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Abstract

The global occurrence of metabolic syndrome has reached epidemic proportions and is
a contributing factor in the rising incidence of cognitive decline in the aging population.
While pre-clinical research has advanced our understanding of many of the mechanisms
underlying metabolic syndrome, animal models often do not reflect the complexity of
human disease. For example, animal models that investigate the role played by diet in
metabolic syndrome have generally focused on a single macronutrient, in particular fat or
carbohydrate. As a result, although a balanced diet and increased physical activity are
commonly recommended to treat metabolic syndrome symptomatology, their long-term
cerebrovascular benefits are uncertain. To address these gaps in knowledge, a “Cafeteria”
diet consisting of 16 common ultra-processed grocery store food items was used to model
human metabolic syndrome in the rat. | compared rats fed a Cafeteria diet (CAF) to those
fed “standard” chow (SD) as well as to a third group that underwent a switch to chow
after chronic exposure to the Cafeteria diet (SWT). In a first study, | showed that three
months of exposure to the Cafeteria diet produced metabolic syndrome as well as
hippocampal neuroinflammation with increased microglial proliferation. These were fully
reversed in SWT rats. Nonetheless, the Cafeteria diet did not worsen spatial learning and
memory performance as assessed using the Barnes maze. In a second study, brain
perfusion was examined using continuous arterial spin labeling magnetic resonance
imaging (CASL MRI). Cortical and hippocampal resting perfusion was increased in CAF
rats while cerebrovascular reactivity in response to a 10% CO; vasodilatory challenge
was reduced. Furthermore, while resting perfusion improved in SWT rats,

cerebrovascular reactivity remained impaired. These cerebral blood flow outcomes were



not accompanied by alterations in microvascular architecture or integrity as determined
by rat endothelial cell antigen-1 (RECA-1) and immunoglobulin G (IgG) histology.
Taken together, these results demonstrate that the Cafeteria diet is an effective model of
metabolic syndrome that negatively impacts brain hemodynamic function. Moreover,
while a dietary lifestyle intervention can recover peripheral features of metabolic
syndrome, neuroinflammation, and resting perfusion, it is insufficient to completely
reverse deficits in cerebrovascular reactivity. These findings are compelling as they speak
to the detrimental effects of ultra-processed food consumption on cerebrovascular reserve

capacity, believed to be an important factor in cognitive decline.
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Chapter 1 - General Introduction

1. Metabolic Syndrome and Cardiovascular Disease

a. History of the metabolic syndrome concept

The observation that several disorders of metabolic origin frequently present together
was first reported in 1923 by Eskil Kylin in describing the association between diabetes,
hypertension, and kidney disease (Kylin, 1923). Jean Vague added obesity to this
clustering with a quantifiable description of gender-specific adipose tissue distribution
and its differential role in peripheral metabolism (Vague, 1947). Over the course of the
following three decades, epidemiological evidence began to link cardiovascular disease
(i.e. coronary heart disease, cerebrovascular disease, peripheral arterial disease) (World
Health Organization, 2016) to metabolic disorders (Haller, 1977).

During this same period, the rapidly increasing rate of obesity in the United States
(Flegal et al., 1998) was viewed as the leading cause of many health complications (Bray,
1985). However, the nature of the relationship between obesity and cardiovascular
disease, whether causal or correlational, is still unclear (Antonopoulos et al., 2016) with
some considering insulin resistance to be the primary mechanism underlying
cardiovascular disease (Reaven, 2006). In fact, in his 1988 Banting lecture, Gerald
Reaven highlighted the role of insulin resistance and hyperinsulinemia in the
development of hypertriglyceridemia and hypertension, coining the term ‘Syndrome X’
to identify this cluster of metabolic disturbances (Reaven, 1988). Syndrome X would

become the forerunner to metabolic syndrome.



b. Institutional definitions of metabolic syndrome

In an effort to develop a working guideline for clinicians and researchers, national and
international organizations including the World Health Organization (Alberti & Zimmet,
1998), the European Group for the Study of Insulin Resistance (Hills et al., 1999), the
National Heart, Lung and Blood Institute (NHLBI) (Expert Panel on Detection
Evaluation and Treatment of High Blood Cholesterol in Adults.,, 2001), and the
International Diabetes Federation (IDF) (Alberti et al., 2005) each proposed a definition
of metabolic syndrome, grouping together the most salient metabolic features shown to
increase the risk of cardiovascular disease.

Though these definitions had much in common, they differed in their applicability to
different ethnic groups. In particular, this was based on the use of waist circumference as
the measure of abdominal obesity, as single cut-off values cannot be standardized across
populations (Alberti et al., 2005). To reconcile these differences, the IDF, the NHLBI,
and the American Heart Association (AHA) agreed on a harmonized definition of
metabolic syndrome (Alberti et al., 2009a), requiring that any three out of the following
five features be present: abdominal obesity with elevated waist circumference (country-
specific); elevated triglyceride (> 150 mg/dl); reduced high-density lipoprotein (HDL)
(< 40 mg/dl in men, < 50 mg/dl in women); elevated blood pressure (systolic > 130

and/or diastolic > 85 mmHg); elevated fasted blood glucose (> 100 mg/dl).
c. Metabolic syndrome and cardiovascular disease statistics

The global prevalence of metabolic syndrome has grown substantially in recent
decades (Batsis et al., 2007). Nonetheless, Canada and the United States lead the world in

rates of metabolic syndrome (Monteiro et al., 2013). In Canada, 21% of the adult


https://en.wikipedia.org/wiki/National_Heart,_Lung_and_Blood_Institute

population over the age of 18 is affected (Statistics Canada, 2014) while 35% of adults
>20 years old in the United States have metabolic syndrome (Aguilar et al., 2015).

These numbers are troubling given that metabolic syndrome increases the risk of
ischemic stroke and myocardial infarction by 60% (Boden-Albala et al., 2008). This
increased ischemic stroke risk disproportionally affects women (hazard ratio of 2.0 in
women, 1.1 in men), driven by a higher rate of elevated waist circumference and

considerably lower HDL in women.

2. Factors Contributing to Metabolic Syndrome

a. Lifestyle factors

An unhealthy diet and physical inactivity greatly contribute to the rising rates of
chronic illness, supported by the results of the 2010 Global Burden of Disease study (Lim
et al., 2012). Collectively, these two risk factors explained 10% of disability-adjusted life
years lost, leading all of the 67 risk factors studied. Further, the number of years of life
lost due to high body-mass index (BMI) and high fasted blood glucose nearly doubled

between 1990 and 2010.
i.  Dietary factors

These findings from the Global Burden of Disease study are troubling given that
~55% of Canadians do not consume enough fruits and vegetables (at least 5 daily
servings) (Public Health Agency of Canada, 2011). Instead, energy-dense ultra-processed
foods are preferred, a dietary trend that is becoming adopted globally (Monteiro et al.,
2013). These are foods that result from the additional processing of substances that have

already been refined from whole foods and that are particularly energy dense and high in



sodium. Combined with physical inactivity, this dietary preference contributes to a
positive energy balance. Indeed, the North American diet, characterized especially by the
elevated consumption of soda, potato chips, deli meats, and sweets, as well as the low
intake of vegetables, whole grains, fruits, and yogurt is associated with an average yearly
weight gain of 1 Ibs (Mozaffarian et al., 2011).

In particular, refined sugars in sweetened beverages (e.g. soda and fruit juice) play an
important role in the development of metabolic syndrome. Because of their liquid form,
sweetened beverages are quickly ingested before satiety signals take effect (Gibbs et al.,
1973) and the additional kilocalories that they provide are not compensated for by
reduced appetite at subsequent meals (Almiron-Roig & Drewnowski, 2003). In fact, the
consumption of a single sweetened beverage per day results in a positive energy balance
and weight gain (Malik et al., 2008). These detrimental effects are compounded by
sugar’s high palatability through its activation of reward pathways in the brain in much
the same way as drugs of addiction (Avena et al., 2008). Furthermore, combining sugar
with fat in ultra-processed foods further enhances food palatability by decreasing
sensory-specific satiety, thereby greatly enhancing overall food intake and promoting a
positive energy balance (Sgrensen et al., 2003).

A positive energy balance is central to the development of the various metabolic
syndrome features. Initially, surplus metabolic fuels are preferentially stored in
subcutaneous adipose tissue (SAT) which acts as a ‘metabolic sink’ (Lemieux, 2004).
Because of SAT’s high expression of lipoprotein lipase that facilitates the removal of
triglycerides from circulating cholesterol particles, lipid storage in SAT is
cardioprotective (Pouliot et al., 1991). However, once maximal hyperplastic expansion of

SAT adipocytes is reached, as determined by environmental and genetic factors,



adipocytes transition to hypertrophic growth, triggering several negative events within
SAT tissue (Danforth, 2000). These include the infiltration of immune cells causing the
local and systemic release of inflammatory adipokines as well as the development of
insulin resistance. SAT insulin resistance does not significantly contribute to whole-body
glucose regulation due to the fact that it accounts for just 10% of the glucose load
(Gustafson et al., 2015). However, it does alter adipocyte metabolism causing lipids to be
funneled towards visceral adipose tissue (VAT) and to ectopic organs such as skeletal
muscle, heart, and liver, subsequently elevating circulating triglyceride leading to a
concomitant reduction in HDL cholesterol (Després & Lemieux, 2006). Additionally,
these ectopic tissues also become insulin resistant, thus precipitating the onset of type 2
diabetes (Boren et al., 2013). Finally, insulin resistance, and more specifically
hyperinsulinemia, instigates the development of hypertension as it stimulates renin
secretion and greater retention of sodium by the kidneys (Johnson et al., 2015). An
overview of these processes and how they contribute to the development of
cardiometabolic risk factors is shown in Figure 1.

In addition to a positive energy balance, nutritional quality plays an important role in
the development of metabolic syndrome, particularly in regulating metabolite oxidation
rate, oxidative stress, and appetite (Mozaffarian, 2017). Nonetheless, the question of what
constitutes a nutritious diet is fraught with controversy. Historically, healthy diets have
been considered from the perspective of single nutrient deficiencies or excesses. An
important example of this was the description, in the Seven-Country Study, of a link
between elevated dietary saturated fat consumption and increased cardiovascular disease
(Keys et al., 1981, 1986). By extension, total dietary fat became considered by

researchers and health agencies as the most important risk factor for obesity and
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Figure 1: Working model of how a positive energy balance leads to metabolic syndrome
with increased cardiovascular disease risk.

Lipid overflow from subcutaneous adipose tissue spills over into visceral adipose tissue
as well as into ectopic organs including liver, heart, muscle, kidney and pancreas. This in
turn impairs insulin signaling with harmful cardiometabolic consequences.

Adapted from (Tchernof & Després, 2013).



cardiovascular disease (Mozaffarian, 2016). However, recent analysis of internal
documents from the Sugar Research Foundation has revealed that this was an intentional
misdirection in order to mask the negative impact of refined sugars (Kearns et al., 2016).
Large prospective studies and meta-analyses of retrospective studies have since
concluded that the nutrient that is replaced, rather than the quantity of saturated fat per se,
matters most in predicting cardiovascular disease risk (Micha & Mozaffarian, 2010; Li et
al., 2015). Indeed, replacing saturated fat with polyunsaturated fat or high-quality
carbohydrates reduces cardiovascular disease outcomes while replacement with refined
sugars increases risk (Yang et al., 2014). As such, current recommendations urge the
consideration of overall dietary patterns and a food-based research approach rather than

focusing on isolated nutrients (Mozaffarian, 2016).
ii.  Physical inactivity

Physical inactivity represents the other side of the coin in the development of
metabolic syndrome; energy surplus from diet that is not countered by physical activity
of sufficient intensity results in a net positive energy balance. Paralleling dietary patterns,
intensity of physical activity by the average Canadian is lower than that recommended by
healthcare providers, helping to explain the high national rate of metabolic syndrome.
Indeed, only one in five adult Canadians meet the recommended 150 minutes of moderate
to vigorous physical activity set out by the Canadian Physical Activity Guidelines
(Canada, 2015) and ~48% are physically inactive (walking less than 30 min/day) (Public
Health Agency of Canada, 2011).

In addition to counterbalancing dietary energy surplus, physical activity exerts several

other cardioprotective effects. These include the regulation of the metabolic oxidation



rate via engagement of sympathetic and neuroendocrine systems, the mobilization of
progenitor cells to enable tissue repair, and changes to muscle tissue that enhance
secretion of beneficial metabolites and the effective disposal of deleterious others (Neufer
et al., 2015). Combined, these benefits of physical activity have a cardioprotective value
that is estimated to be ~40% greater than that predicted by the improvement of metabolic
syndrome features alone (Joyner & Green, 2009). This strong effect is exemplified in a
population of individuals that, despite being obese, do not exhibit the other features of
metabolic syndrome (Lavie et al., 2014). These ‘metabolically healthy obese’ individuals
are at a lower risk of cardiovascular disease than their metabolically unhealthy obese
counterparts, an effect that is in part due to their greater level of cardiorespiratory fitness

(Ortega et al., 2013).
b. Genetic factors

Though lifestyle is an incontrovertible cause of metabolic syndrome, common genetic
polymorphisms potentiate its features. Indeed, individual metabolic syndrome features
are estimated to exhibit 25-60% heritability (Stanc¢akova & Laakso, 2014). Resulting
from the selective pressures of historical food shortages, purported ‘thrifty genes’
promote the onset of obesity and insulin resistance as food has become over abundant in
modern times (Neel, 1962). Alternatively, these polymorphisms may have arisen instead
from genetic drift and confer no evolutionary advantage (Speakman, 2008).

Regardless of the evolutionary mechanisms driving their appearance, most
polymorphisms produce mild phenotypes and only in combination with an energy-dense
diet (Groop, 2000). Nevertheless, certain mutations, for example those affecting leptin

(Clement et al., 1998) and melanocortin signaling (Vaisse et al., 1998), result in extreme



phenotypes regardless of diet. However, the prevalence of these mutations is low. For
example, the frequency of the LEP A19G leptin allele is 0.46% in the Caucasian
population while leptin receptor variants are present at rates of 0.25-0.85% (Paracchini et
al., 2005). These severe genetic polymorphisms do not, therefore, significantly contribute
to the rapid increase in prevalence of metabolic syndrome that has been observed in the

past few decades.
c. Gut microbiome

Recent advances in our understanding of the gut microbiome have revealed other
mechanisms by which diet leads to the development of metabolic syndrome. In addition
to the energy absorbed from food macronutrients, intestinal bacteria, primarily from the
Bacteroidetes and Firmicutes phyla, supply the body with energy from short-chain fatty
acids (SCFA) such as butyrate, propionate, and acetate via the fermentation of non-
digestible carbohydrates (Komaroff et al., 2017). In particular, Firmicutes exhibit a
greater ability to generate SCFA, with an increase in the relative abundance of certain
classes of Firmicutes associated with an ‘obese’ phenotype in both rodents (Turnbaugh et
al., 2006) and humans (Turnbaugh et al., 2009a). While the composition of the gut
microbiome is largely established at birth (Palmer et al., 2007), diet can dramatically alter
its composition after a single day. In particular, mice switched to a high-fat and high-
sugar ‘Western’ diet exhibit a reduction in bacterial diversity and a shift in the relative
abundance of bacterial species leading to increased adiposity, features that are
transmissible to chow-fed mice within two weeks of a fecal transplant (Turnbaugh et al.,

2009b).



SCFA, while serving as an additional energy source, also act as signaling molecules
that modulate systemic inflammation and brain function (Noble et al., 2017). Butyrate, in
particular, is protective of intestinal barrier integrity. Conversely, low butyrate levels
decrease epithelial tight junction function, leading to increased gut permeability, low-
grade systemic inflammation, and subsequent insulin resistance (Canfora et al., 2015).
The actions of SCFA on barrier permeability extend to that of the blood-brain barrier
(BBB). Indeed, germ-free mice exhibit low BBB tight junction protein expression which
is restored following exposure to gut bacteria from healthy mice (Braniste et al., 2014).
Moreover, treatment of germ-free mice with SCFA in drinking water can also restore
BBB integrity in addition to normalizing impaired microglial function (Erny et al., 2015).
Similar detrimental effects on BBB permeability and neuroinflammation are seen in high-
fat diet-fed mice, accompanied by increased anxiety behaviour and decreased memory
performance (Bruce-Keller et al., 2015). These features are transmissible to antibiotic-
treated chow-fed recipient mice, highlighting the relationship between the composition of

the gut microbiome and behavioural outcomes.

3. Lifestyle Interventions in the Treatment of Metabolic Syndrome

The long-time focus on obesity and dietary fat as the main causes of metabolic
syndrome have greatly influenced the development of lifestyle interventions aimed at
reducing rates of cardiovascular disease. These have primarily targeted weight reduction
by employing energy-restricted low-fat diets (Mozaffarian, 2016). An important example
of this was the Women’s Health Initiative randomized controlled trial in which fat intake
was limited to 20% of total energy (Howard et al., 2006). While modest weight loss was

achieved over the course of 8 years, other metabolic syndrome features were not different
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from those of control subjects nor were cardiovascular disease morbidity and mortality
improved. In a similar study, the Look AHEAD trial, an energy-restricted diet was
combined with moderate intensity exercise. Though it achieved greater improvements in
reducing the severity of metabolic syndrome features, it continued to fail in reducing
cardiovascular disease risk (The Look AHEAD Research Group, 2013).

In contrast, significant cardiovascular benefits are obtained when following a
Mediterranean diet. In the PREDIMED study, participants consuming an energy-
unrestricted Mediterranean diet were compared to control subjects on a low-fat diet
(Salas-Salvado et al., 2011; Estruch et al., 2013). Emphasis was put on consuming large
amounts of olive oil, nuts, fish, fruits, and vegetables and limiting intake of certain food
categories (red and processed meats, sweets, etc.). The overall number of cardiovascular
events, incidence of stroke, and the rate of diabetes were all reduced after four years on
the Mediterranean diet.

The stark contrast between these dietary approaches exemplifies the great importance
of overall dietary patterns over single-nutrient interventions in improving cardiovascular
outcomes (Mozaffarian, 2016). Moreover, these studies highlight the difficulty in
reversing the effects of diet on the cardiovascular system and the need to better

understand underlying biological mechanisms.

4. Structural and Functional Neurovascular Consequences of

Metabolic Syndrome

a. Metabolic syndrome and cognition

A strong negative correlation exists between metabolic syndrome, its causal lifestyle
factors, and cognitive performance in humans (Crichton et al., 2014). In particular, high-
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saturated fat and low-polyunsaturated fat diets (Eskelinen et al., 2008) as well as diets
high in refined sugars (Ye et al., 2011) decrease cognitive function whereas the
Mediterranean diet slows cognitive decline in aging populations (Opie et al., 2013).

Studies using animal models have confirmed this link, particularly in respect to
hippocampal-dependent spatial memory. Testing rats fed a high-fat/high-carbohydrate
diet on the radial arm maze, Kanoski et al. demonstrated that spatial memory was
impaired after only three days, while deficits in non-spatial memory retention occurred
much later, after 30 days (Kanoski & Davidson, 2010). Similarly, using a novel object
and place task, both mice (Heyward et al., 2012) and rats (Beilharz et al., 2014) fed
obesogenic diets exhibit poor performance on the spatial component of the task but not in
the detection of the novel object. These high-energy diets are hypothesized to impair
spatial memory by reducing the effectiveness of neuronal satiety signals. These signals
normally act to inhibit memories associated with post-ingestive reward and the reduction
in their intensity promotes increased memory competition (Davidson et al., 2005). This
reduction in memory inhibition has been shown to play a key role in increasing food
intake in humans (Attuquayefio et al., 2016). Moreover, it specifically relates to fat and
refined sugar intake and not to decreased consumption of fruits and vegetables.

The negative effects of diet on cognition are not limited to hippocampal-dependent
spatial memory. Indeed, frontal lobe function is impaired by a high saturated fat diet, as
assessed using the Hebb-Williams maze (Greenwood & Winocur, 1990). The variable-
interval delayed alternation task, reliant on various brain regions, has also elucidated
impairments in rats fed several different high-fat diets (Winocur & Greenwood, 1999).

These effects of diet on cognition are related to a number of mechanisms that include

12



increased neuroinflammation and changes in cereobrovascular hemodynamics (Yates et

al., 2012).
b. Metabolic syndrome and neuroinflammation

A positive energy balance is a causal factor in the development of low-grade chronic
inflammation (Bettcher & Kramer, 2014). Indeed, surplus metabolic fuels cause
mitochondrial and endoplasmic reticulum stress in metabolically active tissues leading to
the generation of noxious metabolic by-products and reactive oxygen species (Samuel &
Shulman, 2012). In turn, these signals of cellular stress recruit innate immune cells to
sites of injury where they act to engage cellular repair mechanisms (Hotamisligil, 2006).
Cerebrovascular endothelial cells, in particular, are a primary site of cellular stress due to
their high number of mitochondria (Oldendorf et al., 1977).

In the immune-privileged brain, resident microglia surveil the parenchymal
microenvironment for signs of inflammation and neuronal damage. Peripheral
inflammatory signals also communicate with central microglia via a number of routes,
notably by transport of cytokines across the BBB or from circumventricular organs and
by signaling vascular endothelial cells (Hoogland et al., 2015). Once stimulated,
microglia undergo graded levels of activation that include increased proliferation,
progression through various morphological states and release of cytokines and growth
factors with both pro- and anti-inflammatory properties (Gomez-Nicola & Perry, 2015).
Whether microglial activation is beneficial or detrimental depends on a number of factors
including the type of insult and the extent of damage (Marshall et al., 2013).

Dietary insults have been shown to activate microglia, yielding negative effects on

neuronal function. Gavage with saturated fat causes microglial proliferation and pro-
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inflammatory cytokine production in the hypothalamus, both of which are abolished
when microglia are ablated in transgenic mice (Valdearcos et al., 2014). Moreover,
microglial ablation improves hypothalamic leptin signaling and reduces food intake
despite the continued delivery of saturated fat, thus demonstrating a direct role for
microglia in modulating neuronal activity. In addition to increasing cytokine and growth
factor release, microglia also regulate neuronal function via synaptic remodeling. In the
healthy developing brain, microglia extensively prune synapses, a mechanism that may
be reactivated in the pathological adult brain (Salter & Beggs, 2014). Indeed, this appears
to occur in rats fed a high-fat diet. After eight weeks, obese adult rats simultaneously
exhibit decreased dendritic spine density and highly ramified microglia in the cortex
which correlates with impaired capacity for novel object recognition and worsened

performance on an attentional set-shifting task (Bocarsly et al., 2015).

c. Metabolic syndrome and the cerebrovasculature

While inflammation exerts direct effects on neuronal function, it also causes diffuse
arteriopathy in cerebral arteries and arterioles, disturbing brain perfusion and
cerebrovascular reactivity and worsening cognitive impairments (Hainsworth & Markus,
2008). This damage is characterized by vessel wall thickening due to collagen deposition
in the basement membrane, vascular smooth muscle cell degeneration, and endothelial
cell dysfunction. As a result, vessel stiffness and, consequently, global vascular tone are
both increased (Thompson & Hakim, 2009).

Furthermore, inflammation can negatively impact the functional performance of the
cerebrovasculature, that is the ability of vessels to contract and dilate in response to

changes in local energy and oxygen requirements. Vascular inflammation increases

14



vasoconstriction by acting upon endothelial cells, simultaneously downregulating nitric
oxide synthase activity, thus reducing nitric oxide (NO) production (Katakam et al.,
2012) and upregulating the expression of the vasoconstrictor endothelin-1 (Mather et al.,
2013). In addition, inflammatory processes cause BBB disruption by interfering with
barrier proteins, thereby increasing barrier permeability and further enhancing the transit
of inflammatory proteins and increasing neuroinflammation (Obermeier et al., 2013).

An increase in vessel tone and loss of vasodilatory ability results in an eventual
reduction in cerebral blood flow (CBF). This subsequently generates a hypoxic
microenvironment causing upregulation of hypoxia-inducible factor 1, an initiating factor
for angiogenesis (Ergul et al., 2014). However, in combination with diabetic conditions,
hypoxic angiogenic processes are dysfunctional, resulting in the aberrant growth of new
vessels that are poorly perfused and non-viable (Li et al., 2010). These newly generated
blood vessels are vulnerable to additional vascular insults such as an ischemic stroke. In
diabetic Goto-Kakizaki rats, for example, cortical vessel density, initially elevated in
comparison to control rats, decreases in diabetic animals following middle cerebral artery
occlusion (Prakash et al., 2013b).

Figure 2 illustrates some of the pathways by which inflammation, oxidative stress,
and hypoxia act on the cerebrovasculature to impair structural integrity and

hemodynamic function.

5. Rodent Models of Metabolic Syndrome

a. Genetic models

Metabolic syndrome is often modeled in rodent strains in which a spontaneous

mutation causing pronounced obesity, diabetes, or hypertension has arisen. Leptin ligand
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Figure 2: Pathways by which inflammation, oxidative stress, and hypoxia initiate blood

vessel damage.

Inflammation, oxidative stress, and hypoxia lead to increased vasoconstriction by
reducing NO release. As a result, vessel tone increases, reducing CBF. Moreover,
functional and structural damage to the cell layers of vessel walls, in particular the
endothelial cell layer, leads to breakdown of the BBB which further perpetuates
neuroinflammation and impairs vascular reactivity.

Adapted from (ladecola, 2013).
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and receptor mutants, the ob/ob and db/db mice, as well as the Zucker diabetic fatty
(ZDF) rat, were some of the first to be recognized (Panchal & Brown, 2011). A number
of other strains have subsequently been isolated, often through selective breeding. A few
of these include the cholecystokinin-1 receptor mutant Otsuka Long-Evans Tokushima
Fatty (OLETF) rat as well as the polygenic mutant Goto-Kakizaki and spontaneously
hypertensive rats, of which the latter is often crossed with other strains to generate a
complex metabolic phenotype (Aleixandre de Artifiano & Miguel Castro, 2009). Finally,
genetically engineered lines targeting specific gene products, such as neuropeptide Y,
agouti-related peptide, or the insulin receptor, have greatly helped to dissect the cellular
and molecular pathways responsible for regulating feeding behaviour and energy use
(Barrett et al., 2016).

