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Abstract

Background: Clinical observations suggest an association between methamphetamine (METH)
use and cardiovascular disease, but preclinical studies are lacking. The purpose of the current
study was to explore changes in left ventricular function as a potential precursor to cardiovascular
disease in a rodent model of METH use.

Methods: Male rats were allowed to self-administer either METH or saline for 9 d. On the day
following the 4" and 9t self-administration sessions, an echocardiogram was performed to assess
left-ventricular parameters under basal conditions and following a low-dose of METH (1 mg/kg).

Results: A low challenge dose of METH resulted in subtle but statistically significant changes in
cardiac function during the echocardiogram in both the METH and saline self-administering
groups. Further, differences in left-ventricular parameters such as stroke volume and heart rate
were observed between METH and saline groups following the 9™ self-administration session.
Finally, supervised machine learning correctly predicted the self-administration group assignment
(saline or METH) using cardiac parameters following the 9t self-administration session.

Conclusions: The findings of the current study suggest the heart, specifically the left ventricle,
is sensitive to METH. Overall, these findings and emerging clinical observations highlight the
need for research to investigate the effects of METH use on the heart.
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1.

Introduction.

Methamphetamine (METH) users have higher incidences of cardiovascular disease (Chehab
etal., 2012; Darke et al., 2018, 2017; Jafari Giv, 2017; Paratz et al., 2016). Recent
epidemiology studies suggest that cardiovascular disease is the leading cause of natural
death in METH users, and the second leading cause of death overall in METH users (Jafari
Giv, 2017; Paratz et al., 2016). Of these cases, left ventricular hypertrophy and Takotsubo
cardiomyopathy were among the most common types of cardiovascular disease (Darke et al.,
2017; Paratz et al., 2016). However, determining a causal link between METH use and
cardiovascular disease in humans is difficult, given the multitude of other factors that may be
mediating this relationship (Jafari Giv, 2017). Despite clinical evidence suggesting METH
use is associated with cardiovascular disease and cardiac-associated death, preclinical
studies investigating the contribution of METH use to cardiac dysfunction are limited.

The self-administration of METH in rodents resembles aspects of human METH use.
Extended access self-administration paradigms result in an escalation of drug intake and
brain METH levels comparable to that of human METH users (Kalasinsky et al., 2001;
Krasnova et al., 2013, 2010; McFadden et al., 2012; Schwendt et al., 2019). Additional
similarities exist between preclinical models and human METH users in neurochemistry
measures of the brain (Krasnova et al., 2013, 2010; McCann et al., 1998; McFadden et al.,
2012; Schwendt et al., 2019; Volkow et al., 2001AB). Despite research investigating how
METH changes the brain, little research has investigated how METH use changes the rest of
the body, including the heart (Kevil et al., 2019).

A novel aspect of machine learning is its ability to predict disease states. For example,
algorithms are being trained to predict cancer and heart disease from medical images
(Ghorbani et al., 2020; Reddy et al., 2019). These advancements in machine learning can
identify characteristics of a disease state that are discoverable by a trained human expert
(Ghorbani et al., 2020). More importantly, advancements in machine learning have produced
algorithms that can predict disease states and patient characteristics using subtle differences
that may not be detected by human experts (Ghorbani et al., 2020). These advancements in
machine learning show promise in aiding healthcare experts in identifying disease states
using subtle, but predictive changes.

The current study investigated early changes in cardiovascular function following the self-
administration of METH in male rats. Echocardiograms were used to assess left-ventricular
function under basal conditions and following an acute low-dose challenge injection of
METH. Results revealed differences in cardiovascular function including heart rate, stroke
volume, and left ventricular mass between self-administration groups. Despite animals self-
administering for only 9 d, machine learning was able to correctly predict the self-
administration group assignment in the majority of animals based on subtle changes in the
heart.
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2.

Materials and Methods.

2.1. Animals.

2.2.

Adult male Sprague Dawley rats (Envigo Laboratories, postnatal d 56) were maintained on a
12:12 h light: dark cycle throughout the study. Animals were pair housed until the time of
surgery, after which they were singly housed. Water was freely available throughout the
experiments, and food was freely available at all times except for mild food restriction
during food training. All procedures were approved by the University of South Dakota
Institutional Animal Care and Use Committee, per the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Food Training and Self-Administration.

