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Abstract

Purpose: Dysphagia is a common problem after stroke that is often associated with tongue
weakness. However, the physiological mechanisms of post-stroke tongue muscle weakness and
optimal treatments have not been established. To advance understanding of physiological
mechanisms of post stroke dysphagia, we sought to validate the unilateral transient middle
cerebral artery occlusion (MCAO) rat model of ischemic stroke as a translational model of post
stroke dysphagia. Our goal was to establish clinically relevant measures and chronicity of
functional deficits; criteria that increase the likelihood that findings will translate to the clinic. We
hypothesized that MCAO would cause tongue weakness and functional swallowing changes.

Methods: Maximum voluntary tongue forces and videofluoroscopic swallowing studies were
collected in 8-week old male Sprague-Dawley rats prior to receiving either a left MCAO (N = 10)
or sham (N = 10) surgery. Tongue forces and VFSS were reassessed at 1 and 8 weeks post-surgery.

Results: Maximum voluntary tongue force, bolus area, and bolus speed were significantly
reduced in the MCAO group at the 1 and 8-week timepoints.

Conclusion: Clinically relevant changes to swallowing and tongue force support the use of the
MCAQ rat model as a translational model of post stroke dysphagia. This model will allow for
future studies to improve our understanding of the physiology contributing to these functional
changes as well as the impact of therapeutic interventions on physiological targets and function.
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1. Introduction

Dysphagia occurs in 20-80% of people following stroke (Arnold et al., 2016; Bath et al.,
2018; Suntrup-Krueger et al., 2017) and is associated with poor health outcomes and
increased health care costs (Attrill et al., 2018; Cohen et al., 2016; Geeganage et al., 2012;
Rofes et al., 2018). Tongue strengthening, neuromuscular stimulation, and other approaches
may have potential to improve swallowing function (Park et al., 2015; Kim et al., 2017;
Steele et al., 2016; Rogus-Pulia and Robbins, 2013; Cabib et al., 2016), but more evidence is
needed to established a standard treatment for post stroke dysphagia (Bath et al., 2018;
Cohen et al., 2016; Suntrup-Krueger et al., 2018).

For any potential therapy, there is a wide range of possible treatment parameters that require
optimization. However, the necessary clinical studies to perform such optimization are often
limited by small sample sizes, variability in lesion characteristics, lack of controls, and
restrictions on the type and number of swallowing assessments that can be safely performed.
To provide an ethical framework for asking good clinical questions, an animal model of post
stroke dysphagia would allow preclinical testing of hypotheses for later study in randomized
clinical trials. In addition, an animal model would advance our understanding of the
physiological mechanisms of post stroke dysphagia (German et al., 2017).

Unilateral ischemia, the most common type of stroke (Mozaffarian et al., 2016), frequently
results in dysphagia (Barer, 1989; Marian et al., 2017; Remesso et al., 2011; Robbins et al.,
1993; Wilmskoetter et al., 2018) and contralateral tongue weakness, which can be observed
as deviation of the tongue towards the contralateral side when protruded (Umapathi et al.,
2000). The middle cerebral artery occlusion (MCAQ) rat model of stroke induces a
unilateral transient focal ischemia and has been widely used for decades to study the neural
effects of ischemia (Bederson et al., 1986; Macrae, 2011; Tamura et al., 1981). The MCAO
rat model is potentially useful for studying post stroke dysphagia because MCAQ rats under
anesthesia exhibit a delay in swallowing initiation and a reduced number of swallows in
response to an infusion of water (Sugiyama et al., 2014). Reductions in tongue protrusion
(Gulyaeva et al., 2003) and licking efficiency (Ahmed et al., 2017) have also been reported
in this model. However, clinically relevant measures are needed to improve translation from
animal models to human studies (Pankevich et al., 2013). Therefore, we sought to validate
this animal model by determining whether it exhibits clinically relevant changes in
swallowing and tongue function and whether these deficits persist chronically, as chronicity
of functional impairment has been identified as a key feature of human stroke that must be
incorporated in an animal model to avoid translational failure (Corbett et al., 2015).