While the genetic approach to studying metabolic syndrome has certain advantages, it
is disadvantaged relative to dietary models in several respects. Firstly, genetic models
often do not recapitulate the full gamut of metabolic syndrome features (Panchal &
Brown, 2011). A summary of metabolic syndrome features observed in several of the
above mentioned rodent models is presented in Table 1. On the other hand, rodent
genetic models sometimes produce exaggerated phenotypes not observed in their human
counterparts, such as the case of the pancreatic B-cell glucose transporter 2 (GLUT2)
transgenic mouse. Similar human mutations result in gross glucose homeostatic
dysregulation without abnormal insulin secretion, whereas mice expressing the GLUT2
antisense mRNA in B-cells are hypoinsulinemic and die within a few weeks of birth
(Leturque et al., 2009). Finally, there exists the problem of the potential activation of
compensatory mechanisms in genetic rodent models to counter genetic manipulations. An

example of this is the sulfonylurea receptor 1 (SUR1) knock-out mouse in which
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Table 1. Metabolic syndrome features at different ages in the most commonly used

genetic rodent models.

Signs of metabolic syndrome shown by rodents

Rodent x
model Ageitierks) Obesit Hypertension Dyslipidaemia Cardiovascular In;sz(l)rseed
Y P P dysfunction 8
tolerance
4
ob/ob v X X % x
Mo 12 v X X X v
24 7 X X v v
6
db/db ;.11 v X X X x
Hiice 12-1 v X v v v
20 v X v v v
12-15 v v v v X
ZDF rat 20 v v Ve v X
31-47 v v v v X
8 X X v X X
14 X v v X X
OLETE 20 v v v X X
34 v v v X v
40 v v v X v
60-66 v v v v v
& 4 X X X X v
oto-
Kakizaki 8 X X v X v
rats 20 X X / v \/
60 X X v v v

Adapted from (Panchal & Brown, 2011).
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pancreatic B-cell ATP-sensitive potassium channels, critical for insulin release, are
defective (Seghers et al., 2000). While SUR1 mutations cause hyperinsulinemic
hypoglycemia in humans, SUR1 knock-out mice are normoglycemic unless stressed,

exhibiting an as yet unknown compensatory mechanism.
a. Dietary models
I.  High-fat diets

Of the dietary models of metabolic syndrome, high-fat diets were the first to be used
in rodents, with fat representing as much as 90% of total energy (~80% by weight)
(Samuels et al., 1942). More modern versions of high-fat diets typically provide a single
source of fat ranging from 20-60% by weight (Varga et al., 2010). Several factors,
including type of fat, rodent strain, and gender influence the effectiveness of high-fat
diets in generating features of metabolic syndrome. For example, when fed a 42% high-
fat diet where the fat source was either lard, olive oil, coconut oil, or fish oil, rats
exhibited variable physiological effects (Buettner et al., 2006). Whereas lard and the two
vegetable oils produced significant weight gain, fish oil led to a reduction in body weight
compared to standard chow-fed rats. Moreover, hyperglycemia, hyperinsulinemia, and
hypertriglyceridemia were only achieved when rats were fed olive oil, coconut oil, or lard

but not fish oil.
ii.  High-carbohydrate diets

High-carbohydrate rodent diets habitually consist of a single carbohydrate source,
though concentrations vary extensively between studies. While all carbohydrate
molecules are energetically equivalent, because they enter the glycolytic pathway at

different steps, they produce variable results on whole-body metabolism (Wong et al.,
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2016). Fructose, for example, bypasses the rate-limiting step of glucose to fructose-1,6-
bisphosphate conversion. Instead, fructose is readily metabolized to fructose-1-phosphate
by phosphofructokinase, providing a continuous source of surplus metabolic fuels. The
metabolic pathways fueled by different carbohydrate sources is illustrated in Figure 3.

High-fructose diets substitute carbohydrates from a regular grain diet with fructose,
supplied in either food or water, and represent 10-60% of the diet by weight (Lai et al.,
2014). Causing disease in as little as four weeks (Hsieh et al., 2005), high-fructose diets
have provided much of the evidence for the molecular mechanisms underlying
hypertension, insulin resistance, and microvascular dysfunction (Tran et al., 2009).
Nonetheless, while high-fructose diets generate insulin resistance, hyperglycemia,
hyperinsulinemia, and hypertriglyceridemia, and hypertension in a dose-dependent
manner, they fail to cause weight gain (Dai & McNeill, 1995).

Conversely, high-sucrose diets, generally consisting of 10-30% sucrose by weight (Lai
et al., 2014), are capable of causing weight gain (Sweazea et al., 2010) in addition to
insulin resistance and hypertriglyceridemia (Santure et al., 2002; Coelho et al., 2010).
However, reports on the ability of high-sucrose diets to cause hypertension are
inconsistent and often require combination with other factors (e.g. use of susceptible
genetic models, addition of dietary sodium, etc.) (Santure et al., 2002; Sharma et al.,

2008).
iii.  Combination high-fat/high-carbohydrate diets

With the aim of targeting multiple metabolic pathways and more closely reproducing
human dietary patterns, rodent diets often incorporate high concentrations of both fat and

carbohydrate (Panchal & Brown, 2011). As with the single-nutrient diets described
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Figure 3: Metabolic pathways acted on by different carbohydrate sources as well as by

fat.

(Following page) High-carbohydrate and high-fat diets exert different effects on whole
body metabolism as individual macronutrients enter into distinct metabolic pathways. a)
Fructose bypasses the rate-limiting step of glucose to fructose-1,6-bisphosphate
conversion and is instead metabolized to fructose-1-phosphate by phosphofructokinase,
providing a continuous source of surplus metabolic fuels such as pyruvate and lactate. b
and c¢) Sucrose is converted to fructose and glucose, the latter of which is converted to
glycogen via glycogenesis and broken down by the rate-limiting step of glycolysis.
Furthermore, insulin is released in response to rising glucose levels, acting on adipose
tissue to promote fatty acid synthesis. d) Fats undergo lipolysis, releasing fatty acids into
the blood stream which are re-esterified to form triglyceride.

Adapted from (Wong et al., 2016).
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above, sugar content is typically fructose (10-60% by weight) or sucrose (10-30% by
weight) while type and concentration of fat varies (20-60% by weight). This approach
reliably generates features of metabolic syndrome that are more pronounced than in high-
fat-only (la Fleur et al., 2011) and high-carbohydrate-only (Lozano et al., 2016) models.
Indeed, not only do these combination diets provide nutritional fuels directed at various
metabolic pathways, the joint presentation of fat with sugar also renders these diets more

palatable, resulting in greater food intake (Higa et al., 2014).
iv.  Cafeteria diets

Notwithstanding the advantages of high-fat/high-carbohydrate diets over single-
nutrient diets, they lack certain attributes of human diets that play a critical role in the
development of metabolic syndrome. In particular, high-fat/high-carbohydrate diets,
which are industrially manufactured and in pellet form, lack sensorial diversity, choice,
and novelty, features that influence brain reward circuitry and motivation to eat (Pandit et
al., 2012). Cafeteria diets circumvent these problems by providing animals with a
selection of high-fat and high-carbohydrate human food items. Though Cafeteria diets
have long been criticized for their lack of standardization and high degree of variability
between studies (Moore, 1987), they nonetheless consistently generate a metabolic
syndrome phenotype with abdominal obesity, insulin resistance, and hypertriglyceridemia
that is often more marked than in animals fed a high-fat diet (Sampey et al., 2011,
Beilharz et al., 2014; Kaakoush et al., 2016). Furthermore, despite each Cafeteria diet
providing rodents with different human food items, relative macronutrient consumption is

remarkably similar across studies (Llado et al., 1995; Shafat et al., 2009; Gomez-Smith et
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al., 2016), potentially owing to endogenous regulation mechanisms that control food self-
selection (Berthoud et al., 2012).
Table 2 summarizes metabolic syndrome features obtained in studies using different

diets discussed in this section.

6. Statement of Research Problem Rationale and Main Objectives

Metabolic syndrome affects 21% of Canadians (Statistics Canada, 2014) and almost
35% of Americans (Aguilar et al., 2015), increasing cardiovascular disease risk by 60%
(Boden-Albala et al., 2008). Poor lifestyle behaviours, particularly the consumption of an
energy-dense, nutritionally inadequate diet and physical inactivity, are leading factors in
the development of metabolic syndrome (Lim et al., 2012). While features of metabolic
syndrome can be improved by certain lifestyle interventions, long-term reversibility of
cardiovascular damage is in question (Mozaffarian, 2016). This is concerning given that
in addition to worsening cardiovascular disease risk, metabolic syndrome causes
cerebrovascular dysfunction (Giannopoulos et al., 2010; Tyndall et al., 2016) and
increases the risk of cognitive impairments (Cavalieri et al., 2010).

Research advances in the field have been hampered by the use of animal models that
do not accurately reflect human disease etiology and clinical presentation (Lai et al.,
2014). In particular, modeling the complexity of the human diet is not sufficiently
prioritized (Joyner, 2014). Moreover, the great number of animal models, estimated to
exceed 80, and insufficient standardization between studies has led to an accumulation of
publications where little homology exists (Varga et al., 2010).

To address some of these concerns, | sought to investigate the Cafeteria diet as a

model of human metabolic syndrome as well as its deleterious effects on the brain. As
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Table 2: Metabolic syndrome features in studies using high-fat, high-fructose, high-

sucrose, combination high-fat/high-sugar, and Cafeteria diets.

(Following page) All studies listed used male rats. (+) indicates a feature was evaluated
and present by the end of the experimental time course while (-) indicates that a feature
was evaluated and the diet treatment group was not significantly different from the
control group. (n/a) indicates that a feature was not evaluated. All metabolic syndrome
features were evaluated relative to each study’s chow-fed control group. Note the varied
diet compositions (in terms of %kcal, source of fat, liquid or chow source of
carbohydrate), diet durations, age at start of diet, and strain of rat used, contributing to
large heterogeneity of phenotypes within a diet category. Also note that certain features
such as blood pressure and HDL cholesterol are rarely assessed in preclinical dietary

studies of metabolic syndrome.
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o £ 'g
Duration of Rat RN ‘E % 2 ol o S
Publication | D'et composition diet strain |E%| = | 2 |38|E%
(%okcal) (age at start (males) |3 S & 2|2 2 =3
of diet) 2 = 2 |€7 78
— | A=
- | <
High-fat diet
(Sweazea et 60% (54% lard, 6 wks Sprague + ) na |+ n/a
al., 2010) 5.5% soybean) (~6wks old) | Dawley
(Chenetal., | 49% (47.5% butter, 20 wks Wistar + ) ) ) n/a
2011) 1.5% soybean oil) (8wks old)
42% (lard) + - | na| - n/a
(Buettner et 42% (olive oil) 12 wks Wistar LT - | mal + | na
al., 2006) 42% (coconut oil) | (6wks old) + | + |na| - | na
42% (fish oil) - - | na| - n/a
36% fat (15.2%
(Northcott et saturated, 20.8% 17 wks Sprague N SR 4 n/a
al., 2012) (~3wks old) | Dawley
unsaturated)
(Carroll etal., | 32% (fat type not 12 wks Sprague N i i i i
2006) reported) (~14wks old) | Dawley
High-fructose diet
(Dai & i o
McNeill, 5-20% (d_rlnklng 12 wks Wistar - + + + n/a
1995) solution) (~6wks old)
(Mahmoud & o (drinli
Elshazly, 10% (dr_lnkmg 12 wks Wistar + + + + n/a
2014) solution) (~7wks old)
- 10% (drinki
(Sanchez OI( [Ining 8 wks Sprague | - | - | *+ | - | n/a
Lozada et al., solution)
(~10wks old) | Dawley
2007) 60% (chow) - - |+ ] - | na
(Katakam et 0 4 wks (6-10 | Sprague | )
al., 1998) 66% (chow) wks old) Dawley na | + n/a
High-sucrose diet
(Vasanji et al., 32% (drinking 10 wks Sprague
2006) solution) (wksold) | Dawley | ¥ | * | M| * | na
(Chen et al., 30% (drinking 20 wks . i
2011) solution) (Bwksold) | Wis@ |+ ¥ to| ma
(Sweazea et 0 6 wks Sprague )
al., 2010) 0% (chow) | _gwisold) | Dawley | ¥ | * | M@ n/a
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High-energy diet (combination high-fat/high-sugar)

fat: ~72% (63%

(Sinitskaya et | lard, 8% corn oil); 10 wks Sprague + | nal - n/a
al., 2007) carbohydrate: (~7wks old) | Dawley
~18%
fat: 49% (47.5%
butter, 1.5%
(Chzeglit)al., soybean oil); (833(\2/5'5 d) Wistar + + + n/a
sucrose: 30%
(drinking solution)
(Fuetal., fat: ~34%; sucrose: 12 wks .
2010) ~14% (Owksold) | Wistr | Manfa+
fat: 21.4%;
(Loz;gi)Get al, fructose: 25% 8 wks Wistar nfa | nla| + n/a
) L . (10wks old)
(drinking solution)
Cafeteria diet
18 processed
foods+standard
(Sampey et chow; fat: 45-53%, 10wks (9| \victar nfa|na| - | nla
al., 2011) ] 10wks old)
carbohydrate:
~35%
lard and selection
of biscuits and
(Beilharz et cakes; fat: ~45%, 3 wks Sprague + | nalnal wa
al., 2014) carbohydrate: (~12wks old) | Dawley
~50%; 10% sucrose
solution
standard
chow-+lard+process
(Kaakoush et ed foods; fat: 16 wks (6- | Sprague na |l nja | - n/a
al., 2016) ~30%, 8wks old) Dawley
carbohydrate:
~58%
standard chow+16
processed
(Gomez-Smith | foods+12% sucrose 16 wks Sprague + |l nal - +
et al., 2016) solution; fat: 40%, (4wks old) Dawley

carbohydrate:
~49%
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such, the main hypothesis of my dissertation was the following: The Cafeteria diet is an
effective dietary rat model of human metabolic syndrome and its comorbidities, in
particular concerning cognitive impairments, neuroinflammation and cerebrovascular
dysfunction.

To test this hypothesis, my research had three main objectives: 1) to demonstrate that
the Cafeteria diet is a translationally relevant model of metabolic syndrome; 2) to
investigate the effects of chronic Cafeteria diet consumption on neuroinflammation,
cerebrovascular structure and function as well as on cognitive performance; 3) to query
the reversibility, and therefore the severity, of these potentially negative effects by
switching Cafeteria diet-fed rats to a regular chow diet.

Findings related to these three objectives are included in two manuscripts which
comprise the two following chapters of my thesis. The first, titled ‘A Physiological
Characterization of the Cafeteria Diet Model of Metabolic Syndrome in the Rat’, was
published in the journal Physiology and Behavior in December 2016. The second,
‘Reduced Cerebrovascular Reactivity and Increased Resting Cerebral Perfusion in Rats

Exposed to a Cafeteria Diet’, has been submitted to the journal Neuroscience.
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Abstract

Many promising findings from pre-clinical research have failed to translate to the
clinic due to their inability to incorporate human disease co-morbidity. A variety of
rodent diets and feeding durations are currently used in models of human metabolic
syndrome, obesity, and diabetes. One model, the Cafeteria diet, makes use of grocery
store-purchased food items that more closely approximate the human ultra-processed diet
than commercial high-fat or high-carbohydrate rodent diets. The present study describes
the development of metabolic syndrome in rats fed a Cafeteria diet (CAF) as well as the
recovery of metabolic syndrome following a healthy “lifestyle” change. In addition, we
explored the effects of the Cafeteria diet on spatial learning and memory and on
neuroinflammation. Three-week old male Sprague Dawley rats were fed a Cafeteria diet
for three months that consisted of 16 highly palatable human food items along with
standard chow and a 12% sucrose solution to mimic soda consumption. Thereafter, a sub-
group of CAF rats was switched to a chow diet (SWT) for one month. Both CAF and
SWT groups were compared to control rats maintained on a standard chow diet (SD).
Prior to the diet switch, CAF and SWT animals developed features akin to metabolic
syndrome. Both groups of rats displayed significant abdominal obesity with increased
visceral adiposity, hyperinsulinemia, glucose intolerance, and dyslipidemia with elevated
serum triglyceride levels and reduced HDL cholesterol. Switching to a chow diet for one
month completely reversed these features in SWT animals. Although acquisition of the
Barnes maze was not affected by the Cafeteria diet, these animals exhibited greater
hippocampal neuroinflammation compared to both SD and SWT rats as assessed by

ionized calcium-binding adapter molecule 1 (Ibal) staining. These results demonstrate
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that the Cafeteria diet is very effective in creating metabolic syndrome with hippocampal
inflammation in rats over a relatively short time span. This model may be of great
heuristic importance in determining potential reversibility of metabolic and
cerebrovascular pathologies across the lifespan and as a co-morbid factor in other disease

models such as stroke.

Introduction

Cerebrovascular disease (CVD) is a significant risk factor for cognitive impairment
which includes vascular dementia (Gorelick et al., 2011). A constellation of metabolic
abnormalities, collectively known as metabolic syndrome, has been estimated to increase
the risk for CVD by 50% (Boden-Albala et al., 2008). A consensus agreement by the
International Diabetes Federation and the American Heart Association/National Heart,
Lung and Blood Institute identifies the criteria of metabolic syndrome as: abdominal
obesity, reduced HDL cholesterol, elevated triglyceride, glucose intolerance, and
hypertension (Alberti et al., 2009a). Diagnosis requires that any three out of these five
criteria be present. Epidemiologically, the primary cause of metabolic syndrome is an
unhealthy lifestyle, in particular a highly processed diet rich in fat, sugar, and sodium
combined with physical inactivity (Park et al.,, 2003). Many animal studies have
attempted to model metabolic syndrome using high-caloric diets, though most isolate a
single nutritional component (e.g. fat from lard, fructose, etc.) to study its effects. In
doing so, these regimens do not fully recapitulate metabolic syndrome due to the loss of
the large nutritional and sensorial diversity typical of human diets (Lai et al., 2014).

Moreover, despite the role of high sodium in increasing CVD risk, it is rarely included in
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animal dietary models (He et al., 1999). This reductionist approach in modeling human
diet has hindered the translation of preclinical research to the clinic.

The role of nutritional variability on food palatability is well understood by the food
industry. Complex food combinations have been extensively explored by food chemists
in the development of “ultra-processed” foods and beverages, demonstrated to be at the
core of the current global obesity epidemic (Pereira et al., 2005). Combining high levels
of fat with sugar results in greater food, and therefore caloric intake as sweet flavors
render energy dense foods more palatable by masking their high fat content (Drewnowski
et al., 2012). Given that ultra-processed foods provide close to 60% of the caloric intake
of Americans and contribute 90% of energy from added sugars (Steele et al., 2016),
understanding the role of this complex diet on CVD risk factors is of great importance.
The closest equivalent to the human ultra-processed food diet is the Cafeteria diet which
provides animals with nutritionally varied, energy dense, and highly palatable grocery
store-purchased food, thereby mirroring the key obesogenic features of the human diet
(Raynor & Epstein, 2001; Sgrensen et al., 2003).

Clinical management of metabolic syndrome recommends the adoption of a healthy
lifestyle (Grundy et al., 2004) which greatly reduces its peripheral features (Sleiman et
al., 2015). Nonetheless, it is still unclear whether CVD risk, particularly stroke incidence
and mortality, can be reduced after long-term metabolic dysregulation. Clinical lifestyle
modification recommendations are based on the results of retrospective or case control
studies that compare healthy individuals with metabolic syndrome patients (Stamler et
al., 1999). A large prospective study examining the effects of adopting a healthy diet
paired with moderate exercise in overweight patients with type 2 diabetes mellitus, the

Look AHEAD study, failed to demonstrate reduced CVD risk after nearly ten years of
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adherence to the healthy lifestyle (The Look AHEAD Research Group, 2013). Use of
appropriate animal models could be extremely useful in addressing the reversibility of
CVD risk following treatment of metabolic syndrome and thereby facilitate the
development of new clinical interventions.

In addition to increasing CVD risk, metabolic syndrome is also a prominent risk factor
for “covert” ischemic insults and dementia affecting a range of cognitive domains
including memory, language, visuospatial ability, and executive function (Bokura et al.,
2008; Black, 2011). Cognitive impairments have been studied in rats fed standard high-
fat and -carbohydrate diets using a wide variety of behavioural paradigms including, but
not limited to, the radial arm maze (Greenwood & Winocur, 1990), the Morris water
maze (Molteni et al., 2002; Jurdak et al., 2008), and conditional discrimination learning
tasks (Winocur & Greenwood, 1993). These commonly used cognitive tests rely heavily
on stressful aversive stimuli (e.g. water maze) or food deprivation, which are problematic
for dietary studies. Given the negative effects of stress on behavioural outcome measures
(Homberg, 2013), cognitive tasks that minimize these confounding factors are preferred.
For example, unlike the Morris water maze, the Barnes maze relies on mildly aversive
noise and light stimuli to motivate animals and thus may be useful in assessing the effects
of Cafeteria diet-feeding on spatial memory.

One mechanism by which metabolic syndrome and diet have been hypothesized to
play a role in cognitive decline is through chronic low-grade inflammation (Yaffe et al.,
2004). Indeed, nutritional signals act to maintain energetic homeostasis through vagal and
humoral systems that significantly overlap with immune pathways (Hotamisligil, 2006).
These nutritional and immune signals circulate systemically, reaching the brain to modify

hypothalamic-controlled feeding behaviour while simultaneously influencing learning
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and memory function in the hippocampus through modulators of synaptic plasticity such
as BDNF. Chronic exposure to conditions of excessive caloric intake results in abnormal
feeding patterns, aberrant immune responses, and cognitive deficits (Gomez-Pinilla,
2008). Within the central nervous system, resident microglia are the primary cellular
target of these inflammatory signals, responding to stress signals such as chronic energy
imbalance by undergoing rapid expansion and activation (Miller & Spencer, 2014).
Recently, Beilharz et al. (Beilharz et al., 2014) demonstrated that a Cafeteria diet, when
combined with a 10% sucrose solution, can very quickly upregulate mRNA expression of
neuroinflammatory markers such as TNFao and IL1f in the hippocampus. It remains to be
demonstrated whether the Cafeteria diet can also promote microglial cell population
expansion.

In light of the need for better characterization of animal models to avoid clinical
translation pitfalls and wasted research resources (O’Collins et al., 2006; Perrin, 2014;
Bernhardt et al., 2016), the goal of our study was to assess the ability of the Cafeteria diet
to produce metabolic syndrome in Sprague Dawley rats as well as the degree to which
these features could be reversed through switching to a healthy diet. In addition, we
examined the effects of the Cafeteria diet on hippocampal spatial learning and memory
using the Barnes maze as well as on neuroinflammation by quantifying microglial cell

density.
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Material and Methods

Animals and diets

Experimental procedures followed the guidelines established by the Canadian Council
on Animal Care and were approved by the Animal Care Committee of the University of
Ottawa. A total of 55 male Sprague Dawley rats (Charles River Laboratories, Montreal,
Canada) were used (n=18 standard diet, SD; n=18 Cafeteria diet, CAF; and n=19 switch
diet, SWT). Three-week old animals were pair-housed and maintained on a 12h reverse
light/dark cycle (8am off/8pm on). Following one week of habituation to the animal
facility (with regular handling), rats were assigned to diet groups balanced by initial body
weight. CAF rats were provided with ad libitum access to regular chow (Teklad Global
18% Protein Rodent Diet; Harlan, Madison, WI) and a daily selection of three grocery
store-purchased items from a list of 16 (Table 3) adapted from Sampey et al. (Sampey et
al., 2011). Cafeteria food items alternated through a list of pre-established combinations
to ensure diversity and variety of foods presented. In addition, CAF animals had access to
one water bottle and one bottle containing a 12% w/v sucrose solution (MP Biomedicals,
Solon, OH). The control SD diet consisted of regular chow and water. SWT animals were
fed the Cafeteria diet for three months after which they were switched to the SD diet for
one month. Both CAF and SD rats were maintained on their respective diets for the full
duration (i.e. four months) of the experiment. Food from all three diet groups was
weighed on a daily basis to calculate food intake. Nutritional composition of the three

diets over the course of the experiment was calculated based on values provided by the
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product manufacturers. One subset of 37 animals was used for metabolic syndrome
profiling and Barnes maze testing while a second group of 18 animals was used for

visceral and subcutaneous fat analysis using MRI.

Blood sampling and metabolic syndrome profiling

Metabolic syndrome profiling was repeated in a subset of 37 animals (n=12 SD, n=12
CAF, n=13 SWT) at two time points: immediately before switching SWT rats from the
Cafeteria diet to the SD diet (three months of feeding) and again one month later (four
months of feeding). Following an overnight (~16 hours) fast, blood glucose was
measured using a human Contour glucometer (Bayer HealthCare LLC, Mishawaka, IN)
and whole blood collected into uncoated microvettes (Sarstedt AG&Co., Numbrecht,
Germany) via saphenous vein blood sampling for serum insulin, triglyceride, and
cholesterol analysis. After a two-day recovery period, rats were again fasted overnight
and a glucose tolerance test (GTT) was performed the next morning. Following a second
two-day recovery period, rats were fasted for 6 hours in the morning prior to insulin
tolerance testing (ITT). All whole blood samples were clotted for one hour, centrifuged
(10min, 2000g), and serum stored at -80°C until analysis. Insulin was assessed using a rat
insulin ELISA kit (Crystal Chem, Downers Grove, IL) while triglyceride and cholesterol
levels were measured using colorimetric kits (Triglyceride: Cayman Chemicals, Ann
Arbor, MI; Cholesterol: BioAssay Systems, Hayward, CA). For GTT testing, all animals
received an injection of D-glucose i.p. (2g/kg, 0.25g/ml; Sigma-Aldrich, Saint-Louis,
MO). Blood glucose levels were measured at 0, 15, 30, 60, and 120 minutes using a
glucometer. ITT testing involved an i.p. injection of human recombinant insulin (0.751U

insulin/kg; Sigma-Aldrich, Saint-Louis, MO) followed by blood glucose measurements at
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0, 15, 30, 60, and 120 minutes. At the experimental endpoint, abdominal circumference at
point of greatest girth and body length were measured while gonadal white adipose tissue
(QWAT) was dissected and weighed. BMI was calculated using the formula: weight

(kg)/body length (m)Z.