Rats were food trained and underwent surgery as previously described (McFadden et al.,
2012). Briefly, animals underwent 4-5 overnight sessions of food training (14 h each),
where active lever presses resulted in the delivery of a 45 mg food pellet as previously
described (Johansen & McFadden, 2017). Animals then underwent surgery to implant a
jugular catheter under ketamine (100 mg/kg i.p.) and xylazine (7 mg/kg i.p.) anesthesia. Rats
were given time to recover after the surgery. Flunixin meglumine (1.1 mg/kg) was given for
post-surgery analgesia. Animals received daily infusions of cefazolin (1 mg/ 100 uL
infusion) and heparin (6 U/ 100 uL infusion) following surgery. An infusion of methohexital
sodium (10 mg/1 mL, 100 uL infused), a short-acting barbiturate, assessed the patency of
catheters to ensure that the animals receive the drug i.v. (Schwendt et al., 2009), and only
animals with patent catheters were retained in the study.

Rats then self-administered either saline or METH (8 h/d). Active lever presses resulted in
an infusion of METH (0.12 mg/10 uL infusion) or 10 uL saline followed by a 30 s time out
period. Inactive lever presses were recorded but resulted in no programmed responses. A
total of 9 self-administration sessions were given.

2.3. Echocardiogram.

To assess the progressive development of early cardiovascular changes, animals underwent
an echocardiogram approximately 24 h after the start of the 4! and 9t self-administration
sessions. Animals were anesthetized with isoflurane (4%) and adjusted to 1.5% to sustain a
light anesthetic plane. Standard echocardiograms were collected (VisualSonics Vevo 2100,
Toronto, ON, Canada). Parasternal long-axis B-mode was utilized to identify the correct
cardiac plane. The probe was then rotated to the short-axis plane, adjusted to the level of the
papillary muscle, and video of B-mode and M-mode were collected. After baseline
assessments, a 1 mg/kg injection of METH (i.p.) was given to assess cardiac function
following a low-dose challenge, and images were acquired 10 min, 20 min, and 30 min post-
injection. Intraperitoneal injection was used to allow METH to be administered without
altering the plane from which the echocardiograms were recorded. From these videos, the
cardiac walls were traced using VisualSonics VevoLAB 3.1.1 Software Cardiac Package by
an individual blinded to treatment at each time point. Calculated output parameters included:
heart rate, stroke volume, ejection fraction, left ventricular mass corrected (left ventricular
mass X 0.8 to correct for shape), and diastolic left ventricular posterior wall thickness.
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2.4. Data Analysis.

Data were analyzed in SAS Studio. Lever pressing and cardiac parameters were assessed at
each time point using repeated-measures ANOVAs followed by Tukey’s HSD posthoc
analyses. Significance for these measures occurred when p<0.05. Graphs of these measures
represent the mean £ SEM.

Supervised machine learning (linear discriminate analysis) was then used to predict group
assignment (METH self-administration or saline self-administration) based on average
cardiac parameters. Linear discriminate analysis seeks to find a linear combination of
predictor variables that best explain the dependent variable. For the algorithm to perform its
best, variables that are not predictive of the dependent variable, i.e. self-administration
group, need to be removed. A stepwise selection was used to select the best predictor
variables of all of those captured by the echocardiogram. Specifically, predictor variable
selection was determined by Wilks’ lambda and the F-value of the analysis of covariance
(pin<0.15; pout<0.15). This selection method yielded two predictor variables, left ventricular
mass and diastolic left ventricular posterior wall thickness. Next, the linear discriminate
analysis algorithm was trained using the two predictor variables and the self-administration
group as the dependent variable. Findings were then cross-validated using leave-one-out
cross-validation to determine the accuracy of the model.

3. Results.

Lever presses for METH increased over the course of the experiment while saline presses
decreased (Figure 1A; Group: F(1,12)=36.38, p<0.05; Day: F(8,96)=1.87, ns; Group x Day:
F(8,96)=16.91, p<0.05). METH intake significantly increased throughout self-administration
(Figure 1B; F(8,48)=61.35, p<0.05), with intake exceeding 15 mg/kg/session on the last two
days of self-administration. As expected, METH self-administration resulted in a reduction
in weight gain over the course of the study (15t day of self- administration: Saline- 323.57 g
+5.32 g, METH- 319.57 g + 3.89 g; 15t ECHO: Saline- 333.14 g + 6.06 g, METH- 305.86 g
+2.95 g; 2"d ECHO: Saline- 347.57 g + 6.43 g, METH- 305.71 g + 3.48 g; Group:
F(1,12)=13.08, p<0.05; Day: F(2,24)=18.19, p<0.05; Group x Day: F(2,24)=122.7, p<0.05).