The tongue has a prominent role in the oral phase of swallowing including bolus formation,
manipulation, and propulsion. Reduced tongue forces occur after stroke in humans (Clark
Heather M., 2003; Hori et al., 2005), have been directly related to swallowing problems
(Hirota et al., 2010; Konaka et al., 2010; Lee et al., 2016), and are targeted by several
promising interventions (Kim et al., 2017; Park et al., 2015; Robbins et al., 2007; Steele et
al., 2016). Key features of post stroke dysphagia that have been reported in
videofluoroscopic swallowing studies (VFSS), considered the gold standard of clinical
swallowing diagnostic tools, include weaker tongue bolus propulsion forces, reduced bolus
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speed, delayed closure of the laryngeal vestibule, prolonged transit times, delayed hyoid
excursion, and pharyngeal bolus residue (Oommen et al., 2011; Terré and Mearin, 2006;
Vilardell et al., 2017; Wilmskoetter et al., 2019a).

Our primary hypothesis was that MCAO in the rat would reduce voluntary tongue force at
both 1 week and 2 months after ischemia. We also hypothesized that tongue pressing rate, a
secondary measure of lingual function, would be reduced by MCAQ. Additionally, we
sought to identify altered swallowing function by using VFSS. We hypothesized that MCAO
rats would develop changes to swallowing function assessed by VFSS including reductions
in bolus speed, bolus area, swallowing rate, and mastication rate. Previous studies found
these rat VFSS measures to be successful at detecting deficits in swallowing function with
age and neurological deficits (Kletzien et al., 2019; Russell et al., 2013). Body weight was
also assessed as weight loss with MCAO has frequently been reported (Palmer et al., 2001;
Parkkinen et al., 2013; Yuan et al., 2014).

2. Results

2.1 Weight

Repeated measures MANOVA results indicated a significant interaction between timepoint
(Baseline, 1 week, and 8 weeks) and treatment group (MCAO and Sham) across all 7
dependent variables (Pillai’s Trace = 0.681, F(14,62) = 2.289, p = 0.013). Multivariate
contrasts indicated significant differences between MCAO and Sham groups at the 1 week
(Pillai’s Trace = 0.751, F(7,12) = 5.182, p = 0.006) and 8 week (Pillai’s Trace = 0.823,
F(7,12) = 7.988, p = 0.001) time points, but not at baseline (Pillai’s Trace = 0.173, F(7,12) =
0.359, p = 0.910). The MANOVA results were followed up with univariate repeated
measures ANOVA time-treatment interaction contrasts for each dependent variable.

Body weight increased significantly in both groups over time (Figure 1, Top; 1-week and 8-
weeks vs baseline: F(1,18) = 35.886, p < 0.001; F(1,18) = 679.072, p < 0.001). No
significant difference between groups was found. In the MCAO group, weight at the 8-week
time point was moderately negatively correlated with infarct volume (Figure 1, Bottom).
Rats aged from 8 weeks at the time of surgery to 16 weeks at the completion of the study.
This corresponds to a steep portion of the Sprague-Dawley growth curve (Brower et al.,
2015), and weights increased over time accordingly. Growth may be a confounding factor in
comparing many measures to baseline, therefore we focused primarily on MCAQ versus
Sham comparisons.