MRI evaluation of visceral and subcutaneous fat

Repeat measurements (three and four months on the diet) of subcutaneous (SAT) and
visceral (VAT) adipose tissue volumes were performed on a separate subset of 18
animals (n=6 SD, n=6 CAF, n=6 SWT) using a 7T BioSpec system (Bruker, Ettlingen,
Germany). Rats were maintained under propofol anesthesia (45 mg/kg/hr, 10 mg/ml;
PharmaScience, Montreal, Canada) following induction with 5% isoflurane. Rats
received an i.m. injection of glycopyrrolate (0.2 mg/ml, 0.1 mg/kg; Omega, Montreal,
Canada) and were reversibly intubated. A single i.v. injection of atracurium (10mg/ml,
1mg/kg; Sandoz, Boucherville, Canada) was given immediately prior to commencing the
imaging session to reduce motion. 15 axial image slices of the abdominal region (slice
gap 1mm) were acquired using the rostral extent of the kidney as a visual landmark. A
T1IW-RARE pulse sequence was used with a resolution of 0.4x0.4mm? in plane with
2mm slice thickness and a field of view of 10x10 cm?, with TR/TE of 900ms/9ms. This
sequence was adapted from that of Mller et al. to obtain similar contrast at 7T (Muller et
al., 2013). A birdcage body coil was used for signal excitation. By oversampling and
resampling a subset of the data (three rats, one from each diet group), it was determined
that quantification of one out of every three of the 15 image slices conferred sufficient
precision to accurately estimate fat volumes. Five slices from each animal were manually

segmented and fat volume in cm® was calculated using MNI-Display software (Montreal
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Neurological Institute, Montreal, Canada). Guided by threshold values, adipose tissue
located within the abdominal wall was labeled as VAT and adipose tissue outside as

SAT.

Barnes maze

After metabolic testing at the four-month time point, rats were trained and tested on
the Barnes maze. Training occurred over the course of one day and consisted of four
successive two-minute trials during which animals were taught to locate a goal box
positioned below a single escape hole. At the beginning of each trial, rats were placed
under a bucket located at the center of the maze. Trials began when the bucket was raised
and aversive light and sound stimuli were turned on. If the animal did not locate the
escape hole within the two minutes allotted, they were guided to the hole by the
experimenter. All animals were able to locate the escape hole by the end of the training
day. Testing began the day after training and took place over six consecutive days with
two, three-minute trials per day (20 minute inter-trial interval). Three distal cues affixed
to the walls of the test room allowed rats to spatially navigate the Barnes maze platform
and locate the escape hole with the escape box present. Animals were randomly assigned
to three distinct escape hole locations that remained unchanged throughout testing. Each
testing trial proceeded in the same fashion as the training trials. Total errors, re-entry
errors to previously visited holes, reference memory errors (number of incorrect holes
visited), deviation (distance from escape hole on first approach), omissions (number of
times escape hole avoided) and search strategy were scored manually while latency to
escape, distance travelled and average velocity were measured using Ethovision tracking

software (Noldus, Leesburg, VA). Rats were recorded as performing random, serial or
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spatial strategies based on specific criteria adapted from O’Leary and Brown (O’Leary &
Brown, 2012). A spatial strategy was used when rats went straight to the escape hole
visiting only holes within £2 of the escape box. A strategy was serial when rats visited
any number of sequential holes without crossing the center of the platform. If the rat
crossed the center of the platform at least once it was deemed to be a random search
strategy. Experimenters performing Barnes maze testing were blind to the experimental

groups.

Ibal immunohistochemistry

Following the final session of Barnes maze testing, animals were sacrificed and
hippocampal tissue from a sub-set of animals (n=6 SD, n=6 CAF, n=6 SWT) examined
for Ibal (lonized calcium-Binding Adapter molecule 1) cell density. Rats were deeply
anesthetized by i.p. administration of Euthanyl (149.5 mg/kg; Bimeda-MTC Health Inc.,
Cambridge, Canada) and intracardially perfused with heparinized saline followed by 4%
paraformaldehyde (PFA) in phosphate-buffered saline. Brains were removed and post-
fixed overnight in 4% PFA, then transferred to a 20% w/v sucrose solution in 0.1M
phosphate buffer until brains sunk. Tissue throughout the dorsal hippocampus was
subsequently cryosectioned and 20um-thick serial sections were slide mounted at 200pum
intervals. Following a citric acid epitope retrieval step (2.88 g/L citric acid, pH=6.0;
Sigma-Aldrich, Saint-Louis, MO), tissue was incubated with anti-lbal primary antibody
(1:1000; Wako Pure Chemical Industries, Ltd., Richmond, VA) overnight at 4°C.
Sections were then incubated with a biotinylated donkey anti-rabbit antibody (1:500;
Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) for one hour at room

temperature. To reveal Ibal labeling, sections were treated with avidin-biotin peroxidase
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complex (VECTASTAIN Elite; Vector Laboratories, Burlingame, CA) followed by 3,3-
diaminobenzidine HRP substrate (ImMmPACT DAB; Vector Laboratories, Burlingame,
CA) according to manufacturer recommendations. After dehydrating and coverslipping
slides, digital images of hippocampal and hypothalamic structures were acquired at 20X
magnification (Aperio CS2 slide scanner; Leica Biosystems, Nussloch, Germany). Using
the stereological Optical Fractionator Probe (Stereolnvestigator VV10.0; MicroBrightField
Bioscience, Williston, VT) using parameters adapted from Marshall et al. (Marshall et
al., 2013), Ibal cell density was independently evaluated in CA1, DG (dentate gyrus) and
arcuate nucleus. A counting frame of 50 pm x 50 pum was used in all three regions. In the
CAl, a sampling grid of 200 pm x 200 um was used while in the DG and the arcuate
nucleus, a sampling grid of 150 pm x 150 pm was used. Ibal cell density was quantified

in 10 hippocampal and five hypothalamic sections per animal.

Statistics

Statistics were performed using Prism software (V6, GraphPad, La Jolla, CA). Data
are expressed as mean = standard error of the mean (SEM). All analyses, except for re-
entry errors, omissions and search strategy in the Barnes maze, used one- or two-way
ANOVA followed by Tukey’s multiple comparisons post-hoc test to determine group
differences. Re-entry errors and omissions data were not normally distributed as shown
by visual examination of Q-Q plots at each time point and a statistically significant result
following the Shapiro Wilk test of normality. Related-samples non-parametric analysis
followed by a Friedman step-wise comparison was therefore performed. Group
differences in search strategy were analyzed at each individual time point using the

Pearson Chi-Square test. Differences were considered significant when p<0.05.
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Results

Greater caloric density of the Cafeteria diet due to increased energy intake from fat
and carbohydrate from the 12% sucrose solution

Food intake was recorded daily throughout the experiment and data was averaged to
represent monthly values. Using the manufacturers' nutritional information (Table 3), a
detailed evaluation of feeding behavior and diet composition was performed. During the
first three months of the experiment, prior to the diet switch, food intake (by weight) was
not significantly different between diet groups (Figure 4A). Despite not observing
greater food intake in rats fed the Cafeteria diet, total energy intake was increased by
~25% in comparison to SD diet-fed rats during the first two months of the diet (Figure
4B; CAF and SWT vs. SD p<0.0001), indicative of the significantly greater caloric
density of the grocery store-purchased human food items. Following the diet switch at
three months, food intake in SWT rats dropped by ~20% compared to pre-switch food
intake and was significantly less than that of CAF and SD animals at the four month time
point (Figure 4A; SD vs. SWT p<0.001, CAF vs. SWT p<0.05). Consequently, energy
intake from food in the SWT group dropped significantly by ~33% relative to CAF
animals (Figure 4B; p<0.0001) and by ~21% relative to SD animals (Figure 4B;
p<0.01). Not typically reported in studies using obesogenic diets, sodium intake was
increased two-fold in the CAF and SWT diet rats relative to the SD diet animals during
the first three months (Figure 4C; CAF and SWT vs. SD p<0.001 at both time points).
The Cafeteria diet was energetically enriched in fat, which represented ~40% of kcal

consumed (Figure 4D). Saturated fat, in particular, represented ~13% of total caloric
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Figure 4: Cafeteria diet feeding leads to greater energy intake, primarily from fat and

sucrose in drinking water.

(Following page) (A) Daily average food intake of chow and Cafeteria diet food items (in
grams) of SD, CAF, and SWT rats throughout the four month duration of the experiment.
(B) Daily average energy intake, in kcal. (C) Daily average sodium intake, in mg.
Monthly nutritional caloric breakdown of the (D) CAF, (E) SWT, and (F) SD diets.
Letters indicate a significant difference following pair-wise comparisons (p < 0.05; b: SD
vs. SWT, c: CAF vs. SWT). n =18 SD, n = 18 CAF, n = 19 SWT. Values are mean +

SEM.
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intake of CAF rats, with ~42% of kcal from food and the remainder (~7%) from the
sucrose solution (Figure 4D). Protein contributed ~11% of the energy consumed by CAF
rats. These values were the same in SWT rats (Figure 4E) in the three months preceding
the diet switch. As expected, during the month following the diet switch, the relative
nutritional intake of SWT rats was identical to that of SD (Figure 4F). That is, the SD
diet was comprised of 18% kcal from fat (2.6% from saturated fat), 57% from
carbohydrate, and 24% from protein (Figure 4F). Compared to the SD diet, the Cafeteria
diet was significantly elevated in fat (p<0.0001 at both time points). Moreover, CAF rats
consumed more energy from carbohydrate (p<0.0001 at both time points) than SD rats,
though this increase came exclusively from the 12% sucrose solution. Indeed, there were
no statistically significant differences between SD and CAF rats in food carbohydrate

intake throughout the duration of the experiment.

Increased visceral obesity caused by the Cafeteria diet with rapid body weight
stabilization following diet switch

The increased caloric density of the Cafeteria diet led to significant weight gain in
CAF and SWT animals compared to SD after 11 (p<0.05) and 10 (p<0.05) weeks,
respectively, on the diet. While CAF animals continued to gain weight compared to SD
animals, the body weight of SWT rats plateaued immediately after the diet switch and
was no longer different from that of SD animals by week 14, only two weeks after the
switch (Figure 5A). Prior to the diet switch, structural MR imaging of the abdomen
showed that, relative to SD animals, SAT (Figure 5B) volumes were significantly

elevated in SWT (p<0.05) animals. Furthermore, VAT volumes (Figure 5C) were
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Figure 5: CAF and SWT animals have greater central adiposity than SD chow-fed
animals, which resolves with one month of SD feeding.

(Following page) (A) Body weight progression of SD, CAF, and SWT animals over four
months. (B) Subcutaneous and (C) visceral adipose tissue volumes at three and four
months on the diet. (D) Percent change in SAT and VAT volumes between the 3- and 4-
month time point. (E) Representative TIW RARE axial slices of SD, CAF, and SWT
animals after four months on the diet. Letters indicate a significant difference following
pair-wise comparisons (p < 0.05; a: SD vs. CAF, b: SD vs. SWT, c: CAF vs. SWT).n=6

SD, n =6 CAF, n =6 SWT. Values are mean + SEM.
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significantly elevated and nearly double that of SD animals in both CAF (p<0.001) and
SWT (p<0.001) animals. One month after the diet switch, SAT volume in SWT rats
decreased to levels of SD rats and was significantly lower than that of CAF rats
(p<0.001), while the SAT volume of CAF rats continued to increase, exceeding the levels
of SD rats (p<0.0001). After the diet switch, the VAT volume of SWT rats was
significantly reduced compared to CAF rats (p<0.001) and was indistinguishable from
that of SD rats. The VAT of CAF rats, on the other hand, continued to increase and
remained elevated compared to the VAT of the SD group (p<0.0001). Interestingly,
examination of the %SAT and %VAT change between the two time points (Figure 5D)
revealed that the SAT volume of SWT rats decreased twice as much as their VAT
volume following the diet switch. This drop was significant (p<0.01) relative to the
%SAT change of CAF animals between the 3 and 4-month time points. A representative
image of the median slice of the abdominal cavities of SD, CAF, and SWT animals at the
final time point is shown in Figure 5E. Data collected from animals at sacrifice,
including measures of abdominal circumference (Figure 6A), BMI (Figure 6B) and
gonadal white adipose tissue (QWAT, Figure 6C) paralleled the changes observed with
the imaging data. The abdominal circumferences of CAF animals were significantly
larger than those of SD animals (p<0.05) though not of SWT animals. As body length
was identical in all three groups (SD: 29.6+0.3cm, CAF:. 29.5+0.3cm, SWT:
29.6£0.3cm), increased BMI of CAF (p<0.05) and SWT (p<0.01) rats relative to that of
SD rats reflected the increase in abdominal circumference. The gWAT depots of CAF
animals were significantly larger than those of SD (p<0.01) but also of SWT (p<0.05)
rats. In all three measures, SWT animals were not different from SD at the time of

sacrifice.
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Cafeteria diet-induced hyperinsulinemia and glucose intolerance are both reversible

Blood was sampled after overnight fasting at three and four months on the diet.
Glucose (Figure 7A) and insulin (Figure 7B) were measured at both time points. Despite
no increase in fasted blood glucose in the CAF rats relative to that in SD animals, insulin
serum levels were significantly elevated and more than doubled at both time points in
CAF animals (3 months: p<0.01, 4 months: p<0.001). Serum insulin levels in SWT
animals dropped to those of SD animals after the diet switch and were significantly lower
than those of CAF rats (p<0.01). Prior to the diet switch, glucose tolerance testing
showed impaired glucose tolerance in CAF rats (Figure 7C) as both CAF and SWT
groups’ glucose levels were significantly elevated above SD at the 60-minute (p<0.01)
and 120-minute (SD vs. CAF: p<0.001, SD vs. SWT: p<0.05) time points. One month
after the diet switch, glucose tolerance in CAF animals continued to worsen (Figure 7D),
with significantly elevated glucose levels in CAF rats relative to those of SD rats as early
as the 30-minute (p<0.05) time point. Intriguingly, glucose tolerance in SWT animals
was indistinguishable from that of SD animals and significantly improved over CAF
animals’ glucose tolerance at the 30- (p<0.001), 60- (p<0.01), and 120- (p<0.01) minute
time points (Figure 7D). However, insulin tolerance testing did not reveal any diet group
differences in terms of the rats’ response to a discrete insulin i.p. injection (Figure 7E,F),
indicating that CAF animals maintained an intact compensatory adrenal and pituitary

response to insulin (Pasquali et al., 2006).

Cafeteria diet-induced dyslipidemia is also reversible
CAF rats were dyslipidemic after four months on the diet with a two-fold increase in

serum triglyceride relative to that of SD (Figure 8A; p<0.01). Despite not being
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Figure 7: Cafeteria diet-feeding causes hyperinsulinemia and impaired glucose tolerance

but does not elevate fasted blood glucose.

(Following page) (A) Fasted blood glucose and (B) serum insulin concentrations in SD,
CAF, and SWT animals at three and four months on the diet. GTT blood glucose levels at
(C) three and (D) four months on the diet. ITT blood glucose levels at (E) three and (F)
four months on the diet. Letters indicate a significant difference following pair-wise
comparisons (p < 0.05; a: SD vs. CAF, b: SD vs. SWT, ¢: CAFvs. SWT).n=12SD,n =

12 CAF, n = 13 SWT. Values are mean + SEM.
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Figure 8: Cafeteria diet causes dyslipidemia.

(A) Serum triglyceride, (B) HDL cholesterol, (C) LDL/ VLDL cholesterol and (D) total
cholesterol in SD, CAF, and SWT animals at three and four months on the diet. Letters
indicate a significant main effect of diet (HDL cholesterol) or a significant difference
following pair-wise comparisons (p < 0.05; a: SD vs. CAF, b: SD vs. SWT, c: CAF vs.

SWT).n=12SD, n=12 CAF, n =13 SWT. Values are mean + SEM.
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significantly elevated at three months, serum triglyceride of SWT animals was
indistinguishable from SD rats and significantly lower than the CAF group (p<0.001) at
four months. A main effect of diet was detected between SD and CAF animals regarding
HDL cholesterol, with CAF animals exhibiting significantly lower HDL levels than SD
animals when data was collapsed across the two time points (Figure 8B; p<0.05). HDL
cholesterol in SWT animals was not significantly different from either of the other two
diet groups though there was a clear visible trend for recovery of HDL levels over time
(Figure 8B). There was no significant effect of either time or diet on either LDL/VLDL

cholesterol (Figure 8C) or total cholesterol (Figure 8D) levels.

Spatial learning and memory in the Barnes maze is not impaired by Cafeteria diet
After CAF rats had been on the diet for four months and SWT animals had been
returned to SD chow for one month, spatial learning and memory were tested in the
Barnes maze. Latency (Figure 9A), distance travelled (Figure 9B), and velocity (Figure
9C) were examined. No significant effects were detected for any of these outcome
measures. The same was true of total errors, reference memory errors, deviation, re-entry

errors, omissions (Figure 10), and search strategy (Figure 11).

Reversible elevated inflammatory response in the hippocampus of CAF rats

After four months on their respective diets, 1bal cell density was significantly elevated
in the CAL hippocampal region of CAF rats compared to SD rats (Figure 12A, p<0.05).
In SWT animals, Ibal cell density in the CA1 was not different from that of the control
SD group. A trend towards increased Ibal cell density was also observed in CAF DG

(Figure 12B), but was not statistically significant. In the arcuate nucleus of the
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Figure 12: Cafeteria diet increases Ibal cell density in the hippocampus which returns to

control levels after one month of chow diet.

Ibal cell density in the (A) CAl and (B) DG regions of the hippocampus in SD, CAF,

and SWT rats after four months on the diet. (C) Ibal cell density in the arcuate nucleus of

the hypothalamus. (D) Representative image of Ibal+ microglia cells (arrowheads) in the

CAL. * indicates a significant difference following pairwise comparisons (*: p < 0.05). n

=12 SD, n=12 CAF, n = 13 SWT. Values are mean + SEM.
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hypothalamus, there was no effect of diet on microglial cell density (Figure 12C). A

representative image of hippocampal Ibal+ stained microglia is shown in Figure 12D.

Discussion

The high global incidence of CVD is a pressing problem within countries with aging
populations (Roth et al., 2015). Metabolic syndrome contributes to CVD and represents a
potentially important target for lowering CVD incidence. However, it is not known
whether adopting a healthy lifestyle that effectively reduces metabolic syndrome features
in humans translates to lower CVD risk over time (Dutton & Lewis, 2015). In this study,
we investigated whether a diet more similar to the human ultra-processed diet than
conventional rodent laboratory diets could recapitulate human metabolic syndrome in
rats. Furthermore, we assessed the degree to which metabolic syndrome features could be
reversed after transferring CAF rats to a healthy diet, in much the same way that adoption
of a healthy lifestyle is recommended for clinical management of metabolic syndrome in
patients. We show that three months of Cafeteria diet produced metabolic syndrome in
rats by causing abdominal obesity, hyperinsulinemia, glucose intolerance, and
dyslipidemia. Interestingly, a single month of switching CAF rats to a standard chow diet
completely reversed the metabolic syndrome features.

By weighing food intake on a daily basis throughout the experiment, we were able to
accurately describe the nutritional composition of the Cafeteria diet. Despite consuming
16 different grocery store-purchased human food items in addition to standard chow and
drinking a 12% sucrose solution, relative intake of fat, carbohydrate, and protein was
stable throughout the four months of Cafeteria diet-feeding. Sodium intake by CAF rats,

on the other hand, appeared to decline somewhat during the third and fourth month.
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While energy density of individual Cafeteria diet food items was similar, sodium content
was quite heterogeneous (Table 3) resulting in greater difficulty to maintain constant
levels of sodium in the Cafeteria diet. Conscientious use of the Cafeteria diet is a reliable
method of generating human-like metabolic syndrome in rodents though attention must
be payed to presenting equal proportions of macronutrients over time. Food intake prior
to the diet switch was identical between the three diet groups. This supports previous
results showing that rats prefer the more palatable Cafeteria diet to a traditional high-fat
diet as rats fed the latter typically show a significant drop in food intake compared to
control chow animals (Sampey et al., 2011; Higa et al., 2014). In addition, we observed a
dramatic drop in food intake immediately following the diet switch, again confirming the
results of others (Rogers, 1985; South et al., 2014). Rogers (Rogers, 1985) postulated that
this phenomenon is due to a negative contrast effect whereby animals receiving a highly
palatable, and thus salient, food reward drop to below control levels of food intake when
the quality of the food reward decreases.

The Cafeteria diet caused rats to become hyperinsulinemic with reduced insulin
sensitivity as rats remained hyperglycemic two hours following a glucose challenge.
Despite this, CAF rats were normoglycemic in the fasting state and did not exhibit
impairments with the insulin tolerance test. However, it is important to note that the
insulin tolerance test is reputed to be less sensitive than the glucose tolerance test in
detecting insulin resistance (Hermans et al., 1999). These alterations in glucose
metabolism demonstrate that three months of Cafeteria diet-feeding is capable of
generating an early, pre-diabetic, condition (Saisho, 2014). It is commonly thought that
insulin resistance underlies dyslipidemia (Miranda et al., 2005) which corresponds to our

findings of hypertriglyceridemia and reduced HDL cholesterol in CAF rats. Furthermore,
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abdominal obesity, more specifically visceral adiposity, is hypothesized to cause insulin
resistance through release of free fatty acids into the portal vein supplying the liver
(Bergman et al., 2006) coupled with systemic release of inflammatory cytokines
(Lumeng & Saltiel, 2011; Samuel & Shulman, 2012). Conversely, according to the lipid
overflow-ectopic fat model, insulin resistance can itself potentiate lipid storage in visceral
adipose tissue (VAT) at the expense of subcutaneous adipose tissue (SAT) (Després &
Lemieux, 2006).

Given the strong correlation between CVD and increased visceral fat deposition
(Kaess et al., 2012), it is imperative to directly assess rodent abdominal obesity when
describing metabolic syndrome in addition to body weight measurements. Imaging
techniques are preferred as they allow for repeated measurements and evaluation of
multiple tissue types (Muller et al., 2013). Our study is the first to use MRI in CAF rats
to evaluate both VAT and SAT volumes. A recent report on a three-month traditional
high-fat diet showed increases in percent SAT (%SATA) and VAT (%VATA) changes
similar to those seen in our CAF rats (Kn et al., 2014). However, despite similar degrees
of caloric reduction during a subsequent one-month period, we observed dramatically
different effects on %SATA and %VATA in SWT rats. By restricting the kcal in the high-
fat diet by 30% without changing the nutritional composition, Kn et al. reported a
surprising increase in %SATA (+20%). This increase was nonetheless blunted compared
to the +42% increase in control rats maintained on the high-fat diet, along with a
stabilization of %VATA (-2%). In our study, switching rats from the CAF to the SD
chow diet resulted in a ~40% drop in energy consumption. Consequently, we observed a
dramatic decrease in both SAT (-96%) and VAT (-49%). The difference between our

observations and those of others could be due to either 1) the reduction in food intake
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following the diet switch owing to the lower palatability of the standard chow diet or due
to 2) the transition to a diet with a different nutritional composition. In addition, the two-
fold greater decrease in SAT rather than VAT volume is surprising given that VAT is
preferentially decreased in human metabolic syndrome patients via diet, exercise or
pharmaceutical interventions (Chaston & Dixon, 2008). Considering the lipid overflow-
ectopic fat model whereby insulin resistance in SAT tissue leads to increased lipid
storage in VAT, the degree of insulin resistance and glucose tolerance may play a key
role in regulating the VAT/SAT ratio. The early stage of insulin resistance achieved in
our Cafeteria diet model may explain the greater weight loss in SAT tissue. Moreover,
clinical guidelines recommend gradual weight loss with a daily caloric reduction of 500-
1000 kcal/day from usual intake to avoid triggering biological pathways intended to
prevent starvation (NHLBI Obesity Education Initiative Expert Panel, 2000). The extent
of decrease in energy consumption in the clinical setting is therefore less than what was
achieved in our rodent study and may participate in explaining the difference in weight
loss profile between rats and humans.

In addition to these physiological findings, we report that four months of Cafeteria diet
feeding does not cause spatial learning and memory deficits as assessed by the Barnes
maze. We specifically chose this test as it is one of the few cognitive tasks that does not
rely on food restriction. Given our findings that one month of switching rats to a standard
diet is sufficient to abolish features of metabolic syndrome, the decision to use food
restriction to motivate rodent performance is an important one. This is of particular
importance when conducting studies using dietary models. Though the Morris water
maze also does not use food restriction to motivate performance, it causes significantly

greater degrees of stress which can also act as a confounding factor on behavioural
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outcome measures (Harrison et al., 2009). Indeed, highly stressful stimuli including
exposure to the water maze are rather discordant with human research methods that
typically use positive rewards in learning tasks (Homberg, 2013). This mismatch may
explain conflicting reports of the effects of diet on stress and anxiety outcome measures
(Prasad & Prasad, 1996; Buchenauer et al., 2009; Maniam & Morris, 2010; Sharma &
Fulton, 2012).

Despite the absence of diet-induced spatial and learning memory deficits in CAF rats
in the Barnes maze, an increase in microglial 1bal cell density in the CA1 region was
detected after only four months on the diet. This indicated that hippocampal
neuroinflammation is not sufficient to induce cognitive impairment. In a mouse model
using a Cafeteria diet without a sucrose solution, Auer et al. (Auer et al., 2015) were
unable to detect changes in the hippocampal 1bal+ microglial cell population. In contrast,
a study comparing Cafeteria diet-fed rats presented with or without a 10% sucrose
solution, showed that the sucrose solution was required to upregulate gene expression of
inflammatory markers (Beilharz et al., 2014). These findings suggest that increased
carbohydrate intake through consumption of sugar may be a key contributing factor to
metabolic syndrome-induced neuropathology. We also demonstrated that Ibal cell
density was not increased in SWT rats. It is possible that the Cafeteria diet-induced
hippocampal inflammatory microenvironment may be sufficiently recovered after a
single month of standard chow diet, limiting proliferation-promoting signals. Indeed,
microglial cell numbers in the hippocampus can normalize within weeks following a
neurological insult (Ladeby et al., 2005). We did not detect increased microglial cell
density in the arcuate nucleus as reported in mice fed high-fat diets (Jeon et al., 2012;

Thaler et al., 2012; Gao et al., 2014). This may be due to a species difference or
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differences in the type of dietary fat. Indeed, the diets used in the mouse studies were
comprised of 60% kcal from lard while the Cafeteria diet contained 40% kcal from fat
derived from various sources. Valdearcos et al. demonstrated that it is specifically
saturated lipid species which accumulate within the hypothalamus to trigger an
inflammatory response (Valdearcos et al., 2014). Our findings suggest that hippocampal
inflammation occurs independently of inflammation in the hypothalamus with an

important role played by the type and concentration of dietary fat.

