the NO donor. Although
not tested in the present study, vascular oxidative stress and
elevated levels of reactive oxygen species such as superoxide
could lead to an impaired response to vasodilator stimuli (for
example prostacyclin) that relax vascular smooth muscle cells
directly by activating membrane K* channels to hyperpolarize
the cell membrane, as previously reported for Sprague-Dawley
rats fed a high-salt diet.5%>

Two areas of substantial concern are apparent. First, construc-
tion-related noise and vibration levels that occur in housing

areas and that affect the animals may not be perceptible to
humans in the area. Second, planners, construction workers,
and institutional officials often erroneously assume that con-
struction-related activities will not affect the results of ongoing
experiments.® The findings of the current study emphasize the
importance of monitoring vibration levels in animal facilities
and carefully assessing the validity of phenotypes measured in
animals exposed to construction activities (or any other source
of stress) prior to the study. In addition, our current findings
strongly emphasize the need for institutions to provide adequate
notification of construction activities to vivarium directors and
investigators engaged in animal-related research projects and
to take steps to protect research animals from the potential
influences of noise and vibration during such activities. In this
regard, careful planning is essential—not only as a gesture of
courtesy and respect for investigators and vivarium directors
but also to avoid substantial amounts of lost time, unneces-
sary expenses (often derived from extramural funding), and
potentially erroneous findings in important research studies.
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