2.2 Maximum voluntary tongue force

Our primary hypothesis was that MCAO would cause reduced tongue force. Maximum
voluntary tongue force in the MCAO group was significantly less than the Sham group at 1
and 8 weeks (Figure 2; F(1,18) = 5.286, p = 0.034 and F(1,18) = 11.717, p = 0.003
respectively). The inter-press interval was collected at 3-days and 8-weeks after surgery.
Only the 8-week time point was significantly different between the MCAO and Sham
groups, with the MCAO group’s inter-press interval longer than the Sham group (Figure 2;
F(1,18) = 6.515, p = 0.02).
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2.3 Videofluoroscopic swallowing assessments

Average bolus area was significantly smaller in the MCAO vs. Sham group at both 1 and 8
weeks (Figure 3A and 3B; F(1,18) = 13.646, p = 0.002; F(1,18) = 18.680, p < 0.001). Peak
bolus speed was reduced in the MCAO group (Figure 3C; F(1,18) = 9.839, p = 0.006 and
F(1,18) = 4.515, p = 0.048 at 1 and 8 weeks). No significant differences between groups
were found for inter-swallow interval (Figure 3D) or mastication rate (Figure 4), however
the jaw excursion during chewing was significantly smaller in the MCAQO group (Figure 4;
MCAQ = 5.62+1.3mm, Sham = 7.59+1.06mm; t(18) = -3.71, p = 0.0017).

3. Discussion

The middle cerebral artery occlusion rat model of stroke exhibited both acute and chronic
reductions in voluntary tongue force, bolus area, and bolus speed. These results model
clinically relevant symptoms of post stroke dysphagia and support the use of the MCAO rat
model to improve our understanding of the physiology contributing to these functional
changes and the impact of therapeutic interventions on physiological targets and function.

3.1 Tongue force and function

3.2 VFSS

The tongue has a critical role in swallowing, and stroke frequently results in lingual
weakness and discoordination (Daniels et al., 1999; Hirota et al., 2010; Hori et al., 2005;
Konaka et al., 2010; Lee et al., 2016). In human patients, dysphagia has been associated with
lingual weakness following stroke (Konaka et al., 2010) and correlated with deficits in
several aspects of oral processing, including bolus formation, oral transit time, and
premature bolus loss (Lee et al., 2016). Our results in the rat are consistent with these human
findings. Specifically, we found that following induction of the stroke model, maximum
voluntary tongue force was significantly less in the MCAQO group versus the Sham group at
both the 1 and 8-week time points (Figure 2).

We also evaluated the rate at which the rat pressed a disk with its tongue to dispense water at
a minimal force setting, measured as the inter-press interval. This interval was significantly
longer in the MCAO group at the 8-week time point, but not at 3 days after surgery (Figure
2). Both groups showed an increase from baseline inter-press interval at the 3-day time
point, suggesting this time point did not allow for sufficient recovery time after surgery and
any effects from ischemia cannot be separated from general post-surgery effects. The slower
pressing rate in the MCAO group at 8-weeks indicates an additional aspect of lingual motor
dysfunction that can be assessed in this model.

We found the average bolus area swallowed was significantly smaller after MCAO (Figure
3). Itis not clear from the literature whether humans also self-select smaller boluses after
stroke because clinical swallow studies typically use pre-measured boluses. With pre-
measured boluses, the prevalence of unsafe and fractional swallows has been shown to
increase with large boluses (Vilardell et al., 2017). Intake of smaller boluses throughout a
meal would require a greater number of swallows if meal size is held constant. In this case,
fatigue could be a limiting factor in meeting nutritional needs. In fact, a study of aged
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individuals with dysphagic symptoms found reduced tongue pressures to be associated with
taking a longer time to consume meals, and long meal times were also associated with
consuming less total food, a risk for malnutrition (Namasivayam et al., 2016). Small boluses
may also lengthen the pharyngeal delay time, defined as the delay from when the bolus
passes the ramus of the mandible to the onset of laryngeal elevation, which may increase the
risk of airway penetration (Park et al., 2016). Therefore, bolus size in the rat model may be
an easily assessed measure of impaired swallowing with implications for swallowing
efficiency and safety.

In humans with post stroke dysphagia, unsafe swallows were reported to have significantly
slower bolus velocities than safe swallows (Vilardell et al., 2017). A corollary to this finding
was observed in the rat MCAO model in that mean peak bolus speed was significantly lower
than in the Sham group. Low bolus velocities would likely result in longer pharyngeal transit
times, which have been shown to be associated with aspiration (Li Bingjie et al., 2010) and
other abnormal VVFSS findings after stroke (Kang et al., 2011). Thus, the MCAOQ rat model
VFESS captures functional swallowing changes that are analogous to clinical syndromes.