Conclusions

There is growing concern with the failure of basic research results not translating to
the clinic, particularly in the field of stroke (Endres et al., 2008; Philip et al., 2009; Kahle
& Bix, 2012). One key recommendation arising from international advisory groups is the
use of more clinically relevant animal models that incorporate human disease co-
morbidities (Carmichael, 2005; Krakauer et al., 2012; Corbett et al., 2015). To address
these concerns, we used a human diet of ultra-processed foods and demonstrated that
metabolic syndrome develops in as little as three months in Sprague Dawley rats.
Furthermore, a “heathy lifestyle” intervention that involves switch to a standard chow
diet for one month completely reverses these features. It remains to be seen whether these
features could be reversed following longer Cafeteria diet exposures, particularly in
animals maintained into middle or early old age. Similarly, longer exposure to the
Cafeteria diet may predispose animals to cognitive impairments particularly when more
challenging tests are employed. An important finding was that even short term Cafeteria
diet exposure induced a pro-inflammatory state, an effect that may be especially

deleterious with advancing age or coupled with injury such as stroke. Taken together, the
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metabolic syndrome model described herein has great utility for providing a rapid means
for inducing prominent CVD co-morbidity factors into animal models of disease

including stroke and dementia.
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Abstract

To better understand the effects of a diet high in fat, sugar, and sodium on
cerebrovascular function, Sprague Dawley rats were chronically exposed to a Cafeteria
diet. Resting cerebral perfusion and cerebrovascular reactivity were quantified using
continuous arterial spin labeling (CASL) magnetic resonance imaging (MRI). In addition,
structural changes to the cerebrovasculature and susceptibility to ischemic lesion were
examined. Compared to control animals fed standard chow (SD), Cafeteria diet rats
(CAF) exhibited increased resting brain perfusion and reduced cerebrovascular reactivity
in response to 10% inspired CO; challenges in the cortex and in the hippocampus. CAF
rats switched to chow for one month (SWT) partially improved resting perfusion in both
regions and cerebrovascular reactivity in the hippocampus. However, the diet switch did
not improve cerebrovascular reactivity in the cortex. These changes were not
accompanied by alterations in the structural integrity of the cerebral microvasculature,
examined using rat endothelial cell antigen-1 (RECA-1) and immunoglobulin G (IgG)
immunostaining. Also, the extent of tissue damage induced by endothelin-1 injection into
sensorimotor cortex was not affected by the Cafeteria diet. These results demonstrate that
short-term consumption of an ultra-processed diet reduces cerebrovascular reactivity.
This effect persists after dietary normalization despite recovery of peripheral

symptomatology.

Introduction

Metabolic syndrome affects 20-40% of the world population and is increasing in

prevalence (Batsis et al., 2007). It is defined as the combination of any three of the
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following five characteristics: abdominal obesity, reduced high-density lipoprotein
(HDL) cholesterol, elevated triglycerides, raised fasted blood glucose, and hypertension
(Alberti et al., 2009b). Despite the ability of dietary interventions to correct peripheral
features of metabolic syndrome (Salas-Salvado et al., 2011; The Look AHEAD Research
Group, 2014), cardiovascular mortality risk is often not improved (Mozaffarian, 2016),
begging the question of whether chronic consumption of a diet high in fat, sugar, and
sodium can cause irreparable damage to the vasculature.

Whereas peripheral vascular dysfunction has been thoroughly described in individuals
with metabolic syndrome (Limberg et al., 2013; Walther et al., 2015; Shimabukuro et al.,
2016), limited reports exist regarding its effects on the cerebrovasculature. Nonetheless,
some results suggest that metabolic syndrome also impairs cerebrovascular
hemodynamics. In a retrospective study, Giannopoulos et al. analyzed transcranial
Doppler data from metabolic syndrome patients with atherosclerotic disease and found a
significant correlation between reduced cerebrovascular reactivity to hypercapnia and
metabolic syndrome (Giannopoulos et al., 2010). These results were further confirmed in
a more recent prospective study (Tyndall et al., 2016). In rats fed a high-fat diet, a similar
reduction in functional hyperemia upon whisker stimulation was observed using laser
Doppler imaging (Li et al., 2013).

Although transcranial Doppler offers certain advantages over other imaging
techniques, it is limited to measuring blood velocity in major cerebral arteries that supply
pial vessels (Sorond et al., 2010). In contrast, magnetic resonance imaging (MRI) allows
for the evaluation of cerebral blood flow (CBF) throughout the brain. Arterial spin

labeling (ASL) is particularly useful as it quantifies CBF by non-invasive generation of
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an endogenous tracer through magnetic labeling of blood water in the carotids
(Borogovac & Asllani, 2012).

A deterioration in cerebrovascular hemodynamics is often accompanied by changes in
vessel structure and vascular network architecture, such as the thickening of arteriolar
walls that occurs in hypertension (Rizzoni et al., 2009) and the increase in aberrant
angiogenesis of the diabetic brain (Prakash et al., 2013a). These structural changes,
which result from shear stress and hypoxia, are accompanied by damage to vascular cell
layers that cause endothelial cell death (Ergul et al., 2014), microvessel rarefication
(Sokolova et al., 1985), and increased blood-brain barrier permeability (Li et al., 2010).
Such aberrant changes in vessel structure, coupled with a reduction in cerebrovascular
reactivity, increase tissue damage and worsen functional outcomes following stroke in
animal models (Li et al., 2013; Prakash et al., 2013b).

Our understanding of the cerebrovasculature has been greatly enhanced by the use of
animal models. However, rodent studies often utilize genetically engineered strains to
mimic human disease (Russell & Proctor, 2006). Genetic mutations alone rarely cause
overt disease in humans whereas in metabolic syndrome and related disorders, diets
comprised of ultra-processed foods high in fat, sugar, and sodium, combined with a
sedentary lifestyle, play a much greater role (Groop, 2000). Consumption of ultra-
processed foods, which are food items comprised almost exclusively of processed
substances refined from whole foods, has greatly increased in industrialized nations since
the 1980s (Monteiro et al., 2013). Unfortunately, common commercial rodent diets focus
on isolated nutrients and rarely recapitulate the full gamut of human metabolic syndrome
features (Lai et al., 2014). The Cafeteria diet, on the other hand, provides animals with a

varied selection of human grocery store, ultra-processed foods and more accurately
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reflects human disease co-morbidities (Sampey et al., 2011; Higa et al., 2014). We have
previously shown that a Cafeteria diet is capable of generating metabolic syndrome in
rats, with increased visceral adiposity, dyslipidemia, and insulin resistance (Gomez-Smith
et al., 2016). In addition to these peripheral effects, inflammation was also increased in
the hippocampus of Cafeteria diet-fed rats. Notably, the metabolic perturbations and
hippocampal neuroinflammation were fully resolved by switching animals to a healthy
standard chow diet for one month.

To date, cerebrovascular hemodynamics and microvascular structure have not been
studied in the Cafeteria diet model of metabolic syndrome despite the clear link between
ultra-processed diets and cardiovascular disease risk (Malik et al., 2010). In the current
study, we investigated cerebrovascular reactivity to hypercapnia in an established rat
model of metabolic syndrome using continuous arterial spin labeling (CASL), a highly
sensitive and non-invasive imaging method to evaluate CBF. To further complement
these measurements, we examined the structure of the cerebral microvasculature,
including vessel area, integrity of the blood-brain barrier (BBB), and susceptibility to an
ischemic insult. Cafeteria diet-fed rats were compared to both standard chow-fed rats and

rats switched from the Cafeteria to a standard chow diet.

Experimental Procedures

Animals and Diets
Animal procedures followed the guidelines established by the Canadian Council on
Animal Care and were approved by the Animal Care Committees of the University of

Ottawa and the Sunnybrook Research Institute. Experiments have been reported
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following the ARRIVE guidelines. Three-week-old male Sprague Dawley rats (Charles
River Laboratories, Montreal, Canada) were used for all experiments. Rats were pair-
housed and maintained on a 12-hour reverse light/dark cycle (8 am off/8 pm on). One
week after habituation to the facility, rats were randomly assigned to a Standard (SD),
Cafeteria (CAF), or Switch (SWT) diet as previously described. Briefly, SD rats had ad
libitum access to regular chow (Teklad Global 18% Protein Rodent Diet; Harlan,
Madison, WI) and drinking water. CAF rats had ad libitum access to regular chow and
drinking water in addition to a daily selection of three grocery store-purchased food items
from a menu of 16 items (Table 4) as well as a 12% wi/v sucrose drinking solution (MP
Biomedicals, Solon, OH). Grocery store items alternated through a list of pre-established
food combinations to ensure diversity of foods presented. SWT rats were provided the
Cafeteria diet for three months after which they were switched to the regular chow and

water-only SD diet for an additional month (Gomez-Smith et al., 2016).

Magnetic Resonance Imaging

Animal preparation

Rats used for imaging were transferred from the University of Ottawa to the
Sunnybrook Research Institute in Toronto two weeks prior to imaging to allow for
habituation to the new facility. Eighteen rats (6 SD, 6 CAF, 6 SWT) were imaged twice,
the first time after three months on the diet (immediately prior to the diet switch) and
again after four months on the diet (one month after the diet switch). Since SWT rats
were not treated differently from CAF animals at the three-month time point, their
imaging data were combined. Data from one SD rat at the three-month time point and

two rats (1 SD, 1 CAF) at the four-month time point were not included due to equipment
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Table 4: List of food items comprising the Cafeteria diet. Kcal/g were provided by

manufacturers.

Food item Manufacturer Kcallg

All beef hot dogs Schneider's 2.89

Brownies Two-Bite 3.57

Cheetos cheese puffs Frito-Lay 6.00

Cracker Barrel cheddar cheese Kraft 4.00

Joe Louis Vachon 4.44

Nesquik cereal Nestle 4.14

Peanut butter M&M Mars 5.25

Reese’s peanut butter cups Hershey 5.13
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failure during imaging. One SWT rat died prior to the four-month imaging session. Two
rats (1 SD, 1 CAF) died during the four-month imaging session. Data were thus collected
in 5 SD, 6 CAF, and 6 SWT rats at 3 months and in 4 SD, 4 CAF, and 5 SWT rats at 4
months. Based on the effect sizes that we obtained with the present N, we achieved a
power level greater than 99%. The sample size was therefore deemed sufficient.

In preparation for imaging, rats were induced with 5% isoflurane and subsequently
switched to i.v. propofol (45 mg/kg/hr, 10 mg/ml; PharmaScience, Montreal, Canada).
Animals received an i.m. injection of glycopyrrolate (0.2 mg/ml, 0.1 mg/kg; Omega,
Montreal, Canada) to reduce airway secretions. They were subsequently intubated and
mechanically ventilated using a small animal ventilator (CWE Inc., Ardmore, PA) with a
gas mixture of 70% nitrogen and 30% oxygen. To reduce motion, rats received a single
I.v. injection of atracurium (10 mg/ml, 1 mg/kg; Sandoz, Boucherville, Canada)
immediately prior to imaging. Physiological parameters, including heart rate, oxygen
saturation, core temperature, transcutaneous partial pressure of CO, (tcPCO;) and end
tidal CO, were monitored throughout the experiment (Biopac Systems Inc., Montreal,
Canada; MouseOx, Starr Life Sciences Corp., Oakmont, PA; TCM4 monitor,
Radiometer, London, Canada; MicroCapStar CO, monitor, CWE Incorporated, Ardmore,
PA). At the three-month time point, ten rats (2 SD, 4 CAF, 4 SWT) were ventilated with
the aforementioned gas mixture via a programmable GSM-3 gas mixer (CWE Inc.,
Ardmore, PA); in the other eight rats the gas mixture was adjusted manually using a flow
regulator due to equipment unavailability. At four months, the gas mixer was used with
all animals. Following each imaging session, rats were carefully extubated, closely

monitored on a heating blanket during recovery, and administered s.q. buprenorphine (0.3
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mg/ml, 0.1 mg/kg; Reckitt Benckiser Healthcare, Hull, UK) in saline for pain

management.

Data acquisition

Imaging was performed using a 7T BioSpec 70/30 USR system (Bruker, Ettlingen,
Germany), equipped with a 20 cm inner diameter gradient set (200 mT/m). A birdcage
body coil and a quadrature receive-only coil were used for signal excitation and signal
reception, respectively. Rats were positioned with their heads immobilized on a custom
head holder. Manual shimming was performed before all experiments. Structural images
were acquired using a T2-weighted rapid acquisition with relaxation enhancement
(RARE) sequence. Twenty-five 0.5-mm thick coronal slices were acquired with in-plane
spatial resolution of 0.1 x 0.1 mm?, field of view (FOV) of 12.8 x 25.6 mm?, 128 x 256
matrix, 5500 ms repetition time (TR) and 47 ms echo time(TE), and RARE factor 8. For
CASL experiments, tri-pilot images guided the identification of cortical and hippocampal
regions of interest (ROI). Anatomical landmarks, derived from the Paxinos and Watson
Rat Brain Atlas (Paxinos & Watson, 2007), were used to place a total of three 1.5 mm
thick coronal slices along the anterior-posterior (AP) axis. One slice comprising
somatosensory, motor, and cingulate cortex (Cx) was positioned at approximately +1 mm
AP relative to Bregma. A slice package containing two slices with an inter-slice distance
of 0.5 mm was placed to span the rostral and caudal regions of the hippocampus (Hc),
corresponding approximately to -3 mm and -5 mm AP relative to Bregma. The labeling
plane was positioned perpendicular to the carotid arteries to optimize the inversion
efficiency. Labeling was achieved by applying a 1.5 second RF pulse (1.2 W) in the
presence of a 10 mT/m longitudinal gradient, approximately 30 mm posterior from
isocenter. 540 pairs of interleaved tag and control echo planar images (EPI) were
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acquired with a TR/TE of 2000 ms/12.3 ms, a nominal in-plane spatial resolution of 0.25
x 0.25 mm?, and an FOV of 20 x 20 mm?, for a total scan time of 36 minutes. Seven 5-
minute hypercapnic challenges were acquired comprising one minute of 10% fractional

concentration of inspired CO, (FICO) followed by four minutes of 0% FiCO,,

Data processing

The CASL data were motion corrected using the 3dvolreg Analysis of Functional
Neurolmages (AFNI) program (Cox & Jesmanowicz, 1999). EPI frames exhibiting
greater than 0.5 mm of translation in any direction were removed from further analysis.
Each slice from the EPI readout was registered to T2 structural images by full affine
registration using MNI-Display software (Montreal Neurological Institute, Montreal,
Canada), manually identifying a minimum of 20 anatomical landmarks per slice.
Thereafter, white matter and ventricles were segmented in MNI-Display using signal
intensity thresholds. ROl masks were manually delineated in Matlab (Mathworks, Natick,
MA) and data were blurred within ROI masks using the 3dBlurinMask AFNI program. A
boxcar function alternating between 0 and 1 modeled the tag-control time series while
perfusion responses to hypercapnia were modeled by convolving the boxcar function
with a gamma variate function using the 3dDeconvolve AFNI program. The latter was
obtained with the AFNI waver program by convolving an idealized hemodynamic
response function with CO, stimulus onset times as determined by end tidal CO,
measurements. To control for multiple comparisons, a cluster correction was performed
with a voxelwise significance threshold of p=0.05. Cluster size was determined using the
3dClustSim AFNI program (Cox & Jesmanowicz, 1999) with a clusterwise o of 0.05.
Perfusion measurements were expressed in relative units (percentages), with ASL signal
change between labelled and control frames being a direct estimate of tissue perfusion
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(scaled by the tissue longitudinal relaxation time constant, inversion efficiency, and

blood-brain partition coefficient) (Chugh et al., 2012).

Histological Analysis

Animals

A separate group of 30 rats were used for the histological study. Twelve rats (6 SD, 6
CAF) underwent endothelin-1 stroke surgery after three months on the diet and were
sacrificed one week after stroke. The remaining eighteen control rats (6 SD, 6 CAF, 6
SWT) did not undergo stroke surgery and were sacrificed at four months, with the diet

switch occurring after three months.

Endothelin-1 stroke induction

Endothelin-1 stroke surgery was conducted as previously described (Nguemeni et al.,
2015). Rats were induced (5%) and maintained (1.5-2%) on isoflurane anesthesia. The
skull was carefully exposed and two burr holes were made at stereotaxic coordinates +2.0
mm and +0.0 mm AP relative to Bregma and 2.5 mm medial-lateral (ML). Both
injections were performed in the same hemisphere. The injected hemisphere was
contralateral to the limb with highest reaching performance as determined following
training on the Montoya staircase prior to stroke, methods which are described elsewhere
(Jeffers et al., 2014). Two 2ul endothelin-1 injections (400pmol/ul in sterile water;
Calbiochem, San Diego, CA) were slowly injected at a depth of 1.7 mm from the surface
of the dura at each cortical site. After injections, the scalp was sutured and topical
bupivacaine applied (2%, 0.2ml; Chiron, Guelph, Canada). Animals were placed in an

incubator to maintain body temperature at 37°C during recovery, given a single s.q.
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injection of buprenorphine (0.05 mg/kg; Reckitt Benckiser Pharmaceuticals Inc.,

Richmond, USA) and then returned to their home cage.

Tissue preparation

Animals were deeply anesthetized by i.p. administration of Euthanyl (149.5 mg/kag,
Bimeda-MTC Health Inc., Cambridge, Canada) and intracardially perfused with
heparinized saline followed by 4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS). Brains were removed and post-fixed overnight in 4% PFA, then transferred to a
20% wi/v sucrose solution in 0.1 M phosphate buffer until brains were saturated. Frozen
20 pm and 50 pm coronal sections were cut at 200 um intervals. 20 um sections were
immediately slide-mounted while 50 pm sections were collected for free-floating
histology. In rats that did not undergo stroke surgery, tissue spanning the prefrontal
cortex to the caudal extent of the hippocampus was collected; in rats with stroke, tissue

was collected throughout the injury.

Infarct volume assessment
Tissue was stained with haematoxylin and eosin (H&E) and 10 sections throughout
the infarct were visualized at 20X magnification with a Leica DMR microscope (Leica
Microsystems, Germany). Using Stereolnvestigator software (Stereolnvestigator® V10.0
MicroBrightField Bioscience, Williston, VT), intact tissue in both hemispheres was
manually traced by an experimenter that was blinded to the diet group. Infarct volume in
mm?® was calculated as Y[(area of contralesional tissue — area of undamaged ipsilesional

tissue) x distance between sections X thickness of sections] (Nguemeni et al., 2015).
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RECA-1 staining and vessel area quantification

50 um free-floating sections spaced every 2400 um were isolated in control and stroke
rats. In control rats, three consecutive sections were evaluated for cortical vessel area
(approximate AP coordinates: +2.4 mm, 0 mm and -2.4 mm). For hippocampal vessel
area, two sections (approximate AP coordinates: -2.4 mm and -4.8 mm) were analyzed.
In stroked rats, three consecutive sections equally spaced throughout the infarct were
used. Tissue was stained overnight at 4°C with the anti-rat endothelial cell antigen-1
(RECA-1) mouse monoclonal antibody (1:200; Abcam, Toronto, Canada). After washing
in PBS, a biotinylated goat anti-mouse secondary antibody was applied for one hour at
room temperature (1:400; Jackson ImmunoResearch, West Grove, PA). Stain was
amplified using the Vectastain ABC avidin-biotin kit (Vector Laboratories, Burlingame,
CA) and visualized with ImmPACT DAB substrate (Vector Laboratories, Burlingame,
CA) after which sections were slide mounted. High resolution images of individual
sections were collected with the Virtual Tissue function of Stereolnvestigator software at
10X magnification. The area fraction fractionator probe in Stereolnvestigator was used to
estimate vessel area using parameters taken from Walchli et al. (100 um x 100 pm
counting frame, 200 um x 200 um grid spacing and 8 um spacing between grid points)
(Walchli et al., 2015). Vessel area was quantified by an experimenter that was blinded to
the diet group. Cortical vessel area in control brains was evaluated in six rectangular ROI
(800 pm x 500 um) per section, positioned in symmetrical locations in the left and right
hemispheres extending laterally from the midline. Hippocampal vessel area in these same
animals was evaluated in the entire dentate gyrus (DG) and the cornu ammonis sub-fields
CA3 and CA1, from left and right hemispheres. In rats with stroke, six rectangular ROI

(800 um x 500 pm) per section were evaluated, three per hemisphere. In the ipsilateral
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hemisphere, ROl were placed immediately next to infarcted tissue. Three ROl were

placed in the contralateral tissue in homologous locations.

1gG staining and evaluation of BBB integrity

Methods were adapted from Yi et al. (Yi et al., 2012) and Marcon et al. (Marcon et
al., 2009). A series of slide-mounted 20 pum sections from control rats was incubated
overnight at 4°C with donkey anti-rat biotin-conjugated immunoglobulin G (IgG)
antibody (1:250; Jackson ImmunoResearch Laboratories Inc., West Grove, PA).
Vectastain ABC avidin-biotin and ImmPACT DAB were used to amplify and visualize
IgG staining. Eight 200 pm-spaced sections containing hypothalamic arcuate nucleus and
eight hippocampal sections, at 400 um intervals, were identified and evaluated by an
experimenter blinded to the diet group. In sections containing arcuate nucleus, IgG-
stained tissue surrounding the third ventricle was traced and 1gG extravasation volume
calculated as: ) (area of IgG staining x distance between sections x thickness of sections).
In hippocampal sections, tissue in both hippocampus and cortex was inspected for
perivascular 1gG staining, indicative of extravasation of blood proteins, as demonstrated

by others (Rigau et al., 2007; Jalal et al., 2012).

Statistical Analysis

Voxelwise MRI datasets, effect of method of CO, delivery on resting perfusion, and
cerebrovascular reactivity were analyzed using linear mixed effects modeling with the
restricted maximum likelihood (REML) method in IBM SPSS Statistics (v.23, IBM
Corp., Armonk, NY). Diet was treated as a fixed effect while animals were considered
random effects. The Bonferroni correction was used to adjust for multiple comparisons

and data are presented as estimated marginal means + standard error of the mean (SEM).
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Analysis of physiological parameters during the imaging experiment was performed
using univariate analysis of variance followed by Tukey’s post-hoc tests in IBM SPSS
Statistics software. Data are represented as mean + SEM. Histological data analysis was
performed using Prism software (V6, GraphPad, La Jolla, CA). All analyses used paired
t-tests or univariate analysis of variance followed by Tukey’s multiple comparisons post-
hoc test for pairwise comparisons. Histological data are expressed as mean + SEM.

Statistical significance was taken at p<0.05 in all experiments.

Results

The Cafeteria Diet Increased Weight Gain

Body weight of rats used for the MRI study was recorded at weekly intervals
throughout the experiment. The increased caloric density of the Cafeteria diet food items
(Table 4) caused CAF and SWT rats to consume more kcal per day than SD rats (Table
5). This resulted in significant weight gain in rats that consumed the Cafeteria diet.
Indeed, as early as nine weeks after the start of the diet, CAF (862 g +27 g, p<0.01) and
SWT (844 g £24 g, p<0.05) rats were significantly heavier than SD (724 g £28 @) rats
(Figure 13). Immediately after the diet switch at 12 weeks, the body weight of SWT rats
declined and subsequently plateaued. By week 14, SWT rats were similar to SD rats.
Cafeteria diet rats continued to gain weight until the experimental end point; by 16
weeks, CAF rats (928 g +23 g) were considerably heavier than SD rats (759 g +25 g,

p<0.001).
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Table 5: Daily kcal intake (food and 12% sucrose solution) pre- and post- diet switch.

Data represent mean + SEM. Statistical differences were determined using the Student t-
test on pre-diet switch data and one-way ANOVA on post-diet switch data. Rats fed the
Cafeteria diet consumed significantly more daily kcal than SD rats prior to the diet switch

(**: p< 0.01) while there was no significant effect of diet after the diet switch.

Pre-diet switch Post-diet switch

SD 103.6 +4.1 84.0+7.6
CAF 124.7 + 3.6** 97.1+3.2
SWT 55.9+9.3
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Figure 13: The Cafeteria diet caused weight gain that was reversed with a switch to
standard chow.
Letters indicate a significant difference following pair-wise comparisons (p<0.05; a: SD

vs. CAF, b: SD vs. SWT, c: CAF vs. SWT). Values are mean + SEM.
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Increased Resting Perfusion and Reduced Cerebrovascular Reactivity in CAF Rats
with Only Partial Recovery After a Switch to Standard Chow

Immediately before and one month following a switch to standard chow, SD, CAF,
and SWT rats underwent MRI to evaluate brain hemodynamics. These time points were
based on our previous findings that three months of Cafeteria diet consumption caused
metabolic syndrome (e.g. abdominal obesity, dyslipidemia, etc.). Furthermore, we had
shown that switching CAF rats to standard chow for four weeks was sufficient to resolve
these features (Gomez-Smith et al., 2016).

Baseline core temperature, oxygen saturation, and tcPCO, immediately prior to
commencing CO; challenges were not different between time points or between diets at
each time point (Table 6). Moreover, all rats were normocapnic with tcPCO;, not
exceeding 45 mmHg prior to imaging. During CO;, challenges, maximum tcPCO, and
range of tcPCO, achieved were not different between diet groups at either time point.
However, both maximum tcPCO, (p<0.01) and tcPCO, range (p<0.05) were significantly
higher at the three-month time point, regardless of diet, as a result of the different
methods of CO, delivery. This difference may explain the significant main effect of time
that was revealed for resting perfusion (p<0.001) and perfusion response (p<0.001),
necessitating an independent analysis at each time point.