Following 4 d of self-administration, few group differences in cardiac measures were
observed. METH self-administering animals had a slightly lower left ventricular mass
compared to saline animals overall (Group: F(1,12)=4.68, p=0.05; Time: F(3,36)=0.42, ns;
Group x Time: F(3,36)=0.41; ns). The METH challenge increased heart rate (F(3,36)=9.51,
p<0.05), but no group differences were observed (F(1,12)=0.29, ns; Group x Time:
F(3,36)=1.39, ns). This injection of METH also resulted in an increase in the ejection
fraction (F(3,36)=21.66, p<0.05), but no differences were observed between groups (Group:
F(1,12)=0.11, ns; Group x Time: F(3,36)=1.41, ns). Diastolic left ventricular posterior wall
thickness did not differ by group (F(1,12)=3.29, p<0.10), but did increase following the
METH challenge (Time: F(3,36)=8.58, p<0.05; Group x Time: F(3,36)=1.04, ns). No
differences were observed in stroke volume (Group: F(1,12)=0.23, ns; Time: F(3,36)=0.52,
ns; Time x Group: F(3,36)=0.66, ns;).
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After 9 d of self-administration, group differences began to emerge. Heart rate was increased
in METH self-administering animals (F(3,12)=5.02, p<0.05; Figure 2A), and the METH
challenge increased heart rate in both groups (Time: F(3,36)=14.97, p<0.05), but no
significant interaction occurred (Group x Time: F(3,36)=0.03, ns). The METH challenge
increased the ejection fraction (Time: F(3,36)=2.97, p<0.05; Figure 2B), but no group
differences were observed (Group: F(1,12)=0.05, ns; Group x Time: F(3,36)=0.60, ns).
METH self-administering rats had reduced stroke volumes compared to saline self-
administering animals (Group: F(1,12)=5.08, p<0.05; Figure 2C), but the METH challenge
resulted in no significant changes (Time: F(3,36)=0.62, ns; Group x Time: F(3,36)=0.60, ns).
Diastolic left ventricular posterior wall thickness did not differ (Group: F(1,12)=0.13, ns;
Time: F(3,36)=1.47, ns; Group x Time : F(3,36)=1.25, ns). Finally, METH self-
administering animals had slightly lower left ventricular mass compared to saline animals
(Group: F(1,12)=5.35, p<0.05). Overall, there was no significant effect of time for the
ventricular mass measure (Time: F(3,36)=1.56, ns), but instead mass was higher in the saline
group following the drug challenge (Group x Time: F(3,36)=2.85, p=0.05).

Given group differences emerged following 9 d of self-administration, supervised machine
learning was used to classify self-administration groups based on cardiac parameters
averaged across time. Given the large number of measures generated by the
echocardiograms, a stepwise selection method was first utilized to select the measures most
predictive variables of the self-administration group. The resulting model found left
ventricular mass and diastolic left ventricular posterior wall thickness were significant
predictors of METH self-administration (F-statistic=9.35, p<0,05; Wilks’ Lambda=0.37,
p<0.05; Figure 2D). When all animals were included in this model, it correctly classified
100% of the METH self-administration rats and 85.7% of the saline self-administration rats.
Moreover, cross-validation resulted in the correct classification of 100% of the METH
animals and 71.4% of the saline animals.

Discussion.