Mastication rate was not significantly different between the Sham and MCAQO groups,
however mastication was accomplished with reduced jaw excursion after ischemia (Figure 4)
and may be another indicator of reduced feeding efficiency or a compensatory mechanism.
Human studies have reported reduced chewing efficiency after stroke, assessed by a two
color gum mixing test (Schimmel et al., 2017).

3.3 Limitations

A limitation of this study was that we were unable to sufficiently visualize the hyoid and
other laryngeal structures of interest that are typically available in a human VFSS analysis.
Future studies may be able to take advantage of higher resolution small animal
videofluoroscopic imaging equipment or radiopaque markers to track additional structures
of interest (Lever et al., 2015b, 2015a). The current study found significant differences in
swallowing function using a mixture of peanut butter and barium, but an additional
improvement to the VFSS protocol may be to consider the impact of different consistencies
on swallowing after MCAQ, as a viscosity-dependent impact on swallowing safety and
efficacy after stroke has been reported (Vilardell et al., 2017). Increased transit times and
stage transitions have been reported in swallowing after stroke, yet the inter-swallow interval
in the MCAO maodel was not significantly different than sham (Figure 3D). It is likely that
this measure was not sensitive to changes in swallowing duration due to large variability in
behavior between swallows, as has been previously reported (Russell et al., 2013). A higher
frame rate may allow for the detection of timing differences within individual swallows.

Another limitation of this study was the young age of the rats. We used 8-week old rats
which correspond to a weight range frequently used for MCAQ studies. On average, rats
doubled in weight over the course of this study due to growth, which made it difficult to
make meaningful comparisons to baseline measures. The small size of the rats at the early
time points also resulted in more limited resolution on the VFSS. Most importantly, stroke
most commonly occurs in aged individuals (Mozaffarian et al., 2016), and future studies will
seek to include age as a factor in pursuing the mechanisms contributing to the development
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of post stroke dysphagia and its treatment. The MCAO group was compared with a sham-
surgery group to control for surgical effects on lingual function and swallowing, however
alternative surgical approaches may be less invasive (Hill and Nemoto, 2014) and should be
considered for future studies.

Unilateral stroke of either cerebral hemisphere can produce dysphagia (Daniels et al., 1996;
Li et al., 2009; Robbins and Levine, 1988; Wilmskoetter et al., 2018). Many studies have
attempted to determine differential effects of stroke location on swallowing function and
have reported mixed results (Daniels et al., 1999; Dehaghani et al., 2016; Marian et al.,
2017; Robbins et al., 1993; Steinhagen et al., 2009; Suntrup et al., 2015; Theurer et al.,
2008). We elected to study left MCAQ as some studies have suggested that infarcts in the
left hemisphere may impact the oral phase of swallowing (Cola et al., 2010; Irie and Lu,
1995; Li et al., 2009; Robbins et al., 1993; Robbins and Levine, 1988), and we were
interested in modeling post stroke lingual weakness. However, oral impairment has been
reported with lesions of either hemisphere (Daniels et al., 1999; Wilmskoetter et al., 2018)
and recent studies have associated right hemispheric ischemia with more severe dysphagia
and pharyngeal impairment (Suntrup- Krueger et al., 2017; Wilmskoetter et al., 2019b).
Occlusion of the right MCA in this model should be evaluated in future studies.

3.5 Conclusions

We found clinically relevant changes to swallowing and tongue force that support the use of
the MCAQ rat model as a translational model of post stroke dysphagia. Ongoing studies aim
to determine the impact of MCAO on structural, biochemical, and contractile lingual muscle
properties and the relationships between altered muscle physiology and functional
swallowing changes. Therapeutic interventions for dysphagia targeting the lingual muscles,
such as tongue exercise and neuromuscular stimulation, have previously been investigated in
rat models (Connor et al., 2009; Kletzien et al., 2013; Johnson and Connor, 2011; Connor et
al., 2013), and could be applied to this stroke model to improve our understanding of their
impact on the neuromuscular swallowing system after stroke.