The Cafeteria diet led to an overall increase in resting brain perfusion at both time
points (Figure 14), expressed in relative units as per cent CBF. At three months (Figure
14A), CAF rats exhibited ~15% higher resting perfusion in the cortex (1.44% +0.02%,
p<0.001) and ~38% higher resting perfusion in the hippocampus (2.29% +0.03%,
p<0.001) compared to SD control rats (Cx: 1.25% +0.04%; Hc: 1.66% +0.04%). One

month later (Figure 14B), resting perfusion in CAF rats was also elevated in comparison
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Figure 14: Resting perfusion increased in Cafeteria diet-fed rats.

Resting perfusion at (A) three and (B) four months on the SD, CAF, and SWT diets in
both the cortex and the hippocampus. Values are estimated marginal means + SEM.
Linear mixed model analysis was performed independently on data from each time point.
Significant differences following pairwise comparisons were as follows: * p<0.05, ***

p<0.001.
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to SD rats, with ~58% higher resting perfusion in the cortex (0.94% +0.04%, p<0.001)
and ~138% higher resting perfusion in the hippocampus (1.46% %0.05%, p<0.001)
compared to SD rats (Cx: 0.6% +0.04%, Hc: 0.61% +0.04%). The diet switch decreased
resting perfusion (Figure 14B) by ~25% in both ROI (Cx: 0.67 +0.03%, p<0.001; Hc:
1.09 £0.03%, p<0.001) relative to CAF levels. Nonetheless, resting perfusion in SWT
rats remained significantly elevated compared to SD in the cortex (p<0.05) and in the
hippocampus (p<0.001).

Perfusion increase to CO; challenges, an indicator of cerebrovascular reactivity, was
expressed as change in per cent CBF. At both time points and in both ROI,
cerebrovascular reactivity to hypercapnia was blunted in CAF rats compared to SD
(Figure 15). At three months (Figure 15A), the cortical (98% +1.8%, p<0.001) and
hippocampal (42.1%+0.7%, p<0.001) vasculature of CAF rats were ~27% and ~37% less
responsive, respectively, than the vasculature of SD rats (Cx: 134.2% +2.7%, Hc: 66.5%
+1.1%). At four months (Figure 15B), CAF cortical (178.9% *22.8%, p<0.001) and
hippocampal (57.4% +7.7%, p<0.001) perfusion increases to CO, were smaller by ~37%
and ~47%, respectively, than those of SD (Cx: 284.6% +19.9%, Hc: 107.6% +6.1%).
While the diet switch intervention partially normalized resting perfusion, this was not the
case for cerebrovascular reactivity to CO,. Indeed, CBF increase to hypercapnia in the
cortex was not statistically different between CAF (178.9% +22.8%) and SWT (182.3%
+17.7%) rats one month after the switch to the chow diet, remaining significantly lower
than that of SD (p<0.001). Cerebrovascular reactivity in SWT rats in the hippocampus
(84% +4.9%, p<0.01) improved significantly by ~46% from CAF levels yet remained

depressed by ~21% compared to SD (Figure 15B). Representative perfusion response
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Figure 15: Perfusion response to hypercapnia decreased in Cafeteria diet-fed rats.

(Following page) Perfusion response to hypercapnia expressed in terms of change in CBF
at (A) three and (B) four months. Values are estimated marginal means + SEM. Linear
mixed model analysis was performed independently on data from each time point.
Significant differences following pairwise comparisons were as follows: ** p<0.01, ***
p<0.001. Representative perfusion response and time course data during CO; challenges
at the 3-month imaging time point are shown for a (C) SD and for a (D) CAF rat. (Left)
The perfusion response map is color-coded to represent magnitude of regional changes in
perfusion. (Right) ASL signal time courses represent mean cortical CBF, averaged across
the seven CO, challenges, with the grey shaded region corresponding to the standard
deviation from the mean CBF. The orange bars indicate the period of hypercapnic gas

mixture delivery by the GSM-3 gas mixer.
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data and corresponding ASL signal time courses during CO, challenges are shown for an
SD (Figure 15C) and a CAF (Figure 15D) rat, highlighting the reduction in
cerebrovascular reactivity following Cafeteria diet feeding.

At the three-month time point, the effect of gas delivery method on resting perfusion
and cerebrovascular reactivity was examined. Within both SD and CAF cohorts as well
as in both ROI, there was a significant effect of gas delivery method on hemodynamic
outcome measures (p<0.01 for all comparisons, Table 7). Nevertheless, statistical
comparisons made within groups of rats receiving the same method of gas delivery
showed that the main effect of the Cafeteria diet, i.e. increased resting perfusion and
reduced cerebrovascular responsiveness in CAF rats, was maintained with significant
differences between SD and CAF rats under both sets of gas delivery conditions (p<0.01
for all comparisons). Moreover, fundamental physiological parameters modified by the
hypercapnic challenge, namely oxygen saturation and CO, tension, were not significantly

affected by the method of gas delivery (Table 8).

Effects of Cafeteria Diet on Vessel Area, Cortical Infarct Volume and Vessel Wall
Integrity

The hemodynamic effects of the Cafeteria diet were not accompanied by structural
changes in cerebral blood vessels. Stereological quantification of RECA-1-stained tissue
(Figure 16A,B) revealed that cortical (Figure 16C) and hippocampal (Figure 16D)
vessel area were unaffected by four months of Cafeteria diet-feeding. The Cafeteria diet
also did not impact vessel area consequent to ischemic strokes (Figure 16E) nor did it
worsen infarct volume (Figure 16F). A representative image showing the maximal extent

of stroke injury is shown in Figure 16G. Finally, BBB integrity was assessed in the
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Table 7: Effect of method of gas delivery on resting perfusion and cerebrovascular

reactivity at the three-month time point.

All comparisons between groups based on diet, ROI, or method of gas delivery were

statistically significant (p<0.01). Nonetheless, the main effect of the Cafeteria diet on

both resting perfusion and cerebrovascular reactivity was constant regardless of method

of gas delivery.

Without gas mixer

With gas mixer

Resting perfusion
CBF (%)
Cerebrovascular
reactivity

A CBF (%)

Cortex
Hippocampus

Cortex

Hippocampus

SD (n=4)
1.31+£0.04
1.74 £ 0.04

121.7+£23

64.8+1.2

CAF (n=4)
1.79 +0.04
2.48 +0.04

89.0+2.3

453+1.0

SD (n=2)
1.03 £ 0.07
1.33+0.1

179.0+ 6.7

73323

CAF (n=8)
1.24 £0.03
2.19+0.03

103.3+2.6

40.1+0.9
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Figure 16: Vessel area and infarct volume not altered by diet.

(Following page) (A) Representative image of RECA-1-stained tissue used for
stereological quantification of vessel area. Shown are an 800 um x 500 um ROI sampling
site (red), the 200 pm x 200 pum sampling grid (black), and 100 pm x 100 um counting
frames (green). (B) A magnified image of a single counting frame; diamonds indicating
Cavalieri grid points that overlap with RECA-1-stained vessels. (C) Cortical and (D)
hippocampal vessel area in RECA-1-stained tissue from SD, CAF, and SWT animals at
four months on the diet. (E) Contralesional and perilesional vessel area in stroke tissue.
(F) Infarct volume in SD and CAF rats that underwent focal ischemia. VValues are mean *
SEM. (G) H&E-stained section showing maximal injury from a representative SD rat one
week after ET-1 stroke induction. The border between intact and infarcted tissue is
outlined in white. (H) Hypothalamic IgG extravasation volume in SD, CAF, and SWT
animals at four months on the diet. Values are mean £ SEM. (I) Representative image of

IgG staining in the arcuate nucleus of a rat in proximity to the third ventricle.

92



3 SWT

1 SD &= CAF

Q Q 2 © (ww)ob| pseserenxy

(%) esue |ossop T

40-
3

CA1

CA3

DG

93



cortex, hippocampus as well as in the arcuate nucleus in SD, CAF, and SWT brains in the
absence of endothelin-1 stroke. Serial sections taken throughout these structures were inspected
for 1gG extravasation. In the cortex and hippocampus, perivascular IgG staining was effectively
absent in all three diet groups (data not shown), while in the arcuate nucleus, 1gG extravasation
volume was small and not different between diet groups (Figure 16H). A representative image of

IgG-stained arcuate nucleus is shown in Figure 16l.

Discussion

In the present study, we examined the effect of an ultra-processed Cafeteria diet on
cerebral hemodynamics and microvascular structure in a rat model of metabolic
syndrome. Furthermore, we tested the potential of a subsequent healthy diet intervention
to recover the cerebrovascular changes induced by the Cafeteria diet. Consistent with our
previous study (Gomez-Smith et al., 2016), three months of Cafeteria diet-feeding caused
CAF rats to gain significantly more weight than SD chow-fed rats. Our MRI results
showed that the Cafeteria diet led to resting hyperperfusion in the brain regions under
study while simultaneously contributing to reduced cerebrovascular reactivity to
hypercapnia. Switching to the chow diet only partially recovered these effects. However,
these functional changes in cerebrovascular hemodynamics were not accompanied by
alterations in the structure of the cerebrovasculature.

Our resting perfusion results are interesting as hypoperfusion has been reported in
patients with metabolic syndrome (Birdsill et al., 2013) and insulin resistance (Rusinek et
al., 2015) as well as in type 1 (van Golen et al., 2013) and type 2 diabetics (Last et al.,
2007), while other studies have failed to show a change in resting perfusion in type 2

diabetes (Tiehuis et al., 2008; Rusinek et al., 2015). Mice with streptozotocin-induced
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type 1 diabetes, on the other hand, exhibit elevated blood flow velocity (Tennant &
Brown, 2013). This would suggest that hyperglycemia alone is not sufficient to induce
hypoperfusion which may instead critically depend on the duration of metabolic
dysfunction and increased age of human subjects. Indeed, age itself is a key driving force
in the development of hypoperfusion (Liu et al., 2012). Experimental models that allow
for the examination of the initial signs of pathology are therefore of great value in
determining the direct effects of metabolic dysfunction on cerebral hemodynamics.
Additionally, elevated cerebral metabolic rate or diet-induced blood acidosis in Cafeteria
diet-fed rats may cause increased vasodilation in the resting state, potentially explaining
the observed resting perfusion results (Cipolla, 2009; Williams et al., 2016b). Future
experiments investigating the rate of cerebral glucose metabolism, via magnetic
resonance spectroscopy imaging of deoxyglucose uptake (Nasrallah et al., 2013), or the
blood chemistry of Cafeteria diet-fed rats would be of interest.

CASL imaging revealed an overall decrease in cerebrovascular reactivity to
hypercapnia in CAF rats which is largely in agreement with human (Giannopoulos et al.,
2010; Tyndall et al., 2016) and rodent (Li et al., 2013) studies performed using laser
Doppler imaging. Nonetheless, we are the first to report reduced cerebrovascular
reactivity to hypercapnia in a rodent model of metabolic syndrome using MRI which
allows for the examination of blood flow in deeper brain structures. Our present data
indicate that the decrease in cerebrovascular reactivity in Cafeteria diet-fed rats is likely
the result of a reduction in functional responsiveness of the cerebrovasculature to
hypercapnia rather than of a decrease in dilatory reserve consequent to the elevation in
resting perfusion. Indeed, while SWT cortical resting perfusion recovered almost to SD

levels after the transition to chow, the perfusion response of these rats to hypercapnia
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remained significantly impaired relative to SD animals and commensurate with that of
rats that continued on the Cafeteria diet.

The Cafeteria diet-induced alterations in cerebral hemodynamics do not correlate with
global changes in microvascular structure as we did not observe an effect of diet on
vessel area or on BBB integrity. Herein, no vessel growth was observed in RECA-1
stained tissue following exposure to either the Cafeteria diet alone or the combination of
Cafeteria diet with ischemia induced by direct cortical microinjection of endothelin-1.
Similar findings have been observed in the streptozotocin mouse model of type 1 diabetes
using the photothrombotic stroke model (Tennant & Brown, 2013; Reeson et al., 2015).
However, in two genetic models of type 2 diabetes, the Goto-Kakizaki rat and the db/db
leptin receptor mutant mouse, angiogenesis is greatly increased in the absence of stroke
(Prakash et al., 2013a) and new vessels remain largely unperfused and regress following
middle cerebral artery occlusion (Prakash et al., 2013b). These divergent findings among
rodent species and strains using different stroke models supports the need for the
examination of vascular structure in different conditions. In addition to these findings
regarding vessel area, examination of 1gG extravasation revealed that the BBB remained
intact in the hippocampus and the arcuate nucleus of CAF rats. In contrast, several studies
have demonstrated a role for high-fat diets in the loss of BBB integrity in these structures
with degradation of endothelial tight junctions (Davidson et al., 2012; Freeman &
Granholm, 2012; Yi et al., 2012). The discrepancy in our findings and those of others
may relate to the considerably higher concentration of dietary saturated fat used in these
studies as saturated fat is uniquely capable of increasing BBB leakage compared to other

lipid species (Takechi et al., 2013).
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A number of mechanisms may explain the observed effects of the Cafeteria diet on
cerebral hemodynamics. Factors including impaired endothelium-dependent vasodilation
(Tziomalos et al., 2010), pericyte regulation of capillary contractility (Prakash et al.,
2012), alterations in neurotransmitter production (Auer et al., 2015), neuron-astrocyte
interactions (Zheng et al., 2017), and changes in concentration of arachidonic acid brain
metabolites (Sharma et al., 2012) may contribute to the Cafeteria diet-induced reduction
in cerebrovascular reactivity, as diet and metabolic conditions such as diabetes
significantly alter each of these factors. Additional experiments are required to determine
the specific mechanisms underlying the effects of the Cafeteria diet on cerebrovascular
hemodynamics. Further, investigation of sub-region differences in the cortical perfusion
response to hypercapnia is warranted. Indeed, in humans with significant cardiovascular
disease risk factors, cerebrovascular reactivity is reduced in the cingulate cortex relative
to the sensorimotor cortex (Haight et al., 2015). This analysis was precluded in the
current study due to the limited coverage of the CASL acquisition and its low sensitivity.

Taken together, we have shown that the Cafeteria diet model of metabolic syndrome
increases resting cerebral perfusion and attenuates cerebrovascular reactivity to
hypercapnia in the cortex and hippocampus. Moreover, while switching rats to a healthy
diet recovers peripheral features of metabolic syndrome (Gomez-Smith et al., 2016), it
only partially improves cerebrovascular reactivity. This is the first study to use CASL
MRI to examine perfusion in a clinically relevant rodent model of metabolic syndrome.
Our results provide evidence for the role of ultra-processed foods in reducing
cerebrovascular reserve capacity, a critical function in healthy neurovascular coupling

and cognition.
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Chapter 4 - General Discussion

1. Summary

Animal models of metabolic syndrome have greatly contributed to understanding
disease pathophysiology including its detrimental effects on the brain (Varga et al.,
2010). The growing understanding of the important role played by dietary patterns,
nutrient combinations, and ultra-processed foods in the development of metabolic
syndrome (Mozaffarian, 2016) have caused a renewed interest in complex rodent diets
such as the Cafeteria diet (Barrett et al., 2016). However, despite being used for decades
to study metabolic disruption (Sclafani & Springer, 1976) and feeding behavior (Sclafani,
1987), Cafeteria diets have received criticism because of their variable nutritional
composition (Moore, 1987; Lai et al., 2014). For that reason, the first goal of my thesis
was to demonstrate that the Cafeteria diet is a translationally relevant model of metabolic
syndrome by undertaking a detailed characterization of the diet’s nutritional composition
and by assessing its ability to generate metabolic syndrome features. Data to this effect
was presented in Chapter 2 of my thesis.

The collective cluster of metabolic syndrome features increases cardiovascular disease
risk by 60% and has a greater impact on disease causation than any of its individual
components in isolation (Boden-Albala et al., 2008). Moreover, individuals with
metabolic syndrome are more likely to develop cognitive deficits later in life (Yaffe et
al., 2004). This enhanced disease risk is the result of pathological changes affecting the
cerebrovasculature and brain parenchyma resulting from chronic low-grade inflammation
and oxidative stress caused by surplus metabolic fuels (Yates et al., 2012). To determine

whether the Cafeteria diet produces common metabolic syndrome comorbidities, the
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second goal of my thesis was to investigate the effects of chronic Cafeteria diet
consumption on cognitive performance, neuroinflammation, as well as on
cerebrovascular structure and function. These results were described in Chapters 2 and 3
of my thesis.

While a nutritionally balanced diet, in combination with regular exercise, can improve
metabolic syndrome features (Mozaffarian, 2016), it is less clear to what extent
cerebrovascular and other central nervous system-related effects are reversible. The third
goal of my thesis was therefore to determine whether certain biological processes are
more recalcitrant to dietary reversal than others by testing a diet ‘switch’ group of rats
alongside SD control and Cafeteria diet-fed CAF rats. This SWT group of rats was used

in experiments in Chapters 2 and 3 of my thesis.

2. Principal Findings and Scientific Impact

a. The Cafeteria diet is a translationally relevant model of human diet

Daily recording of food intake determined that, on average, Cafeteria diet-fed rats
consumed ~40% of total energy from fat, ~49% from carbohydrate and ~11% from
protein despite being provided ad libitum access to a combination of 16 ultra-processed
human food items, standard chow, and a 12% sucrose solution. Moreover, these relative
proportions remained constant over the course of the four months of the experiment. In
comparison, according to the 2004 Canadian Community Health Survey (CCHS), the
average adult Canadian consumed between 30.5% to 32.2% of energy from fat, which
varied based on age and gender (Health Canada & Statistics Canada, 2004). Similarly,
47.3% to 55.5% of energy came from carbohydrates while 14.0% to 17.0% of energy was

from protein.
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It is challenging to directly compare our results with those of the CCHS due to the
inherent difference in nature of the two data collection methods. Indeed, owing to the
survey format of the CCHS, it has been estimated that energy intake was under-reported
by ~10% (Garriguet, 2008). Moreover, the data from the CCHS is out of date. Given the
modest reduction in energetic intake seen in the United States between 2004 and 2010
(Ng et al., 2014), more recent Canadian data would be of great value. Nonetheless, we
can see that the voluntary feeding pattern of Cafeteria diet rats is approximately in line
with that of the average Canadian. This is particularly true in regards to carbohydrate
preference, though CAF rats are biased towards greater fat intake at the expense of
protein. Additional analysis of the feeding patterns of Cafeteria diet-fed rats (data not
shown) revealed that the relative intake by weight of standard chow (~35%) and ultra-
processed food items (~65%) as well as sucrose solution (~20 ml/animal/day) was
constant across time points. Furthermore, the amount consumed of a given Cafeteria food
item also varied little between feeding sessions across the four months of the experiment.
This would indicate that consistent feeding behaviour can be obtained when using the

Cafeteria diet.
b. The Cafeteria diet is an effective model of metabolic syndrome

The Cafeteria diet led to the development of features akin to human metabolic
syndrome as per the 2009 harmonized definition (Alberti et al., 2009a). Indeed, after
three months of Cafeteria diet feeding, CAF rats were significantly different from SD
chow-fed rats on three of the five essential components: abdominal obesity, low HDL
cholesterol, and raised triglyceride. CAF rats were also insulin resistant, exhibiting

hyperinsulinemia and glucose intolerance, indicative of a pre-diabetic state (Brownlee,
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2001). Of interest, the combination of these three particular metabolic syndrome features
is also the most common among Canadians, representing ~30% of all cases (Riediger &
Clara, 2011).

Despite exhibiting most metabolic syndrome features after three months on the diet,
Cafeteria diet-fed rats were likely not hypertensive at this time point. In an additional
study that | performed involving a small cohort of animals (N=2 SD, 3 CAF), rats were
chronically implanted with telemetry probes for one month, recording cardiovascular
parameters on an hourly basis. Mean values are summarized in Appendix 1. Briefly,
systolic blood pressure was not different between rats of either diet and diastolic and
mean arterial pressure were both significantly reduced in CAF rats. In addition, CAF rats
exhibited raised heart rate and pulse pressure compared to SD. Though CAF rats were not
hypertensive, these results indicate a possible pre-hypertensive state. Indeed,
hypertension is a product of both cardiac output and systemic vascular resistance, with
the contribution of each changing over time (Johnson et al., 2015). In individuals with
pre-hypertension, heart rate and cardiac output are elevated while peripheral vascular
resistance is normal. Over time, this increased cardiac activity causes the walls of large
elastic arteries to deteriorate, increasing vascular resistance (Fox & Ferrari, 2011). It is
therefore probable that long-term exposure to the Cafeteria diet might eventually result in
hypertension.

Taken together, these findings support the use of the Cafeteria diet as an effective and
translationally relevant model of metabolic syndrome that closely approximates human

symptomatology and dietary patterns.
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c. The Cafeteria diet does not cause deficits in spatial learning and memory as

assessed with the Barnes maze

Because metabolic syndrome is a significant risk factor for cognitive impairment
(affe et al., 2004), | sought to investigate whether the Cafeteria diet negatively affects
cognition. In particular, 1 was interested in examining spatial learning and memory, a
domain that is especially vulnerable to the effects of diet in rodents (Kanoski &
Davidson, 2010; Beilharz et al., 2014). I chose to assess rats’ ability to learn the Barnes
maze rather than other common spatial orientation tasks using radial arm or T mazes in
order to avoid confounding factors related to the increased stress associated with long-
term food deprivation (Homberg, 2013) or the differential priming effect of palatable
foods versus chow on food approach behaviours (Liu et al., 2016). Despite the ability of
the Cafeteria diet to induce metabolic syndrome, | did not observe a significant effect of
diet on any of the evaluated outcome measures in the Barnes maze. These included: total
errors committed in search of the escape box, re-entry errors to previously visited holes,
reference memory errors by visiting incorrect holes, deviation distance from the escape
box on first approach, number of escape hole omissions, as well as spatial, serial, or
random search strategies.

To the best of my knowledge, ours is the first study to assess spatial learning and
memory using the Barnes maze in Cafeteria diet-fed Sprague Dawley rats. Moreover,
only one other study of Sprague Dawley rats fed a high-energy diet has used a similar
Barnes maze paradigm (Hsu et al., 2015). In the latter, consumption of either a sucrose or
high-fructose corn syrup solution for 30 days impaired learning in adolescent rats.
However, adult rats provided either sweetened beverage for the same amount of time
were not impaired. This greater susceptibility of adolescent rodents to diet-dependent
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learning impairments has been observed by others (Boitard et al., 2012; Valladolid-
Acebes et al., 2013). Furthermore, juvenile rodents also exhibit a greater vulnerability to
diet-induced obesity than adults (de Castro et al., 2013). It was for this reason that | was
motivated to start the Cafeteria diet in four week-old rats.

Other rodent models of metabolic syndrome using adult animals have failed to show
impairments in learning to navigate the Barnes maze. Otsuka Long-Evans Tokushima
Fatty (OLETF) rats, pre-diabetic at 20 weeks of age and transitioning to overt type 2
diabetes by 40 weeks, did not show a reduced ability to learn the Barnes maze at either
time point (Olver et al., 2017). Likewise, two mouse strains, C57BI/6 and Swiss Webster
mice, fed a 60% high-fat diet for eight weeks were not impaired in acquisition of the
Barnes maze task (Anderson et al., 2014). It is likely that the Barnes maze is not
sufficiently sensitive to detect subtle spatial cognitive deficits in adult rodents caused by
high-energy diets. Indeed, tasks in which animals commit few errors early in acquisition,
as is the case with the Barnes maze (~5 errors after 6 trials), offer a limited range of
possible scores from which it is possible to determine significant main effects (Vorhees
& Williams, 2014).

Future experiments employing a battery of behavioural tasks would therefore be
warranted to further query the impact of the Cafeteria diet on cognitive ability. One such
task, the Morris water maze, was not readily available for use with rats in our behaviour
core facility. Nonetheless, it has revealed itself to be sufficiently sensitive in detecting
interesting, yet discrepant, findings regarding hippocampal-dependent spatial memory in
rodent studies using different energy-dense diets (Greenwood & Winocur, 1990; Molteni
et al., 2002; Arvanitidis et al., 2009). While the aversive conditions of the Morris water

maze are significantly greater than in the Barnes maze (Harrison et al., 2009), mild
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cognitive impairments may only be revealed with the presence of an additional load of
stress. Another candidate, the attention set-shift task, may be of interest as it is a
sensitive measure of executive function (Cordova et al., 2014). A combination of tasks
such as these that target a variety of neural substrates and that do not rely heavily on food
deprivation or food reward would help to clarify the impact of ultra-processed foods on

cognition.

d. The Cafeteria diet causes hippocampal inflammation but does not affect

microvessel density or vessel integrity

High-energy diets and metabolic syndrome are inexorably associated with systemic
inflammation in humans (Hotamisligil, 2006; Despres, 2012). Moreover, there is
mounting evidence from animal studies for a similar role in neuroinflammation,
characterized in part by increased microglial proliferation (Miller & Spencer, 2014).
Consequently, examination of the ability of the Cafeteria diet to induce
neuroinflammation was warranted. To this end, I used stereology to quantify microglial
density in the hippocampus and the hypothalamus, regions where increased
neuroinflammation has been detected in other rodent models of metabolic syndrome
(Beilharz et al., 2014; Valdearcos et al., 2014; Bocarsly et al., 2015).

Microglial density was increased in the hippocampal CAl region of CAF rats,
confirming that the Cafeteria diet produces neuroinflammation. While more highly
ramified microglia have been observed in the hippocampi of high-fat fed rats (Bocarsly et
al., 2015) and inflammatory markers were elevated in hippocampal mRNA extracts of
Cafeteria diet-fed rats (Beilharz et al., 2014), to the best of my knowledge my study is the

first to show increased hippocampal microglial proliferation in a dietary model of
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metabolic syndrome. As microglial proliferation represents an early functional state in the
sequence of microglial activation (Gomez-Nicola & Perry, 2015), future experiments to
more completely characterize morphological changes would be merited. Indeed,
identification of the graded state of microglial activation via the use of multiple
histological markers would help to distinguish between activated microglia that exert a
beneficial homeostatic role and cytotoxic microglia with the potential to contribute to
neurodegeneration (Marshall et al., 2013).