Clinical reports suggest that METH use is associated with an increase in cardiovascular
disease and related deaths (Chehab et al., 2012; Darke et al., 2018, 2017; Jafari Giv, 2017;
Paratz et al., 2016). These clinical reports likely represent the extremes on a continuum of
cardiac complications associated with long-term METH use. Understanding the early stages
of METH-induced cardiac changes using non-invasive methods is important for determining
the prognosis and developing effective treatments (Schiirer et al., 2017). The current study
sought to investigate the development of METH self-administration-induced cardiac
changes. The results of the current study demonstrate an acute low-dose of METH robustly
change cardiac function. Regardless of the self-administration group, the acute low-dose
injection of METH was sufficient to increase heart rate and ejection fraction. These findings
suggest that the heart is readily responsive to METH when administered in a single
intraperitoneal bolus. Further, the current study suggests that subtle left ventricular
alterations emerge as chronic METH use progresses. After 9 d of self-administration,
increased heart rate and reduced stroke volumes were also observed in the METH self-
administering animals compared to saline. Given the relatively short time of self-
administration (9 d), it is unknown if these subtle changes will worsen if a longer duration of
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self-administration was given. Further, one limitation of the current study is that animals
were only subjected to a mild challenge in the form of a low dosage of METH, given
intraperitoneally during the assessment of cardiac parameters. If a greater challenge was
given to the animals, such as a higher intravenous dose of METH, a physical cardiac
stressor, or chemical stressors such as isoproterenol, greater differences in cardiac
parameters in animals with a history of METH self-administration compared to saline self-
administration may be unmasked.

While the effect of METH exposure on the brain and neurological system are widely
studied, less is known about how METH effects the peripheral and central cardiovascular
system. METH use resulted in increased blood pressure, acute vasospasm, and
atherosclerosis, suggesting that METH has effects on the peripheral vasculature (Blaker et
al., 2016; Kaye et al., 2008; Lv et al., 2016; Kevil et al., 2019). Preclinical studies have also
shown that METH-induced endothelial nitric oxide synthase activation and endothelin-1
release leads to potent vasoconstriction (Seo et al., 2016). Further, chronic METH users are
less responsive to the vasodilatation effects of nitroglycerine (Navaei et al., 2016). In
addition to these vascular effects, direct effects of METH on the heart can occur through the
remodeling of the cardiac tissue itself (Islam et al., 1995; Yu et al., 2002). For example,
acute METH exposure inhibits cardiac contractile function (Turdi et al., 2009). Contractile
function is an important factor that influences stroke volume (Yu et al., 2002), and this
measure was altered in the current study. Further, chronic METH use has been shown to
induce apoptosis through cardiac-specific apoptotic pathways (Liou et al., 2013). A principal
route of cardiac cell loss may involve systemic catecholamine toxicity (Kevil et al., 2019;
Silman et al., 2015). Sustained norepinephrine release leads to hypertrophy and cell death of
cardiomyocytes (Jain et al., 2015). Further, these effects were blocked by the non-selective
[B-adrenergic receptor antagonist, propranolol. Stimulating cardiac adrenergic receptors are
known to increase heart rate (Leenen et al., 2007), and heart rate was altered in the current
study. These studies suggest that METH acts directly on the heart through catecholamine
receptors, which may influence the development of cardiovascular disease (Kevil et al.,
2019; Silman et al., 2015). The acute physiological adaptation found in the current study
may represent early cardiac changes that may increase the risk of developing more severe
cardiac diseases. Future studies are necessary to fully elucidate how these changes in the
heart interact with changes in the peripheral vascular to promote cardiovascular diseases
following METH use.

These differences following METH self-administration may contribute to the development
of later diseases such as Takotsubo syndrome or dilated cardiomyopathy. Takotsubo
syndrome, especially the reverse phenotype, has been observed in human METH users
(Chehab et al., 2012; Jafari Giv, 2017; Voskoboinik et al., 2016). These users tend to have a
shorter duration of use (Jafari Giv, 2017; Voskoboinik et al., 2016). Although Takotsubo
syndrome is not well understood, excessive catecholamine release and stress are thought to
contribute to some cases (Chehab et al., 2012; Pelliccia et al., 2017). Indeed, the ability of
METH to release catecholamines and stress hormones has been well established (Chehab et
al., 2012; Zuloaga et al., 2014). In mice, 1 mg/kg injection of METH, caused a significant
increase in plasma corticosterone 30 min after the injection (Zuloaga et al., 2014). Of note,
METH users with Takotsubo syndrome have a greater chance of recovery from ventricular
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dilation (Moskoboinik et al., 2016). Although Takotsubo syndrome associated with METH
use is reversible, Voskoboinik and colleagues speculate that chronic catecholamine-induced
myocardial stunning from METH use may increase the chances of developing other
cardiovascular diseases which have irreversible damage (2016). Preclinical studies have
found that METH use can activate cardiac-specific apoptotic pathways (Liou et al., 2013).
Further, chronically elevated catecholamine levels can lead to an increase in fibrosis and
hypertrophy (Laks et al., 1973). The apoptosis and fibrosis may contribute to the
development of more severe cardiac diseases associated with METH use, including left-
ventricular cardiomyopathy. With longer drug use, it is speculated that differences in cardiac
parameters between METH and saline self-administering animals may become more
pronounced and persistent, and perhaps contribute to more severe cardiovascular diseases.