4. Methods

4.1 Animals

Experiments were approved by the University of Wisconsin School of Medicine and Public
Health Animal Care and Use Committee. All applicable international, national, and
institutional guidelines for the care and use of animals were followed. Twenty-five 6-week
old male Sprague-Dawley rats were obtained from Charles River Laboratories two weeks
prior to MCAO/sham surgery to allow for acclimation, tongue press training, and baseline
testing. Rats were randomized into MCAO and Sham groups. Fifteen rats underwent
MCAO; two died after surgery and 3 were removed from analysis when no infarct was
detected (N = 10 MCAQO, 10 Sham).

4.2 Maximum voluntary tongue force

Following previously described procedures (Connor et al., 2009; Cullins et al., 2018;
Kletzien et al., 2013; Schaser et al., 2016), rats were progressively water restricted over one
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week, after which water restriction was maintained at 3 hours of water access per day (Toth
and Gardiner, 2000). Thirsty rats were acclimated to a custom designed operandum and
learned to press a disk with their tongue for a water reward. During the second day of
acclimation, water was dispensed at a minimal threshold of 2 mN and tongue presses were
recorded to calculate the inter-press interval. After two days of acclimation, maximum
voluntary tongue force was determined by challenging the rats with increasing force
thresholds for receipt of a water reward. The reward threshold was incremented by 2 mN
after each successful tongue press. This process was repeated over the course of 3 days to
account for learning and motivational changes, and the average of the 10 highest forces was
used to determine an individual rat’s maximum voluntary tongue force. Force tests were
repeated at 1- and 8-week time points.

4.3 Videofluoroscopy

As previously described (Russell et al., 2013), a mixture of peanut butter and barium sulfate
(Varibar Thin Honey) was placed on a platform in the rat’s home cage. During ad libitum
feeding of the peanut butter mixture, video was obtained at 30 frames per second on a C-
ARM fluoroscope model OEC 9800 (GE Medical Systems-OEC, Salt Lake City, UT). Only
swallows with a clear sagittal view were analyzed. ImageJ (Schindelin et al., 2012) was used
to assess swallowing measures including bolus area, bolus speed, mastication rate, and jaw
excursion. Mean bolus area for each rat was calculated from 9-15 swallows. The bolus area
was determined by tracing the bolus 1 frame before the bolus entered the upper esophageal
sphincter (UES). The UES is typically near vertebrae C4 and the bolus slows down and
darkens as it enters the UES.

Peak bolus speed and mastication rate were averaged from 3 swallows from each rat, based
on a previous study (Russell et al., 2013). The head of the bolus was tracked from initiation
of the swallow, determined by tongue base retraction propelling the bolus past the vallecula,
until the bolus reached the UES, typically 5-6 frames. The distance traveled by the bolus
between frames was determined by calculating the change in the location of the head of the
bolus relative to a stable anatomical marker on the skull, the external occipital protuberance,
to account for any overall movement of the rat. Peak speed typically occurred in the first two
frames after initiation of the swallow. Jaw excursion was measured as the difference between
the distance from the hard pallet to the mandible at jaws closed and jaws opened.

4.4 Middle cerebral artery occlusion and sham surgeries

Rats were anesthetized with isoflurane and a midline neck incision exposed the common
carotid artery, external carotid artery (ECA), and internal carotid artery (ICA). After
controlling blood flow with sutures and clips, a monofilament suture (Doccol Corporation)
was inserted in the transected ECA and advanced through the ICA approximately 17-20mm,
occluding the middle cerebral artery (MCA). Occlusion was maintained for 90 minutes, then
the suture was withdrawn to restore blood flow. Sham surgery included all steps except
MCA occlusion. Body temperature was maintained during and after surgery with heating
pads. Buprenorphine-SR and topical lidocaine were administered for analgesia.
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4.5 Infarct volume

After the rats were euthanized, brains were collected and snap frozen. Brains were sectioned
coronally at 50 pm on a cryostat (Leica) and stained with Cresyl violet. Slides were scanned
(Epson V500) and ImageJ was be used to measure the infarct volume.