Though microglial proliferation has been observed in the hypothalamus of high-fat fed
rats (Thaler et al., 2012; Berkseth et al., 2014; Valdearcos et al., 2014), |1 did not observe
an effect of diet on microglial density in the arcuate nucleus. The disparity between our
findings and those of others may result from species differences or the type and
concentration of fat used in the different diets. Indeed, a high concentration (60%)
saturated but not monounsaturated fat diet induced hypothalamic microglial proliferation
in gavage-fed mice (Valdearcos et al., 2014). In contrast, saturated fat represented only
~13% of total calories in our Cafeteria diet and total fat content was comprised of various
fat types. This dose was potentially insufficient to cause microglial proliferation in the
hypothalamus of CAF rats. Moreover, our divergent findings in the hippocampus and
hypothalamus may follow from region-specific mechanisms related to the uptake and
metabolism of specific lipid sub-types which vary between brain regions (Valdearcos et
al., 2014).

After confirming that the Cafeteria diet causes neuroinflammation, | investigated its
impact on microvessel structure and integrity given that the cerebrovasculature, central to
healthy brain perfusion and cognitive performance, is a key target of inflammatory insults

(Gorelick et al., 2011). To assess general vessel viability, I quantified microvessel density
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in naive SD, CAF, and SWT brains as well as after an ischemic challenge by way of
endothelin-1 injections to the cortex. In addition, | evaluated BBB integrity by measuring
IgG extravasation in the hippocampus and the hypothalamus. The Cafeteria diet did not
produce significantly different results from those of SD control rats on any of these
measures.

Contrasting these results with those of others helps to shed light on the specific
pathologies that underlie changes to the cerebrovasculature while also revealing the
critical importance in the choice of metabolic syndrome model. Contrary to my findings
regarding vessel density prior to and following stroke, two genetic rodent models of type
2 diabetes, the Goto-Kakizaki rat and the db/db mouse, exhibit increased baseline vessel
density with concomitant vulnerability to an ischemic challenge (Prakash et al., 2013b).
Glucose homeostatic dysregulation is critically important as these effects are completely
abrogated in Goto-Kakizaki rats treated with metformin (Prakash et al., 2013a, 2013b).
While Cafeteria diet rats are insulin resistant they are not hyperglycemic, suggesting a
critical role for hyperglycemia in aberrant angiogenesis. Nevertheless, STZ-induced type
1 diabetic mice with severe hyperglycemia do not exhibit increased vessel density
(Tennant & Brown, 2013). Rodent genetic background may therefore be a critical factor
in potentiating structural changes within the microvasculature.

The animal literature supports a role for diet and metabolic disruption in the disruption
of the BBB. Naive rats fed a high-fat/high-carbohydrate diet similar in general
macronutrient composition to the Cafeteria diet exhibit increased BBB permeability with
greater sodium fluorescein extrusion in the hippocampus and pre-frontal cortex
(Davidson et al., 2012). Similarly, rats fed a high-fat and 2% cholesterol diet show a

change in expression of tight junction proteins around hippocampal and cortical
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microvessels (Freeman & Granholm, 2012). Moreover, STZ-induced type 1 diabetes in
rats increases generalized perfusion of 14C sucrose, further indicating a breakdown of
BBB tight junctions (Hawkins et al., 2007). Analogous findings are observed in the
hypothalamus of mice fed a 58% high-fat diet, with increased IgG accumulation in the
arcuate nucleus (Yi et al., 2012). In addition, 1gG has been observed within proliferating
microglia in the arcuate nucleus, supposedly as the 1gG molecule is actively
phagocytosed by these scavenger cells (Gao et al., 2014). Our negative findings are
difficult to interpret in the absence of comparable studies using a Cafeteria diet.
Complementary histological experiments, involving Evans blue or fluorescein infusion
prior to sacrifice, or the examination of tight junction protein expression would be called
for to conclusively determine whether the Cafeteria diet does or does not have an effect

on BBB integrity.

e. The Cafeteria diet impairs vascular hemodynamics by increasing resting

perfusion and reducing cerebrovascular reactivity

While our choice of dietary metabolic syndrome model or experimental technique may
explain the absence of manifest structural changes affecting the cerebrovasculature, it is
quite possible that longer exposure to the Cafeteria diet may have induced pathological
structural changes. Nonetheless, absence of structural alterations does not preclude
functional cerebrovascular deficits. Therefore, using CASL MRI, a sensitive and non-
invasive imaging technique, | examined resting perfusion and cerebrovascular reactivity
to a CO; challenge in both the hippocampus and cortex. In both regions, while the
Cafeteria diet caused rats to exhibit raised resting perfusion relative to control rats,

cerebrovascular reactivity to the potent vasodilator was significantly reduced.
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The resting perfusion findings are in contrast to predictions from the human literature.
Studies of subjects with varying degrees of metabolic dysfunction, including insulin
resistance (Baker et al., 2011; Rusinek et al., 2015), type 2 diabetes (Last et al., 2007),
obesity (Willeumier et al., 2011), and metabolic syndrome (Birdsill et al., 2013) have all
shown lower resting perfusion compared to healthy controls. While low resting perfusion
may result from vascular dysfunction, it may also be a consequence of global or regional
brain atrophy (Sabri et al., 2000). Indeed, a smaller brain has diminished energetic, and
therefore blood flow, requirements (Wardlaw et al., 2003). As brain atrophy is the
ultimate outcome of large-scale neuronal senescence and cell loss (Dorszewska, 2013), it
represents a later stage in neuropathology. Elevated resting perfusion in our Cafeteria diet
model may instead reflect early functional vascular dysfunction preceding brain atrophy,
vascular structural changes, and cognitive impairment. Though limited evidence
regarding resting perfusion exists in animal models, a study examining STZ-induced type
1 diabetic mice appears to confirm our findings, showing an elevation in blood flow
velocity (Tennant & Brown, 2013).

On the other hand, the observation of reduced cerebrovascular reactivity to CO;
challenges in Cafeteria diet-fed rats was not surprising as both human studies of
metabolic syndrome (Giannopoulos et al., 2010; Tyndall et al., 2016) and studies of rats
fed a high-fat diet (Li et al., 2013) have reported similar findings. Nonetheless, the joint
observation of increased resting perfusion and decreased cerebrovascular reactivity was
unexpected. Indeed, reduced vascular reactivity is typically associated with a decreased
capacity for vasodilation, leading to increased vessel resistance and consequently to low

CBF (Cipolla, 2009). In the absence of comparable studies examining both resting
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perfusion and cerebrovascular reactivity in younger individuals, insight may be gained
from other disease states.

Similar findings of raised resting perfusion and decreased cerebrovascular reactivity
have been seen in patients with MELAS syndrome (mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes), a genetic disorder characterized by
mitochondrial dysfunction (Rodan et al.,, 2015). In MELAS patients, mitochondria
overproduce lactic acid, causing lactic acidosis. This is thought to increase resting
perfusion based on the high responsiveness of CBF autoregulatory mechanisms to small
changes in pH. In fact, a small drop in pH from 7.4 to 7.0 causes notable vasodilation
through a shift in smooth muscle cell calcium channel activity (Dabertrand et al., 2012).
Of interest to my study, overfeeding of a “Western’ diet also causes pH to decrease to the
lower end of the physiological range (Williams et al., 2016a). Consequently, raised
resting CBF in our Cafeteria diet model may result from chronic vasodilation caused by
diet-induced blood acidosis. Furthermore, this phenomenon may contribute to the
reduction in cerebrovascular reactivity in CAF rats as additional vasodilation in response
to CO, may be restricted due to a reduced range in vessel dilatory capacity (Bright et al.,
2011). However, given our findings in SWT rats whereby cortical cerebrovascular
reactivity remained impaired while resting perfusion recovered almost to SD levels after

the transition to chow, mechanisms other than a reduction in dilatory reserve may be at
play.
f.  The pathophysiological effects of the Cafeteria diet are not fully reversible

In conjunction with most of the studies presented in this thesis, SD and CAF rats were

compared to SWT rats that underwent a switch from the Cafeteria diet to chow for one
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month. This was done in order to evaluate the degree of reversibility of different
pathologies. The diet switch allowed complete recovery of all metabolic syndrome
features and also decreased neuroinflammation in the hippocampus. Furthermore, resting
perfusion returned to SD levels after one month of diet switch. However, cerebrovascular
reactivity to CO; in the hippocampus was only partially improved while no improvement
was seen in the cortex of SWT rats, remaining significantly blunted compared to SD rats.

Regarding cerebrovascular reactivity, the greater vulnerability of the cortex compared
to the hippocampus is curious given that CALl neurons are particularly vulnerable to
hypoxic ischemic insult (Langdon et al., 2008). While the comparatively lower
microvessel density in the CAl may be partly responsible (Cavaglia et al., 2001),
different intracellular properties of neurons in each region likely play a greater role (Zhu
et al., 2012). Instead, the manner in which blood is supplied to each region might hold an
important clue. Indeed, the hippocampus is directly supplied by a large caliber vessel, the
longitudinal hippocampal artery (Coyle, 1976), while the cortex is fed by smaller caliber
penetrating arterioles (Cavaglia et al., 2001). The latter are considered a ‘bottleneck’ in
cortical perfusion as occlusion of an individual vessel is capable of significantly reducing
local blood flow and inducing behavioural deficits (Shih et al., 2013).

The complete reversal of metabolic syndrome features following one month of switch
to chow was to be expected given the findings of other animal studies (Parekh et al.,
1998; Berkseth et al., 2014; Littlejohns et al., 2014). Moreover, the maintenance of
cerebrovascular impairments despite recovery of metabolic syndrome features parallels
the findings of human lifestyle interventions using low-fat diets (Howard et al., 2006;
The Look AHEAD Research Group, 2014). Nonetheless, this finding is not unique to the

cerebrovasculature. Indeed, Littlejohn et al. observed the maintenance of cardiomyocyte
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contractility deficits subsequent to the consumption of a high-fat diet despite switching
mice to regular chow for four to six weeks (Littlejohns et al., 2014). An extrapolation
could be made that the molecular mechanisms regulating cardiomyocyte contractility
affected by high-fat diet may be similar to those affecting the cerebrovasculature, perhaps

at the level of the smooth muscle cell layer.

3. Conclusions and Future Directions

Taken together, the results presented in this thesis support the use of the Cafeteria diet
as an effective and highly relevant model of metabolic syndrome. Rats fed the diet for
three months develop several features of metabolic syndrome, including abdominal
obesity, dyslipidemia, and insulin resistance. In addition, Cafeteria diet-fed rats exhibit
hippocampal inflammation and changes to cerebrovascular hemodynamics characterized
by elevated resting perfusion and decreased cerebrovascular reactivity to a vasodilator.
Moreover, the persistent cortical deficits in cerebrovascular reactivity may serve as a
potential early target for clinical interventions to minimize eventual cognitive
impairments.

Several aspects of the research presented in this thesis would benefit from further
investigation to validate specific hypotheses. Conducting experiments in rats fed the
Cafeteria diet for a longer duration (e.g. 12-16 months) would aid in determining whether
hypertension or vascular structural changes would occur with a greater degree of
metabolic pathology. Moreover, a longer diet duration could be useful in determining
whether Cafeteria diet rats eventually develop resting hypoperfusion in line with the
human evidence. In addition, a diet switch of longer duration would inform the important

question as to whether cerebrovascular reactivity in the cortex can eventually be
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normalized or whether abnormalities are permanent. Regarding cognitive deficits and
behavioural testing, employing a battery of more sensitive tests in animals maintained on
the Cafeteria diet into middle or early old age may be much more revealing of spatial
learning and memory deficits. Also, further histological studies aimed at elucidating the
graded state of microglial activation would be useful in determining whether
neuroinflammation caused by the Cafeteria diet is beneficial perhaps initially, but with
longer exposure becomes cytotoxic. Finally, the use of additional histological techniques
to evaluate BBB permeability would be warranted to conclusively determine the effect of
the Cafeteria diet on vascular integrity.

In addition to these potential future studies, the important discoveries made in the last
few years regarding the interaction between diet and the gut microbiome (Turnbaugh et
al., 2009b) as well as their relationship to cardio-metabolic disease (Vinjé et al., 2014)
and brain dysfunction (Noble et al., 2017) warrant investigation in the context of our
Cafeteria diet model. Recently, Beilharz et al. demonstrated that a Cafeteria diet
dramatically alters the composition of the gut microbiome compared to that of chow-fed
Sprague Dawley rats (Beilharz et al., 2017). Furthermore, probiotic treatment prevented
Cafeteria diet-induced hippocampal-dependent deficits in spatial memory in a novel place
task. Stemming from these findings, it would be interesting to test whether a similar
probiotic treatment could recover the Cafeteria diet-induced cerebrovascular
hemodynamic dysfunction described in our experiments. In particular, this experiment is
relevant as comparatively little is known regarding the connection between gut dysbiosis
and cerebrovascular function (Talmor-Barkan & Kornowski, 2017). Nonetheless,

evidence from another recent study suggests that such a connection does exist as butyrate
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treatment in high-fat diet-fed low-density-lipoprotein receptor knockout mice fully
recovers impairments in cerebrovascular perfusion (Arnoldussen et al., 2017).

In conclusion, several novel findings presented in my thesis, in particular the
reversible increase in microglial hippocampal proliferation in rats fed a high-energy
Cafeteria diet and the irreversible impairment of cerebrovascular reactivity in cortical
tissue, are notable and are an exciting addition to the body of literature regarding the role

of ultra-processed foods on the cerebrovasculature.
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Appendix 1 — Additional Results

Telemetry recording of cardiovascular parameters over the period of once month

The Cafeteria diet significantly reduced diastolic and mean arterial pressures though did

not impact systolic pressure. Moreover, the Cafeteria diet increased heart rate and pulse

pressure. Statistical analysis was performed using linear mixed effects modeling with the

restricted maximum likelihood (REML) method in IBM SPSS Statistics (v.23, IBM

Corp., Armonk, NY). Values are estimated marginal means = SEM, *** p<0.001.

SD (N=2) CAF (N=3)

Systolic blood pressure (mmHQ) 134.1 £0.7 132.5 0.6
Diastolic blood pressure (mmHg) 97.8 £0.5 91.3 £0.4 ***
Mean arterial pressure (mmHg) 112.5+0.5 108.6 £0.4 ***
Pulse pressure (mmHQ) 36.3+0.4 41.2 £0.4 ***
Heart rate (bpm) 353 £2 420 £1.6 ***
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1. Introduction

Perinatal hypoxia ischemia (HI) is one of the most com-
mon causes of mortality and morbidity in children [1,2]. Despite
improvement in neonatal care there is no clinically effective treat-
ment for this disorder. Therefore, development of a new therapeutic
intervention to minimize the resulting neurological consequences
of cerebral palsy, mental retardation and learning disabilities [3-5]
is urgently needed.

The Rice-Vannucci model is widely used to study neonatal
encephalic HI in rodents [6]. The main brain structures affected
in this model are cerebral cortex, hippocampus, striatum and tha-
lamus, mostly confined to the hemisphere ipsilateral to arterial
occlusion [7,8]. As in humans, rats that experience cerebral HI
have motor and cognitive deficits [9-14]. However, there is some
inconsistency regarding motor impairments after HI lesion; some
authors have found no impairment in forelimb use or motor coor-
dination in adult rats exposed to neonatal HI [12,15,16].

Environmental enrichment has been used as a strategy to
enhance neuroplasticity and to promote recovery of function fol-
lowing different types of brain injury such as stroke and HI
[7,17-21]. Enriched housing provides sensory, cognitive and motor
stimulation as well as social interaction by exposing groups of
animals to a variety of objects such as ramps, toys, and other
novel objects. Several studies have demonstrated that environmen-
tal enrichment can attenuate learning and memory deficits in HI
rats [7,14,15,22]. However, motor impairments are not always res-
cued by exposure to an enriched environment. For example, some
authors found no improvement on rotarod [15,19] and foot fault
tests [23] thereby emphasizing the importance of conducting com-
prehensive test batteries. A more effective paradigm, especially
for restoring upper limb function, is enriched rehabilitation (ER),
which combines environmental enrichment with daily reach train-
ing [24]. Enriched rehabilitation improves forelimb and hindlimb
motor function following both focal ischemic injury [24-26] as well
as hemorrhagic stroke [27,28] in adult animals.

Another approach to enhance recovery is using drugs with
pleiotropic actions such as Cyclosporine A (CsA) that has docu-
mented neurorestorative effects in adult animals with ischemic
brain injury. This immunosuppressive drug enhances the activa-
tion of endogenous precursors to promote tissue repair that is
correlated with functional recovery [29,30]. Additionally, CsA alters
mitochondrial membrane permeability and transition pores so as
to reduce oxidative damage [31,32] and recent data suggest that
it reduces lipid peroxidation, apoptosis and neuroinflammation in
a young rat model of closed head injury [33]. However, potential
benefits of CsA after neonatal HI have yet to be investigated [34].

An emerging consensus is that interventions targeting single
mechanisms are not successful in treating stroke and related neu-
rological disorders. Instead, combination interventions targeting
multiple mechanisms and thereby mimicking endogenous pro-
grams of neuroprotection and neural repair offer greater potential
benefit [35]. Recently, we used this approach to show that ER com-
bined with Erythropoietin (EPO) and epidermal growth factor (EGF)
was more effective than the growth factors or ER alone in promot-
ing behavioural recovery following forelimb motor cortex stroke in
rats [36]. In the same vein, the present study was undertaken to
examine effects of a combinational therapy consisting of CsA and
ER in attempts to promote cognitive and motor recovery in a rat
model of perinatal hypoxic-ischemia injury.

2. Materials and methods
2.1. Animals

Seven pregnant Sprague-Dawley rats were acquired from
Charles River Laboratories (Montreal, Quebec, Canada) and housed

on a reverse 12 h light/dark cycle until parturition with food and
water freely available. At post-natal day 7 (PND) pups from the
7 dams were randomly divided into two experimental groups: HI
(n=17 females; n=14 males) and sham (n =9 females; n=9 males).
Subsequent behavioural testing was done during the dark phase. All
procedures were in accordance with guidelines set by the Canadian
Council on Animal Care and the University of Ottawa Animal Care
Committee.

2.2. Surgical procedures

At PND 7, rat pups were anesthetized with isoflurane, had their
left common carotid artery exposed, isolated from the nerve and
vein and ligated using 4-0 surgical silk. After a 2.5h delay, pups
were placed in a hypoxic chamber for 90 min with O, levels and
temperature maintained at 8% and 37 °C respectively [5,6]. Upon
conclusion of this hypoxic episode, pups were returned to their
home cage. Sham-operated animals were submitted to manipu-
lation, anesthesia and neck incision, but did not receive arterial
occlusion or exposure to the hypoxic environment.

2.3. Cyclosporine A (CsA) administration

Our initial plan was to begin CsA administration (15.0 mg/kg,
i.p.) in the first 5-14 days after HI as we have done previously
with ER and drug therapies in adult animals [25,36]. Unfortu-
nately, we encountered an extremely high mortality rate (~50%)
in neonatal rats which was due to toxicity of the CsA vehicle Cre-
mophor EL [37] since equal numbers of vehicle and CsA treated
pups died. Consequently, we delayed CsA until weaning (PND 21),
when all HI pups were implanted subcutaneously on the flank
with osmotic minipumps (Alzet, Cupertino, USA) delivering CsA
(420 mg/mL; BioShop, Burlington, Canada) or vehicle (Cremophor
EL; ethanol:cremophor—65:35). Rats were anesthetized during
osmotic minipump implantation with 1.5%-2% isoflurane. Pumps
had a total fill volume of 100 wl and pumped atarate of 0.14 pl/h [2].
The vehicle and/or CsA solutions at this later developmental time
point resulted in no deaths or detectable morbidity. Minipumps
were kept in place until the end of experiments.

2.4. Enriched rehabilitation

At PND 21, after osmotic pump implantation, pups were
weaned from their mothers and separated by sex (Fig. 1A).
Animals in groups receiving ER were housed in large enrich-
ment cages (groups of four to five, Fig. 1B) while those in
non-rehabilitation groups were pair housed in standard cages.
Experimental groups were defined with respect to ER condi-
tion and drug delivery. Rats were randomly divided into four
experimental groups: (CsA or vehicle): CsA+Rehabilitation (n=4
females; n=4 males); CsA+NoRehabilitation (n=5 females; n=2
males); Vehicle + Rehabilitation (n=4 females; n=5 males); Vehi-
cle + NoRehabilitation (n =4 females; n=3 males).

Enrichment cages contained objects of varied shapes and tex-
ture for exploration (i.e., shelves, plastic tubing, ladders, ramp) that
were changed on a weekly basis. In addition to being housed in
enriched environments, enriched groups were exposed to rehabil-
itative reach training 4 h/day, 6 days/week for 4 weeks (PND 21
until PND 48). Rehabilitation consisted of reaching for a food reward
in a Plexiglas® chamber using only the impaired limb (right). The
reaching apparatus was filled with 8g of sugar pellets (45 mg;
Research Diets, New Brunswick, NJ) and was used to encourage
(rather than force) coordinated use of affected forelimb. Proce-
dures for rehabilitative reach training were modified from those
described previously [25]. Animals were trained to reach through
a 1.1-cm-wide vertical slot to obtain food pellets situated in a well
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Fig. 1. (A) Time course of interventions. Experiment 1: motor function and cognitive tests at PND 17. Experiment 2: combinational therapy of cyclosporine A and enriched
rehabilitation from PND 21 to 49 followed by motor learning performance (staircase test). (B) Enrichment cage shown on left, daily reach training shown on right.

2 cm from the front of a Plexiglas box on a shelf 3.5 cm high. The
slot was positioned 1.4 cm from the right wall of the reaching box
to discourage use of the left (unaffected) paw (Fig. 1B). At the end
of each session remaining sugar pellets were weighed. The non-
rehabilitation group did not receive rehabilitative therapy but to
control for any possible effects of sugar on recovery, standard-
treated animals were fed the average daily amount of sugar pellets
eaten by an enriched animal (i.e., ~8 g/d). Animals were kept in
enrichment cages until the end of experiments.

2.5. Behavioural testing

2.5.1. Cylinder test

To examine HI effects on spontaneous forelimb use during
upright postural support movements [38,39], animals were placed
into a clear Plexiglas® cylinder (20 cm in diameter) situated on a
glass tabletop and videotaped from below. Each session consisted
of 5min in the cylinder or a minimum of 20 upright wall contacts.
Forelimb wall contacts number (single-limb contacts and bilateral
contacts) used for postural support was counted. Contralateral fore-
limb usage was calculated using the following equation [40]:

Forelimb asymmetry (%) =

(#ofcontralateralcontact +1/ 2#ofbilateral)

tion, and were video-recorded for 5 min [10]. The distance traveled,
number of crossings, instances of rearing and grooming, and latency
to leave center of open field were measured automatically using
EthoVision tracking software (Noldus Information Technology,
Inc.).

2.5.4. Novel object recognition

This test is based on the natural behaviour of animals to spend
more time exploring a new, rather than a formerly encountered
object [42]. The novel object recognition test took place one day
after open field testing. On the test day, a session consisting of
two trials was given. The inter-trial interval was 5 min. In the first
trial, two different objects were placed equidistant from the side-
walls. Rats were placed into the center of the arena and allowed
to explore the two objects (A and B) for 5 min. Time spent explor-
ing each object was recorded. During the second trial, one of the
objects presented in the first trial was replaced by a novel object (B
was changed to C) and rats were left in the box for 5 min. The time
spent exploring both the familiar and novel object was recorded
using EthoVision tracking software (Noldus Information Technol-

* 100

2.5.2. Ladder rung test

Rats were trained (4 trials, twice in each direction) to cross
a horizontal ladder situated 30cm above a Table with variably
spaced rungs [41]. Animals were videotaped crossing the apparatus
in 4 trials using an irregular spaced rung pattern that was varied
between each test session. Forelimb and hindlimb errors resulting
in a limb falling through the plane of the bars (misses, deep slips,
or slight slips) were counted. Steps precluding and following a stop
were not counted. No significant differences in fore- and hindlimb
errors were observed; therefore these errors were combined and
expressed as total number of errors for each side (unaffected vs
affected).

2.5.3. Open field

The rectangular open-field arena (98 cm x 98 cm x 30 cm) was
divided in 16 zones (each zone was 24.5 x 24.5 cm). Animals were
placed individually in the center, always facing the same direc-

(#ofipsilateral + contralateral + bilateralcontacts)

ogy, Inc.). Exploration was defined by sniffing the object within
a distance of 2cm and/or touching it with the nose [42]. Object
position was randomly assigned to avoid confounds of object and
place preference. After each exposure, apparatus and objects were
cleaned carefully with 70% alcohol to remove olfactory stimuli.
Object preference index was calculated as follows: difference in
exploration time in each object divided by the total time spent
exploring the two objects.

2.5.5. Montoya staircase task

This test provides a sensitive measurement of independent fore-
limb skilled reaching and motor learning ability [43,44]. Staircase
acquisition began after exposure to ER (6 weeks after HI). During
the staircase training period all animals were mildly food restricted
(~12g of standard laboratory chow to maintain approximately
85-95% of their free-feeding body weight). Acquisition occurred
over a 10-day period with animals receiving two 15-min trials/day
beginning at PND 49.
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2.6. Experiment 1: effects of neonatal hypoxia-ischemia on early
motor and cognitive function

Ten days after hypoxic-ischemic surgery (PND 17), rat pups
(sham (n=18) and HI rats (n=31)) were evaluated for deficits in
motor and cognitive function using cylinder, ladder rung, open field
and novel object recognition tests.

2.7. Experiment 2: combinational therapy of CsA and ER to
promote motor recovery in rats exposed to neonatal HI

The same HI rats as in experiment 1 were divided into 4 exper-
imental groups with respect to both an enriched rehabilitation
(ER) condition and drug intervention: CsA+ Rehabilitation (n=8);
CsA+No Rehabilitation (n=7); Vehicle+Rehabilitation (n=9);
Vehicle + No Rehabilitation (n=7). From PND 21 until PND 49 rats
were exposed to the combinational therapy and then evaluated on
the same motor and cognitive tasks (cylinder, ladder rung, open
field, novel object recognition, and staircase task). Staircase acqui-
sition occurred after exposure to the combinational therapy (i.e.
PND 49-63).