Echocardiograms are commonly used to assess cardiac function in humans. Developing
algorithms to predict drug use could aid physicians in determining drug use history in
patients. Recent advancements in machine learning have driven the development of
algorithms to assist medical professionals in identifying disease states from subtle
differences (Ghorbani et al., 2020). These algorithms could potentially allow medical
professionals to reliably identify disease states and direct patients to needed treatments
earlier before the disease progresses. The results of the current study suggest that even after
the short period of METH use, cardiac parameter differences predicted drug self-
administration group. However, the specificity of these changes to METH versus other drugs
or cardiac conditions was not investigated and remains a limitation of this study. The
resulting methods could be applied to develop similar algorithms using clinical data to detect
METH usage. Indeed, using transthoracic echocardiograms, Wei and colleagues (2018) were
able to predict METH abusers with preserved left ventricular ejection fraction from that of
healthy control subjects. Moreover, Ghorbani and colleagues were able to develop
algorithms of echocardiograms that could detect specific characteristics about the patient,
such as weight, gender, and height, as well as cardiac disease states such as a atrial dilation
and ventricle hypertrophy (2020). Given the availability of this non-invasive technology in
hospitals, further developing these methods may provide essential information on the
cardiovascular impact of drug use and aid health care professionals in identifying drug use.
Therefore with further development of these algorithms, we propose that early-stage
detection of METH use with a common clinically available tool such as ultrasound
combined with the predictive nature of machine learning can provide a valuable potential
resource for addressing the METH epidemic by helping medical professionals identify and
direct patients to treatment before more severe cardiomyopathies develop.

4.2 Conclusions.

The findings of the current study suggest that the heart is readily responsive to METH even
at low doses. Further, METH self-administration can lead to changes in the heart that can be
utilized to differentiate between drug and saline self-administering animals. Recent studies
suggest that METH use in the United States is on the rise (Jahal et al., 2018; Winkelman et
al., 2018). The alterations in the heart induced by METH use combined with aging may put
METH users at a higher risk of cardiovascular disease (Darke et al., 2017). Utilizing
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preclinical models to study the development of METH-related cardiovascular disorders may
be an important factor in understanding the impact of METH use on overall health.
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Highlights:
. 1 mg/kg of methamphetamine robustly changed left ventricular measurements
. Methamphetamine self-administration leads to alterations in cardiac
parameters
. These subtle cardiac alterations were predictive of self-administration group
assignment
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Figure 1.

The self-administration of METH and saline. A. METH self-administering animals
increased active lever presses throughout self-administration while saline animals rapidly
extinguished lever pressing. B. This resulted in an escalation of METH intake over the
course of self-administration. &p<0.05 METH vs. Saline.
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Figure 2.

Echocardiogram measures as assessed on the day following the 9t self-administration.
Basal cardiac parameters were assessed followed by a 1 mg/kg injection of METH. Cardiac
parameters were then reassessed every 10 min after the injection. A. METH self-
administering animals had elevated heart rates compared to saline animals, but both groups’
heart rate increased following the METH challenge. B. Ejection fraction increased following
the METH challenge in both groups. C. METH self-administering animals had reduced
stroke volumes compared to saline self-administering animals. D. A scatter plot of average
left ventricular volume versus average diastolic left ventricular posterior wall thickness
following 9 d of self-administration. Linear discriminate analysis was performed using these
parameters and cross-validated to predict group assignment. The animal that was
misclassified during the training of the linear discriminate analysis is outlined with dashed
markers. & p<0.05 METH vs. Saline. *p<0.05 Pre vs. Post 10, Post 20, Post 30.
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