4.6 Statistical Analysis

To account for multiple dependent variables, a repeated measures MANOVA was used to
assess the following dependent variables: weight, tongue force, inter-press interval, bolus
area, peak bolus speed, mastication rate, and inter-swallow interval. The Pillai’s trace test
statistics are reported. MANOVA was followed by individual repeated measures ANOVAS.
Rats aged from 8 weeks at the time of surgery to 16 weeks at the completion of the study.
This corresponds to a steep portion of the Sprague-Dawley growth curve (Brower et al.,
2015), and weights increased over time accordingly (Figure 1). Growth may be a
confounding factor in comparing many measures to baseline, therefore we focused primarily
on MCAQO versus Sham comparisons. An independent T-test was used to compare jaw
excursion between groups at the 8-week time point as a follow up on the mastication rate
results.

Funding
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MCAO middle cerebral artery occlusion

VFSS videofluoroscopic swallowing study
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Highlights
MCAQ in the rat results in acute and chronic lingual weakness
Changes in swallowing after MCAO include reduced bolus size and speed

MCAO can be used to model post stroke dysphagia in the rat
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Fig. 1.

Body weight and infarct volume. Both stroke (black boxes) and sham (gray boxes) groups
gained weight over time (p < 0.001), however no significant weight differences were found
between MCAO and Sham (Top). Bodyweight at the 8-week time point, normalized to
baseline, was negatively correlated with infarct volume (Pearson’s r= - 0.726, p = 0.017);
the animals with the largest infarcts had gained the least weight. Inset: Representative image
of a Cresyl violet stained brain section used to calculate infarct volume (infarct area
outlined).

Brain Res. Author manuscript; available in PMC 2020 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Cullins and Connor

160

-

©

c £120

BCD

S 2

e 80

2 o

£ 5 40

©

s 2
0

o 1.5}

)

T

s 1l

<

?

o 0.57

L

o

[=I);

T

Page 15
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Weeks Post MCAO/Sham surgery

Fig. 2.

0 3 Days 8
Weeks Post MCAO/Sham surgery

Tongue force and inter-press interval. Asterisks indicate significant differences between the
MCAO (black) and sham (gray) groups. The MCAO groups tongue force was significantly
lower at 1 and 8 weeks (p = 0.034, 0.003), and was significantly reduced from baseline at
both time points (p < 0.001, p = 0.011). The sham group was not significantly different than
baseline at 1-week but was significantly larger than baseline at 8 weeks (p = 0.355, p =
0.007). At 3 days post-surgery the inter-press interval of both groups was slower than
baseline (MCAO p = 0.003, Sham p = 0.015). At 8 weeks, neither group was significantly
different from baseline (MCAO p = 0.33, Sham p = 0.15), but the MCAO group was
significantly slower than sham at the 8-week time point (p = 0.02).
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Videofluoroscopic swallowing study detected reduced bolus area and peak speed after

MCAO. Example videofluoroscopic images of swallowing

in the same rat before and 8

weeks after MCAO (Al and A2), with the bolus outlined in white. B: The MCAO group
(black) swallowed smaller boluses at both 1 and 8 weeks after MCAO (p = 0.002, p <

0.001). At both time points peak bolus speed was lower in

the MCAO group (C; p = 0.006, p

= 0.048). No significant differences were found between groups for inter-swallow interval

(D).
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Mastication rate and jaw excursion. Mastication rate did not significantly differ between the
MCAO (black) and Sham (gray) groups at any time point (Left). The jaw excursion distance
was significantly less in the MCAO group (Right panel, data from week 8 shown).
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