2.8. Histological assessment

Following behavioural testing, animals were deeply anes-
thetized (5% isoflurane) and transcardially perfused with ice-cold
0.9% heparinized saline, followed by 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS). Brains were removed and
post-fixed in 4% PFA overnight at 4°C, then transferred into 20%
sucrose-PBS until saturated. The brains were then frozen in isopen-
tane on dry ice, sectioned on a cryostat at 20 um and stained with
cresyl violet to assess brain damage. Every 10th section of tis-
sue was saved, which produced on average 50 sections per brain.
Ten different coordinate planes for both the left and right hemi-
spheres relative to Bregma (1.20, 0.70, 0.20, —0.30, —0.80, —1.30,
-1.80, —2.30, —2.80, —3.30 mm) were measured using Stereoln-
vestigator (MicroBrightfield Bioscience, Williston, Vermont, USA)
software. The hippocampal area of both left and right hemispheres
was also measured at —3.30 mm relative to Bregma. The surface
area of each section was multiplied by both the section thickness
(20 wm) and the interval between sections. This calculation results
in an estimated volume of tissue in the space between each mea-
sured section. The sum of volumes for all measured sections was
calculated to provide hemisphere and cortex volume for each ani-
mal.

2.9. Statistical analysis

Pretreatment data were analyzed using unpaired T-test and
post-treatment data were analyzed by one-way or repeated-
measures (staircase) analysis of variance (ANOVA). All analyses
were followed by post-hoc tests for multiple comparisons, when
appropriate. Brain damage (area and volume) was analyzed using
Mann-Whitney U non-parametric tests. Experimenters performing
volume and area analyses were blind to the experimental groups.
Values are mean + SEM. Statistical significance was set at p <0.05.
Statistics were performed using SPSS (SPSS, IBM, Armonk, New
York).

3. Results

Since both male and female rats were included in this experi-
ment, sex was initially included as an independent variable in all
analyses. However, as no significant effects of sex were observed in

any analyses this variable is not included in further discussion for
simplicity of interpretation.

3.1. Infarct area and volume assessment

Hypoxia-ischemia resulted in injury primarily localized to the
ipsilateral side (left). Animals were analyzed for hemisphere, cor-
tex and hippocampal injury. Since there was no difference between
HI groups, we collapsed animals by HI surgery and used the non-
parametric Mann-Whitney U test to compare HI and sham animals.
Mann-Whitney U tests showed that HI resulted in decreased vol-
ume of left hemisphere and cortex and also decreased area of
left hippocampus while the right side was unaffected (p<0.001);
Fig. 2A-L.

3.2. Experiment 1: effects of neonatal HI on early motor and
cognitive function

3.2.1. Cylinder test

In the cylinder test unpaired Student’s t-test showed no differ-
ence in the proportion of touches between HI and sham rats at PND
17 (p>0.05). Proportion of touches in HI rats using the unaffected
(left) and affected paws 57% and 42% respectively in comparison to
Sham rats that performed at 52% and 47% (data not shown).

3.2.2. Open field

Unpaired Student’s t-test showed HI rats exhibited fewer zone
crosses in the first minute of open-field exploration (p <0.05) com-
pared to Shams. There were no differences between groups when
considering total number of crossings, distance and latency to leave
arena center for the full 5-min trial (Table 1).

3.2.3. Ladder rung test

Horizontal ladder data analysis revealed a significantly greater
number of foot slip errors per step for both right (affected; p<0.001)
and left (unaffected; p<0.05) paws in HI animals (Fig. 3A). There
were no significant differences in the number of steps required to
cross the ladder (Sham: 59.33 +£1.26; HI: 61.76 & 1.84).

3.2.4. Novel object recognition

Novel object recognition, a test of declarative memory, wasn’t
affected by HI (p>0.05). Hl rats spent ~67% of time with the novel
object while shams spent ~73% (Table 2).

3.3. Experiment 2: combinational therapy of CsA and ER to
promote motor recovery in rats exposed to neonatal HI

3.3.1. Cylinder test

One-way ANOVA indicated no significant effects for drug
(F(1,30)=1.2419, p>0.05) and rehabilitation (F(1,30)=0.0007,
p>0.05) either for the affected (right) or unaffected (left) forelimb
between groups (p > 0.05; data not shown).

3.3.2. Open field

We did not detect a significant rehabilitation x drug interac-
tion (F(3,27)=0.003, p > 0.05, therefore rehabilitation and drug main
effects were assessed. One-way ANOVA indicated a significant
rehabilitation effect (F(1,30)=6.5242, p<0.01) for crossing number
during the first minute of open-field exploration. Once there was a
significant main effect for rehabilitation, we collapsed groups across
rehabilitated and non-rehabilitated animals. Unpaired Student’s t-
test showed ER rats had a greater number of zone crosses in the first
minute of open-field exploration compared to non-rehabilitation
animals (p <0.05). Considering total number of crossings, distance
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Fig. 2. Area and volume assessment of hemispheric, cortical and hippocampal tissue. Cresyl violet stained representative coronal sections of brain from (A) sham and (B,
C) hypoxia-ischemia groups. Figures (D-F) show the inset regions from figures (A-C) respectively. (D) The CA1 region of the hippocampus in sham rats appeared to have a
higher density of neurons than rats undergoing (F) hypoxia-ischemia. (E) Throughout the neocortex of HI rats, scattered microinfarcts were present. (G) Decreased total left
(ligated) hemispheric volume of HI group compared to sham. (H) Decreased volume of left cortex in HI group compared to sham. (I) Decreased area of left hippocampus in
HI group compared to sham. All data represent mean = SEM using non-parametric Mann-Whitney U test (*p <0.001). All structures in right side were unaffected relative to
sham.

Table 1

Performance in the open-field task both prior to treatment (Experiment 1) and following rehabilitation and CsA treatment (Experiment 2A). In experiment 1, rats that received
hypoxia-ischemia crossed between zones of the open field significantly less than those receiving a sham surgery. In Experiment 2, all animals received hypoxia-ischemia. No
drug by group interaction was observed, but a significant main effect of rehabilitation showed that rats receiving rehab crossed between open field zones significantly more
than those that did not receive rehab (2B). Unpaired student’s t-test; *p <0.05.

Experiment Group Crossings 1st minute Total crossings Distance (cm) Latency (s)

1 Sham 18.67 + 8.1 49.89 + 8.2 1253.28 + 1335 2419+ 74
Hypoxia-Ischemia 11.23 £ 15.1 39.26 + 5.1 1253.39 + 113.7 41.18 + 10.2

2A Vehicle + No Rehab 2471+ 1.8 130.57 + 4.7 3354.65 + 78.0 329+07
Vehicle + Rehab 3278 + 2.6 148.22 + 13.1 3512.17 £ 185.6 4.39 + 0.9
CsA+No Rehab 28.14 + 49 134.57 £ 17.1 3460.56 + 334.4 2.93 + 0.2
CsA+Rehab 35.875 + 2.4 149.38 + 8.2 3554.65 + 197.5 519 +25

2B No Rehab 2643 + 34 132.57 + 8.5 3407.60 + 165.6 311+ 03
Rehab 3433+ 15 148.76 + 7.9 3532.16 + 134.6 477 £ 1.2

Unpaired Student’s t-test.

" p<0.05.
Table 2

Performance in the novel-object preference index prior to treatment (Experiment 1) and following rehabilitation and CsA treatment (Experiment 2). Rats receiving hypoxia-
ischemia were not significantly impaired, relative to shams, on this task, and no effects of treatment on novel-object preference were observed.

Experiment Groups Proportion of Time with Novel (%)
1 Sham 73.13 £ 49

Hypoxia-Ischemia 67.48 + 3.8
2 Vehicle + No Rehab 5733 +£85

Vehicle + Rehab 55.06 + 7.6

CsA +No Rehab 61.45 + 6.1

CsA+Rehab 67.31 £ 5.7
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Fig. 3. Foot faults per step in ladder walking task, mean £ SEM. (A) In Experiment 1, animals in the HI group made significantly more errors with both the right and left
paws in the ladder walking task. *p<0.001; #p <0.05. (B) Experiment 2, performance of all experimental conditions presented as number of errors per total of steps. All
groups received HI injury. No significant time by group interaction was observed. (C) Post hoc analysis collapsing rehab and no rehab animals. Rehab condition demonstrated
significant improvements over animals in the standard conditions both the affected and unaffected paws (*p<0.001; #p <0.05). (D) Post-hoc analysis collapsing CsA and
vehicle animals for the left and right paw (p >0.05). No significant differences between groups were observed.

and latency to leave arena center there is no difference between
groups (Table 1).

3.3.3. Ladder rung test

One-way ANOVA indicated a rehabilitation effect
(F(1,30)=16.0242, p<0.001) and a drug effect (F(1,30)=4.2336,
p<0.05) for left (unaffected) paws in the horizontal ladder-rung
test. There was also a significant main effect of rehabilitation
(F(1,30)=6.756, p<0.001) for the right paws (affected, Fig. 3B).
Collapsing rehab and no rehab animals, post hoc analysis showed
that the rehab group makes significantly fewer errors than the
no rehab group with right (p<0.01) and left paws (p<0.001,
Fig. 3C). However, unpaired Student’s t-test showed no significant
difference between CsA and vehicle drug treatment for the left
paws (p>0.05; Fig. 3D). Additionally, there were no between-
group differences in the number of steps required to cross the
ladder (CsA+Rehab: 45.37+1.26; CsA+NoRehab: 45.0+1.58;
Vehicle + Rehab: 47.87 +£1.72; Vehicle + NoRehab: 46.85 +1.89).

3.3.4. Novel object recognition

Novel-object preference index wasn't affected by rehabilita-
tion (F(1,30)=0.0310, p>0.05) or drug (F(1,30)=2.4356, p>0.05).
Therefore, declarative memory was not influenced by combina-
tional therapy (Table 2).

3.3.5. Montoya staircase task

Number of pellets retrieved for left paw (unaffected) increased
within days; repeated measures ANOVA revealed significant days
effect (F(9,21)=64.5623, p<0.001) representing a motor learning
effect without differences between groups across time (Fig. 4A).
Repeated measures ANOVA revealed a significant rehabilita-
tion (F(1,30)=7.1776, p<0.01) and days effect (F(9,21)=26.5755,

p<0.001) for affected forelimb (right, Fig. 4B). Collapsing rehab
and no rehab animals, post hoc analysis showed that the no rehab
group retrieved significantly fewer pellets than the rehab group
across time (p<0.001; Fig. 4C). The same difference is observed
when comparing average group performances (p <0.001; Fig. 4D).

4. Discussion

The Rice-Vannucci rat model of neonatal HI produces unilat-
eral brain injury, causing damage mainly in the artery-occluded
hemisphere [13]. In this model, most animals do not display any
obvious locomotor or postural abnormalities so it is important to
choose tests that are sufficiently sensitive to reveal sensorimotor
and cognitive deficits.

In the first experiment, we investigated effects of neonatal HI
event on early motor and cognitive function using a battery of
tests. In a second experiment, we investigated the efficacy of a
combined therapy of CsA and motor rehabilitation (i.e. enriched
rehabilitation) on recovery of motor and cognitive function using
the behavioural tests employed in experiment 1 and examined the
acquisition of a novel skilled reaching task, the Montoya staircase.

In experiment 1 we found abnormalities in the open field and
ladder tests but not in cylinder or novel object recognition tests.
Open field evaluation conducted 17 days after injury showed that HI
animals made fewer crossings than shams in the first minute of the
test period, suggesting decreased exploratory activity or possibly
increased anxiety [10,45]. Earlier studies have reported both hyper-
and hypoactivity following neonatal hypoxia-ischemia [10,18,46]
which may be due to differences in testing such as pre-exposing
animals to the testing environment which results in habituation or
averaging activity over long test sessions.
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Fig. 4. Number of pellets retrieved in staircase reaching task averaged by training day, mean + SEM. (D) All groups performed similarly with the left (unimpaired) paw in the
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Similarly, in the ladder rung test HI animals made signifi-
cantly more foot faults than shams. Ladder rung walking has been
reported to be sensitive in detecting long-term impairment in
placement, stepping, and coordinated limb use during locomotion
following different types of brain injury [25,41] in adult animals
and the present findings show this also to be the case with Hl injury
(Fig. 3A).

The behavioural data in experiment 2 showed that ER produces
significantly greater motor recovery than CsA therapy. Enriched
rehabilitation increased number of zone crosses in open-field
exploration and enhanced coordinated limb use on the ladder task
and accelerated and improved new motor learning (i.e. acquisition
of staircase skilled-reaching). Open field-testing conducted at PND
49 showed that ER animals exhibited a greater number of zone
crossings in the first minute of open-field exploration when com-
pared to non-rehabilitated animals. Ladder test outcomes suggest
that the rehabilitation condition improved use of both affected and
unaffected paws when compared to the non-rehabilitated group.
In the staircase test, we found preserved motor learning capacity
for all groups across time and greater functional improvement for
ER groups independent of drug intervention. Contralateral (right)
paw-reach performance was more impaired in non-rehabilitated
rats indicating that this test is useful in detecting treatment effects.
Enriched rehabilitation had no effect in the novel object recognition
test.

In the present study CsA had no effect on behavioural outcomes
relative to ER. A previous study reported that early CsA adminis-
tration promoted endogenous neural precursor cell activation in
mice [47]. However, other studies describing CsA effects on imma-
ture brain injury such as infarct volume [2,32,48,49] have produced
inconsistent results. Based on the time window of other thera-

peutic interventions [50] it is possible that CsA administered 2
weeks after the HI procedure was too late to be efficacious since HI
causes progressive damage and apoptosis in cerebral cortex, stria-
tum and hippocampus [51,52] over the first several days after HI.
Notably, there are reports that CsA administered immediately after
or several hours after ischemic injury may attenuate cell death and
protect the immature rat brain [2,32]. Unfortunately, Cremophor
EL, the vehicle used to dissolve CsA proved so highly toxic in young
rat pups that it precluded early CsA treatment. Our results suggest
that very late CsA intervention has no effect on functional recovery
after neonatal HI.

Assessment of HI injury shows clear hippocampal, cortical and
hemispheric atrophy ipsilateral to arterial occlusion that was not
affected by the combined therapy of CsA and ER. These results are in
agreement with other findings [14,15,18,45,53] including a recent
clinical trial in which CsA had no effect on infarct size [54].

In summary, the present study demonstrated that ER enhanced
recovery of motor function after neonatal HI and improved learning
of new motor skills. The present findings in an HI model are con-
gruent with previous work reporting functional benefits of ER in
models of focal ischemia [24-26] in adult animals. Interestingly,
these studies found that there is an early “critical or sensitive”
time window, lasting approximately 30 days after stroke in the
adult rat, when ER is most effective. In the present study, the ER
was initiated 14 days after HI injury and was very effective in
enhancing motor learning (i.e. staircase acquisition), attenuating
sensory-motor deficits (e.g. ladder test) and blunting the anxiety
response in a novel environment (i.e. open-field). It remains to be
determined if the “critical period” in the young brain remains open
for a longer period of time than that of the adult brain.
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HIGHLIGHTS

® We analyzed the time course of neuronal death in a rat model of ET-1 induced stroke targeting the forelimb motor cortex.
e Maximal infarct volume is achieved within 24 h of ischemia in this model.
® The process of neuronal degeneration is maximal within 24 h of ischemia.
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Background: Endothelin-1 (ET-1) induced focal ischemia is increasingly being used as a preclinical model
of stroke. Here, we described for the first time, the time course of neuronal death and infarct evolution
during the first 7 days following ischemia.

New method: We used hematoxylin and eosin (H&E) staining to evaluate infarct progression and Fluoro-
Jade C(FJC) to quantify neuronal degeneration at 24,48, 72 h and 7 days after ET-1 injection to the forelimb
motor cortex in Sprague-Dawley rats.

Results: We found that infarct volume and neuronal degeneration are maximal at 24 h post-stroke. Neu-
ronal degeneration is also significantly reduced within 7 days of stroke induction.

Comparison with existing method: This study is the first to provide a direct evaluation of both infarct
volume evolution and neuronal death time course following ET-1 induced focal ischemia in the forelimb
motor cortex.

Conclusion: This study describes the short-term time course of neuronal death and brain injury in the
ET-1 stroke model, which provides a significant reference when determining the appropriate time to
commence neuroprotective or recovery promoting strategies.
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1. Introduction

Many animal models have been developed to mimic particular
clinical features of stroke in an attempt to identify therapeutic tar-
gets and to develop effective post-stroke therapies (Canazza et al.,
2014). However, almost every therapy developed in the preclin-
ical setting has failed to translate successfully to clinic (O’Collins
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0165-0270/© 2015 Elsevier B.V. All rights reserved.

et al., 2006; Moskowitz, 2010). Models of focal ischemia have been
associated with variable infarcts, mechanisms and size depending
on the type of occlusion - permanent or transient, the duration of
the occlusion and the agent responsible of the occlusion (micro-
sphere, clot, filament, mechanical or chemical agent) (Carmichael,
2005). The extent of injury and the time course of cellular death
(infarct core or more distal selective neuronal loss) within a model
are crucial aspects for the stroke pathogenesis because they have
a huge impact on the interpretation and the success of post-stroke
interventions (Fisher et al., 2009). For instance, data suggest that
some neuroprotective targets may have negative effects on recov-
ery after stroke (Lo, 2008). Thus, by understanding how the injury
evolves, it will be possible to administer a given intervention within
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Fig. 1. Timeline of experimental procedures. (A) 2 pl of endothelin-1 (400 pmol/ul) was injected at each of two sites indicated by arrows in the rat forelimb motor cortex
and (B) brains were extracted at 24, 48, 72 h and 7 days following ET-1 induced focal ischemia.

the appropriate time window, in order to improve efficacy and
transferability.

Endothelin-1 (ET-1) is increasingly being used to induce focal
ischemiainrodent models of stroke. ET-1 is a 21-amino acid peptide
thatacts asavasoconstrictor (Yanagisawaetal., 1988), which can be
microinjected to cause a transient and localized reduction in blood
flow, resulting in ischemic damage (Macrae et al., 1993; Gilmour
et al,, 2004; Windle et al., 2006; Soleman et al., 2010). Unlike the
original intraluminal suture model of middle cerebral artery occlu-
sion that often results in very large infarcts, variable injury location
(Dittmar et al., 2003; Strom et al., 2013) and debilitation, the ET-1
model results in rapid recovery from the surgical procedures and
the injury size can easily be controlled. It also allows for specific
targeting of any desired cortical or subcortical region by microin-
jection. The photothrombosis model is also reproducible and while
primarily used to produce cortical injury (Matsuno et al., 1993) it
can be used to create subcortical injury via stereotaxic implanta-
tion of a fibre optic probe (Barth and Mody, 2011). Moreover, this
model allows for only limited vascular reperfusion (Carmichael,
2005). Occlusion of blood vessels resulting from ET-1 is followed
by a slow and gradual reperfusion (Biernaskie et al., 2001) mim-
icking early reperfusion in human ischemic stroke (Barber et al.,
1998).

The specific time course of cell death following ET-1 injec-
tion has not been systematically investigated. This is particularly
important for recovery studies because if therapeutic interven-
tions are given while injury is still evolving it becomes impossible
to distinguish between neuroprotective versus restorative effects.
Hence, the purpose of this study was to examine neuronal cell
death during the first days following ET-1 injection in the fore-
limb motor cortex of rats. Herein, the area of infarction was
estimated using hematoxylin and eosin staining (H&E), after which
Fluoro-Jade C (FJC) labelling was used to confirm the specific tem-
poral profile of degenerating neurons in more distal peri-infarct
regions.

2. Materials and methods
2.1. Subjects

A total of 41 male Sprague-Dawley rats (Charles River Laborato-
ries, Montreal, Canada) weighing 350-400 g at the time of surgery
were used in this study. Rats were pair-housed in standard Plexi-
glas cages on a 12/12 h reverse light/dark cycle (lights off at 08:00)
with ad libitum access to food and water. Animals were allowed to
acclimate to the housing facility for 1 week prior to surgery. The
University of Ottawa Animal Care Committee approved all exper-
imental procedures. Two animals were removed from the study
due to infarct sizes greater than two standard deviations from the
mean, whereas two others were lost due to perfusion errors.

2.2. Endothelin-1 focal ischemia model

Rats were anesthetized with isoflurane (4% induction, 2%
maintenance with oxygen 1-1.21/min) and secured in a stereo-
taxic frame. Endothelin-1 (Calbiochem, San Diego, California,
400 pmol/pl in sterile water) was injected at two sites of the
right forelimb motor cortex. Each injection delivered 2 pl of ET-
1 at a rate of 0.25 pl/min at the following coordinates relative
to Bregma (Fig. 1A): anterior-posterior (AP): 0.0 and +2.0 mm;
medial-lateral (ML): +2.5 mm. The dorso-ventral (DV) coordinates
taken from cortex were: —2.4mm for both the (AP) 0.0 mm and
+2.0 mm sites. At each site, the injection was done in two sequences
of 1 pL with a 1 min pause between each injection. At the end of
the injection, the needle was left in place for 3 additional min-
utes before withdrawal. Five SHAM rats were treated identically
except they received injections of sterile water instead of ET-1.
Body temperature was maintained between 36.5°C and 37.5°C
using a homoeothermic heating blanket throughout the surgery.
After the ET-1 injections, the incision was sutured; a topical anaes-
thetic was applied (2% transdermal bupivacaine, 0.2 ml, Chiron,
Guelph, Canada). Animals were then placed in a recovery chamber
to maintain the body temperature at ~37 °C until they recovered
from anaesthesia. At this point, rats were given a single s.c. injection
of buprenorphine (0.05 mg/kg, Reckitt Benckiser Pharmaceuticals
Inc., Richmond, USA) and returned to their home cage.

2.3. Tissue preparation

At four distinct time points (24, 48, 72h and 7 days) follow-
ing surgery, rats were deeply anesthetized by i.p. administration
of Euthanyl (149.5 mg/kg, Bimeda-MTC Health Inc., Cambridge,
Canada) and transcardially perfused with heparinized saline, fol-
lowed by 4% paraformaldehyde (PFA) in phosphate-buffered saline
(n=8/group, Fig. 1B). Brains were removed and post-fixed in 4%
PFA overnight at 4°C, then transferred to a solution of 20% sucrose
(w/v) in 0.1 M phosphate buffer until saturated. Twenty microns
thick sections were sectioned throughout the entire injured area.
Sections atintervals of 200 wm were retained and stained with H&E
or FJC for each animal. An average of 10 sections stained with H&E,
covering the entire injured area were used to determine infarct
volume.

2.4. Infarct volume assessment

The area of contralateral and intact ipsilateral tissue remaining
was measured using Image ] (downloaded for Mac OS X from
public domain, NIH, USA, http://imagej.nih.gov/ij/) for each of
the 10 sections sampled throughout the infarct. Infarct volume
in mm? was calculated as follows: Z[(area of contralesional
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Fig. 2. Evaluation of ischemic damage with H&E staining. (A) Illustration of ischemic damage in a series of H&E stained sections representing the typical extent of injury in
the rat cortex following ET-1 injection. (B) Cortical infarct volume following stroke in mm?3. Sham animals were injected with sterile water at the same coordinates as stroke
animals and the brains were harvested 24 h after the injection to evaluate the damage. Five sham animals and eight animals for each of the stroke groups were analyzed.

Values are expressed as mean + SEM, *** indicates value of p < 0.05.

tissue — area of undamaged ipsilesional tissue) x distance between
sections x thickness of sections] (Windle et al., 2006).

2.5. Fluoro-Jade C staining

FJC is a fluorescent dye derived from fluorescein which labels
degenerating neurons. We used FJC (FJC, Histo-Chem Inc., AR, USA)
to identify the temporal profile of neuronal death following ET-1
injection as per the protocol described by Schmued and colleagues
(Schmued et al., 2005). Neurons labelled with FJC were quantified
at 40X using the Optical Fractionator method in Stereo Inves-
tigator (Stereo Investigator® V10.0 MicroBrightField Bioscience,
USA) on a Leica DMR microscope (Leica Microsystems, Germany).
Four sections equally distributed throughout the infarct were ana-
lyzed from each animal (n=6). The counting area was manually
traced, defined as the cortical area in which Fluoro-Jade C-positive
cells were present. The Optical Fractionator method created a
200 wm x 200 wm spaced grid that was superimposed onto the
traced area containing FJC-positive cells. At each grid point, all cells
within a randomly chosen 100 wm x 100 pm counting frame were
counted.

2.6. Statistics

All analyses were conducted using the Statistical Package for
the Social Sciences (SPSS v21.0.0 64 bit for Mac, IBM, USA). Data
are expressed as mean + standard error of the mean (SEM). Data
were analyzed using a univariate analysis of variance (ANOVA).
Tukey’s honestly significant difference test (HSD) was used as a post
hoc measure to determine differences between groups. These were
considered statistically significant when p<0.05. Experimenters
performing all cell-counting and statistical analyses were blind to
the experimental groups.

Table 1

3. Results
3.1. Infarct volume quantification

Focal ischemia resulted in injury primarily localized to the fore-
limb motor cortex. All the animals were analyzed for cortical and
striatal injury. Sham animals showed very minor cortical dam-
age and no striatal injury (Fig. 2B). All the stroked rats showed
cortical injury and we also detected some minor damage to the
striatum in approximately half of the animals used for infarct vol-
ume quantification. There were no significant differences between
the groups with respect to either cortical (Fig. 2A and Table 1,
n=8, F326=0.243, p=0.866) or striatal infarct volume (n=2-6,
F(326)=0.559, p=0.647) (Table 1). A schematic illustration of a
typical infarction based on H&E staining is presented in Fig. 2A. Rep-
resentative micrographs of H&E stained sections for a sham and a
stroked rat are shown in Fig. 3C-E.

3.2. Time course of neuronal death

The number of FJC-positive cells was not statistically different
between 24, 48 and 72 h following ET-1 injection. However, the
number decreased significantly 7 days following stroke (n=6,
F(320)=5.852, p=0.005, Fig. 2B). Furthermore, at 7 days, the area
containing FJC-positive cells was significantly smaller compared
to 24h (p=0.009) and 48 h (p=0.041 Fig. 2C). The number of FJC
positive cells and the areas of FJC positive cells are presented in
Table 1. A representative micrograph of a FJC stained section is
shown in Fig. 3 A-B.

4. Discussion

This study examined the temporal evolution of neuronal death
and resulting infarct volume following stereotaxic injection of

Infarct volume and neuronal death at different time points following ET-1 induced ischemia of the forelimb motor cortex.

Groups Striatal infarct volume (mm?) Cortical infarct volume (mm?3) FJC+ cell population number (x103) Area containing FJC+ cells (mm?3)
Sham 0(n=5) 2.79 + 047 - -

24h 5.25+2.26 (n=4/8) 31.0+ 54 657.77 + 123.81" 49.34 + 8.81°

48h 440+1.57 (n=5/8) 30.89 + 6.60 560.95 + 116.88 44.68 +£9.99

72h 1.84+0.79 (n=4/8) 26.36 &+ 4.15 523.39 + 120.36 41.54 + 8.03

7 days 3.30+1.84(n=3/8) 25.77 + 4.83 88.17 £ 9.32 13.58 + 2.27

Five sham animals were analyzed for cortical and striatal infarct. They showed minor cortical damage and no striatal damage. Eight animals were analyzed for cortical and
striatal infarct volume, FJC+ cells population and the area containing FJC+ cells. All the animals showed cortical injury but only a subset of rats had striatal damage. Data are
presented as mean =+ SEM. Significance by one-way ANOVA with Tukey HSD post hoc test.

" Value of p <0.05.
™ Value of p <0.005 when compared to 7 days.
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Fig. 3. Illustration of infarct volumes and cell death following ET-1. Representative images of Fluoro-Jade C staining (A and B), H&E staining (C-E) and time course of neuronal
death (F and G) are shown. All images are taken at Bregma, approximately half-way between the two ET-1 injection sites. Images in (A and B) are taken from the same section.
(A) Is a tile scan of the damaged hemisphere following stroke at 10x magnification, scale bar=2.5 mm. The white line delineates the area containing FJC+ cortical cells. (B)
Shows the region boxed in (A) at a 40x magnification illustrating the sharp border between dying and normal cortical cells, scale bar=200 pm. (C) Shows H&E staining
of the same region as in B at 40x. (D) Low power (10x) micrograph showing the needle track and minor cortical damage resulting from water injection in sham animals.
(E) The region framed by the black square presented at 40x, scale bar=200 wm. (F) The number of FJC-positive cells was quantified using stereological procedures at 40x
magnification. (G) Volume estimate of the tissue containing dying neurons was defined by tracing the area where FJC-positive cells were found in the cortex including the
ischemic core. Four sections from six animals per time point were analyzed. Values are expressed as mean + SEM, *indicates value of p < 0.05, ** indicates value of p < 0.005.

ET-1 to the rat forelimb motor cortex. We found that at the 24h
time point infarct volume was maximal. In concordance with the
infarct measurements, FJC staining showed that neuronal degen-
eration is also maximal at 24 h post-stroke; however, it decreased
significantly 7 days after stroke while the infarct volume remained
statistically unchanged. This timing of infarct development is sim-
ilar to other models of permanent or transient ischemia in rodents
(Chen et al., 2007; Liu et al., 2009). Together, these results sug-
gest that treatments aiming to increase post-stroke recovery and
plasticity would be unlikely to have confounding neuroprotective
effects if initiated after 24 h. Although we did not perform an anal-
ysis of cell death in the first 2-4 h after ET-1 injection it is likely
that injury is still progressing at these early time points.

The evolution of the infarct volume has been previously exam-
ined in other models of stroke (Garcia et al., 1993; Liu et al., 2009)
but not following cortical injection of ET-1. Here, we examined

the time course of infarct development up to 7 days after stroke.
The lesion was mainly restricted to the cortex with minor loss
of striatal tissue, as has been reported previously (Gilmour et al.,
2004; Windle et al., 2006). In this study, we focused specifically on
the fate of neurons. The rate and extent of neuronal death caused
by stroke is variable, depending on the mechanism that triggers
the cell death, the duration of the occlusion, and a number of
other factors (Lipton, 1999). A factor that can also affect neuronal
death and injury size is the rate of reperfusion. In fact, although
blood flow restoration can prevent irreversible tissue injury, instant
reperfusion can result in further tissue damage. The reperfusion
injury has been described following the suture model of MCAo in
rats, affecting infarct volume and neuronal death (Yang and Betz,
1994; Aronowski et al., 1997). Unlike those models, ET-1 allows for
gradual and slow reperfusion lasting a number of hours (Biernaskie
et al., 2001).
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Since neuronal death following a relatively more gradual reper-
fusion could be delayed, as has been shown previously in models
of global ischemia (Colbourne et al., 1999), it was important to rule
out the possibility of protracted cell death following ET-1. To do
this we employed FJC which was originally developed by Schmued
and colleagues (Schmued et al., 2005) and has been successfully
used to investigate neuronal death in several rodent models
of neuronal degeneration (Bian et al., 2007; Wang et al., 2008;
Chidlow et al., 2009). FJC+ labelling pinpointed the region where
neurons were undergoing degeneration; which appeared maximal
at 24 h following ET-1. Degenerating neurons were also identifiable
at 48 and 72 h following stroke but only a limited number of dying
neurons were FJC+ at 7 days after ET-1 injection. Initial mech-
anisms of neuronal degeneration are triggered within the first
hours and days following ET-1 injection and the targeted cells then
progress through the death cascade. This conclusion is supported
by other studies showing that FJC+ cells also express apoptotic
markers like caspase-3 and caspase-9 in a model of epilepsy (Wang
et al., 2008). Apoptotic markers expression peak between 24 and
72 h post-ischemia in several models of stroke (Velier et al., 1999;
Chaitanya and Babu, 2008) which correlates with the timeline of
neuronal death as identified by FJC staining in the current study.

While the infarct volume per se did not change at 7-days post-
stroke, the FJC-positive cell population significantly decreased
compared to the pattern observed at 24 or 48 h. After stroke, in brain
tissue stained with H & E, degenerating cells becomes eosinophilic
and areas of high eosinophilic positive cells evolve into infarcts
(Sun et al., 2006). The goal of this staining is to allow a macroscopic
differentiation between damaged and undamaged tissue (Garcia
et al.,, 1993). While dead neurons are stained by H&E and counted
as part of the infarct estimations, scattered FJC+ cells were found
also in peri-infarct regions distal to the core. This explains why
the cortical volume containing degenerating neurons was greater
than the infarct volume. Because the sections used at the different
time points originated from different animals, it is impossible to
follow the evolution of a neuronal population from the ischemic
insult to death within the same animal using histological methods.
However, both staining methods confirmed that there is a critical
switch of the neuronal fate at 24 h post-ET-1 injection.

In conclusion, our results show that both neuronal death and
overall tissue injury, peak at 24 h following ET-1 injection in the
cortex of rats. These results set a maximum limit of 24h post-
stroke as the possible neuroprotection time window to consider
when using this model in preclinical studies. Most importantly,
any intervention aiming to target recovery mechanisms could be
initiated 24 h after ET-1 without concerns of confounds arising
from a neuroprotective action.
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Abstract

Stroke is the second leading cause of death and the preeminent cause of neurological disability.
Attempts to limit brain injury after ischemic stroke with clot-dissolving drugs have met with
great success but their use remains limited due to a narrow therapeutic time window and con-
cern over serious side effects. Unfortunately, the neuroprotective strategy failed in clinical tri-
als. A more promising approach is to promote recovery of function in people affected by
stroke. Following stroke, there is a heightened critical period of plasticity that appears to
be receptive to exogenous interventions (e.g., delivery of growth factors) designed to enhance
neuroplasticity processes important for recovery. An emerging concept is that combinational
therapies appear much more effective than single interventions in improving stroke recovery.
One of the most promising interventions, with clinical feasibility, is enriched rehabilitation, a
combination of environmental enrichment and task-specific therapy.

Keywords

recovery, neuroplasticity, enriched rehabilitation, stroke, animal models

THE PROBLEM OF STROKE

Stroke is the second leading cause of death worldwide and the leading cause of ac-
quired neurological disabilities in the developed world (Feigin et al., 2014). The in-
cidence of stroke varies by geographical region, so for example in Canada
(population 35 million people) there are more than 50,000 new strokes each year.
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The financial burden to the Canadian health care system is approximately $2.8 bil-
lion per year with an average cost of $50,000 for each new stroke patient in the
6-month period following stroke (Mittmann et al., 2012). In a disturbing trend,
the risk of stroke in people under the age of 50 has increased by 24% in the last de-
cade (Feigin et al., 2014; HSFC, 2014). Furthermore, these statistics underestimate
the true magnitude of stroke since they account only for overt stroke. Silent or covert
stroke resulting from small vessel disease is at least five times more common than
overt stroke (Vermeer et al., 2007). Covert strokes are typically caused by small in-
farcts affecting subcortical brain structures and white matter (Roman et al., 2002).
The subtle and insidious progression of covert stroke manifests as cognitive decline,
abnormal gait, an increased risk of falls, depression, and often progresses to dementia
(Arvanitakis et al., 2011; Srikanth et al., 2009; Wu et al., 2014).

STROKE PREVENTION AND ACUTE STROKE TREATMENT

Despite the progress made in treating heart disease and stroke, the incidence of stroke
is predicted to double by mid-century (Ovbiagele et al., 2013). Aging is the most
important risk factor for stroke with risk doubling every 10 years after the age of
55 (Wolfetal., 1991). In contrast to aging, which is a nonmodifiable risk factor, there
are number of other risk factors that are comorbid with stroke (Goldstein et al., 2011).
The increased occurrence of obesity induced by the typical Western diet, together
with a sedentary lifestyle, often leads to the development of metabolic syndrome
which consists of at least three of the following five modifiable risk factors: high
blood pressure, abdominal obesity, elevated triglycerides, hyperglycemia, and
low-HDL cholesterol (Eckel et al., 2010). Those factors can contribute both indepen-
dently or in combination to impair the peripheral and cerebrovasculature. Preclinical
data have shown that exposing animals to a Western diet (high in fat, sugar, and
sodium) for a long period prior to injury creates a comorbid condition that impairs
vascular function and increases ischemic damage (Deutsch et al., 2009; Langdon
et al., 2011). Interventions like diet change and physical exercise have the potential
to reduce stroke incidence and improve poststroke recovery (He et al., 2006;
Middleton et al., 2013), but the implementation of these lifestyle changes has yet
to become widely incorporated into poststroke best practices.

Thrombolysis with recombinant tissue plasminogen activator (t-PA) is the only
drug approved for the treatment of acute stroke (NINDS, 1995). The relatively
narrow time window for t-PA (3—4.5 h from stroke onset) and serious side effects,
including intracerebral hemorrhage, limits its use to 5—-10% of the overall stroke pop-
ulation (Iadecola and Anrather, 2011a,b; Jauch et al., 2013). Unfortunately, many
patients benefiting from t-PA are left with significant functional impairments.

Another approach has been to use drugs to reduce ischemic injury once stroke has
occurred. Unfortunately, all drugs that appeared to be neuroprotective in animal
models subsequently failed in clinical trials (O’Collins et al., 2006). While many
of the clinical trials were flawed, a major problem was that the animal models failed
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to reflect the clinical heterogeneity and comorbidities of human stroke (Carmichael,
2005). For example, neuroprotectant efficacy was often solely evaluated by histolog-
ical endpoints (i.e., cell counts and infarct volumes) at short survival times (usually
within 7 days), where in clinical settings, the primary outcomes are long-term neu-
rological function and daily life independence (Goldie et al., 2014). Small sample
size, gender differences, and age are other factors that are often not considered
and ultimately limit the translation of preclinical studies to clinic (Dirnagl, 2006;
Fisher et al., 2009; Kimmelman et al., 2014).

Itis becoming increasingly apparent that regenerative and rehabilitative interven-
tions offer the best opportunity for stroke patients to regain mobility and indepen-
dence. Unlike acute neuroprotection or thrombolysis, rehabilitation provides a
longer time window for intervention (i.e., months, years) and is not limited to ische-
mic stroke, as is the case with t-PA. Surprisingly, interest in using rehabilitative and
recovery strategies has been relatively neglected until recently. The observation that
spontaneous recovery can occur for many years following stroke (Cramer, 2008) has
created growing interest in poststroke neuroplasticity, which, as discussed below, has
great potential for enhancing functional recovery. Nonetheless, it is critical that neu-
rorestorative approaches to stroke recovery avoid the mistakes that plagued the
stroke neuroprotection field.

THE USE OF ANIMAL MODELS TO ASSESS STROKE
RECOVERY

Many patients make rapid gains in motor function in the first weeks after their stroke
followed by a later phase (3—4 months poststroke) where recovery appears to plateau
(Jorgensen et al., 1995; Kwakkel et al., 2003; Lai et al., 2002; Page et al., 2004).
Gradual improvement may then take place at a greatly reduced rate over many years
but rarely results in full recovery. Presently, many preclinical studies employ animal
models in which recovery occurs both rapidly (e.g., 1-2 weeks) and completely after
stroke. This mismatch is problematic, since interventions may appear artificially ef-
fective in animal models, in which there is already substantial spontaneous recovery.
One of the most important lessons learned from failed neuroprotection trials is that
animal stroke models must incorporate key features of human stroke, including
chronicity of functional impairment, in order to avoid translational failure
(Carmichael, 2005; Murphy and Corbett, 2009). While there are numerous animal
models being used to evaluate recovery from stroke, one that is gaining more wide-
spread use is the endothelin-1 (ET-1) model that creates injury as a result of tempo-
rary vasoconstrictive action following stereotaxic injection. In contrast to the
intraluminal suture model, ET-1 can be used to target any cortical (e.g., forelimb mo-
tor cortex) or subcortical site to create injury and results in a gradual reperfusion,
similar to most cases of human stroke (Windle et al., 2006). Using this model, we
have been able to achieve long-lasting sensory-motor deficits that improve, but do
not fully resolve, following different therapeutic interventions such as enriched
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FIGURE 1

Persistent behavioral impairments following endothelin-1-induced stroke in the forelimb
motor cortex of rats. ET-1 stroke in rats produces long-lasting impairments in skilled
reaching assessed using the Montoya staircase apparatus (A). Note the limited spontaneous
recovery occurring in the first few weeks after stroke and a subsequent plateau in recovery
from week 5 onward. Similar chronic impairments in hindlimb function are apparent in the
tapered beam task (B). In order to avoid translational failure, preclinical stroke recovery
models need to ensure that behavioral deficits are chronic as in human stroke. *p<0.001
versus prestroke reaching baseline, N=24.

rehabilitation (ER; Biernaskie and Corbett, 2001; Jeffers et al., 2014; MacLellan
et al., 2011; Fig. 1). In addition, it is important to use a battery of behavioral tests
to assess recovery since improved performance on one task may not be evident
on other tests. In our experience, the most sensitive behavioral test involves a skilled
reaching task, such as the single pellet reaching task or Montoya staircase test
(Biernaskie and Corbett, 2001; Grabowski et al., 1993; Whishaw et al., 2008;
Whishaw and Pellis, 1990). While both tests require extensive prestroke training they
have high clinical relevance, since upper limb deficits are a common and persistent
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problem in human stroke (Kwakkel et al., 2003; Wade et al., 1985) and, therefore,
should be part of any rodent behavioral test battery to assess stroke recovery.

THE POTENTIAL OF NEUROPLASTICITY TO ENHANCE
STROKE RECOVERY

Our understanding of how the brain adapts to its environment, particularly after in-
jury, has expanded dramatically in the last 30 years. We now know that the adult
brain can be reshaped by experience, by use-dependent neuronal activity as well
as in response to injury throughout the lifespan. In the adult-injured brain and in
the developing immature brain, a critical window of opportunity exists during which
external experience-driven stimuli as well as intrinsic internal processes drive rapid
and profound remodeling of neural circuits.

In the human brain, the first year of life is characterized by a large increase in
cortical synaptic density that is abruptly followed by a slow process of synaptic prun-
ing lasting several years. From puberty onward, the number of synapses in the human
brain remains stable (Huttenlocher, 1979). Despite the large number of synapses in
the brain during infancy, morphologically they are immature and it is through
experience-dependent and experience-expectant events that synapse morphology
adapts to strengthen synaptic connections (Greenough et al., 1987; Grossman
et al., 2002). Indeed, Greenough observed that both rearing healthy juvenile rats
in a complex environment (Greenough and Volkmar, 1973) and training adult rats
to perform a reaching task (Greenough et al., 1985) lead to more extensive dendritic
branching in the visual and motor cortices, respectively. Moreover, these events need
to occur along a specific timeline otherwise normal circuitry and ensuing function
will be irreversibly impaired. Hubel and Wiesel’s classic experiments involving
monocular deprivation in kittens showed that the first 1012 weeks of a kitten’s life
are critical in the appropriate formation of visual cortex ocular dominance columns
(Hubel and Wiesel, 1970). Current research in neuroplasticity is focused on identi-
fying the mechanisms that are involved in the closing of the critical window, as they
could potentially be targets for poststroke therapies. One process that may limit
neuroplastic potential during development is the onset and expansion of myelination,
along with myelin-associated growth inhibitors, within the central nervous system
and the consequent regression of growth-promoting factors such as GAP-43
(Kapfthammer and Schwab, 1994).

A host of spontaneous changes occur in the brain immediately following stroke,
only some of which participate directly in postinjury repair. Ionic imbalance and cell
death due to nutrient deprivation, neurotransmitter excitotoxicity, and excess free
radical generation must first subside before spontaneous or rehabilitation-based
recovery can occur (Hossmann, 2006). Similar to the developing brain, dendritic
structure and synaptic density undergo extensive remodeling within the first few
days after stroke. For example, Brown and colleagues, using two-photon fluores-
cence microscopy, found a five- to eight-fold increase in spine formation in
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peri-infarct cortex following photothrombotic stroke in mice. Growth was maximal
within 1-2 weeks postinjury but remained constant for at least 6 weeks. Moreover,
this change in synaptic morphology proximal to the infarcted tissue was not seen
more distally (1.5 mm) indicating a geographic specificity for this phenomenon
(Brown et al., 2007). Contralesional motor reorganization also takes place after
stroke; however, the precise role that plays in functional outcome is not fully under-
stood. Small unilateral infarcts greatly increase the receptive field size of the somato-
sensory cortex in both the ipsi- and contralesional cortices (Reinecke et al., 2003).
Human studies have also demonstrated increases in contralesional activity that sub-
sides as recovery occurs (Liepert et al., 2000) and inhibition of this cortical tissue has
led to increased recovery of motor function in some studies (Nowak et al., 2008).
However, animal studies have shown that the effects of contralesional inhibition vary
depending on the severity of the stroke, and in some cases, functional gains can be
lost through inhibition of the homologous cortical tissue (Biernaskie et al., 2005).
These contrasting studies show that structural reorganization of both peri- and con-
tralesional tissues are important for stroke recovery, but further study is required to
discern the specific roles that each region plays in the recovery process.

Poststroke interventions can be used to identify some of the mechanisms contrib-
uting to poststroke recovery. Compelling evidence points to the reorganization of
motor maps in the ipsilesional cortex as an important determinant of stroke recovery
as a result of rehabilitative training (Nudo et al., 1996). Enhanced dendritic arbori-
zation in this region has also been demonstrated to occur in conjunction with reha-
bilitation (Biernaskie and Corbett, 2001; Jones et al., 1999). These phenomena of
rehabilitation-induced increases in dendritic arborization and motor map reorganiza-
tion appear to occur in tandem (Hickmott and Steen, 2005). Thus, structural modi-
fication of the perilesional cortex appears to be a major driving force of poststroke
functional recovery and is likely mediated by a cascade of stroke-induced changes in
gene and protein expression.

Our lab was the first to demonstrate the existence of a critical period, similar to
the one observed in development, during which potential for recovery is optimal, and
after which interventions are less effective. Indeed, Biernaskie and colleagues
showed that when rats were exposed to a form of rehabilitation, termed ER which
combines daily reach training with chronic exposure to an enriched environment
early after stroke (5 or 14 days poststroke), the animals showed significant recovery
compared to control animals. When ER was postponed to 30 days, it lost its effec-
tiveness (Biernaskie et al., 2004) and did not induce structural remodeling in the cor-
tex. We have also recently shown that ER effectively increases synaptic activity in
the peri-infarct cortex during this critical time window. Four groups of rats under-
went different types of rehabilitation following ET-1 focal ischemia of the forelimb
motor cortex. Untreated animals were compared to those receiving only reach train-
ing, environmental enrichment, or ER. The animals that received the combination
therapy (ER) showed the strongest increase in synaptic activity in the peri-infarct
region as determined by increased expression of the immediate early gene
FosB/AFosB (Clarke et al., 2014).
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Additional efforts to modulate beneficial neuroplastic processes underlying
structural reorganization have taken several forms. As stated above, excitation of
ipsilesional and inhibition of contralesional cortical networks with transcranial mag-
netic stimulation (TMS) has been successfully used to restore some functions lost in
stroke (Raux et al., 2010; Takeuchi et al., 2005). Intensive, task-specific practice
using constraint-induced movement therapy, which encourages motor map reorga-
nization, has also provided clinical benefits (Liepert et al., 2000; Wolf et al.,
2006). Other groups have attempted to alter the cortical excitatory—inhibitory bal-
ance to enhance plasticity and recovery of function in animals using pharmacological
approaches (Clarkson et al., 2010). More recently, research has begun to combine
these approaches in conjunction with rehabilitative therapies to accelerate recovery
beyond what is possible with either treatment alone (Jeffers et al., 2014).

A host of proteins exhibit differential expression patterns poststroke, such as
those controlling axonal guidance and cytoskeletal modification, extracellular ma-
trix function, growth factors, transcription factors as well as DNA-modifying genes
(Overman and Carmichael, 2014). Although the molecular events occurring in the
brain after stroke are complex, there is a general consensus that proteins inhibiting
plasticity are downregulated shortly after stroke while those promoting plasticity are
upregulated (Carmichael et al., 2005; Murphy and Corbett, 2009; Fig. 2). An initial
or “trigger” phase during the first 3 days following stroke involves axonal sprouting
proximal to the lesion resulting from synchronized neuronal activity in the perile-
sional cortex (Carmichael and Chesselet, 2002). Immediately after this initial phase,
several growth-promoting proteins, such as GAP-43, CAP23, c-jun, and SPRR1, are
increased maximally for several weeks at which point they slowly taper off
(Carmichael et al., 2005). It is at this time point, 1 month after stroke, when new
patterns of axonal projections are detectable (Carmichael et al., 2001). Growth inhib-
itory gene expression occurs within the immediate vicinity of the infarct but also
throughout the entire brain. Shortly after stroke, a glial scar is formed around the core
of the infarct through the recruitment of reactive astrocytes that synthesize large
amounts of chondroitin sulfate proteoglycans (Carmichael et al., 2005). Cell death,
oxidative DNA, and protein damage occur in this area. In the rest of the brain
parenchyma, perineuronal nets break down shortly after stroke. Thus, both
growth-promoting and growth-inhibitory molecules represent promising target for
enhancing stroke recovery. One molecule that appears particularly important for re-
covery is brain-derived neurotrophic factor (BDNF). BDNF is the most widely
expressed neurotrophin in the central nervous system (Park and Poo, 2013) and plays
a pivotal role in cell survival, neurite outgrowth, dendritic spine formation, and the
initiation of neural stem cell differentiation. In a rat model of stroke, BDNF has been
shown to be required for poststroke recovery since ventricular infusion of a BDNF
antisense mRNA negates the beneficial effects of an ER intervention (Ploughman
et al., 2009). Similarly, interfering with BDNF reduces the amount of spontaneous
recovery in a mouse model of photothrombotic stroke (Clarkson et al., 2011). The
identification of a human genetic variant of the BDNF gene, Val66Met, has also been
very revealing. Val66Met carriers have worse outcomes after hemorrhagic stroke
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FIGURE 2

Enriched rehabilitation (ER) and the critical period for poststroke recovery. In rats, ER
promotes recovery of skilled reaching in the Montoya staircase apparatus following
ET-1-induced focal ischemia (Biernaskie and Corbett, 2001; Biernaskie et al., 2004;
MaclLellan et al., 2011). The protocol consists of enriched housing (A) and/or running
exercise (B) in combination with daily reach training (C) of the impaired limb. Rats are housed
in enriched environments starting 5-14 days after stroke (D). The timing of rehabilitation
is designed to engage multiple neuroplasticity processes during the early poststroke
recovery period when there is a sustained upregulation of growth-promoting genes (solid red
(dark gray in the print version) line in D). Most growth-inhibitory genes (solid green (light
gray in the print version) line) tend to be upregulated more gradually, several weeks after
stroke, toward the end of the critical period for stroke recovery. Several growth-promoting and
growth-inhibiting genes are transiently upregulated (dashed lines) in the early and mid
poststroke recovery phase. This critical period observed in animal studies may be different in
humans where spontaneous recovery can extend for several months after stroke.

Data in (D) adapted from Carmichael et al. (2005). Figure modified from Murphy and Corbett (2009).

(Siironen et al., 2007) and show evidence of reduced cortical plasticity (Di Lazzaro
etal., 2014; Kleim et al., 2006) including reducing the beneficial effects of rTMS on
motor recovery after stroke (Chang et al., 2014).

Research into inactivation of Nogo, a powerful neurite outgrowth inhibitor
(Huber and Schwab, 2000), is showing considerable potential for translation to
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the clinic. In cell culture (Montani et al., 2009), ex vivo experiments (Zagrebelsky
et al., 2010), neurite expansion, and size of growth cones were enhanced in
Nogo-A knockout animals and animals treated with an anti-Nogo-A antibody. Many
studies have focused on the regenerative properties of blocking Nogo-A in spinal
cord repair and in animal models of stroke (Freund et al., 2009; Markus et al.,
2005; Papadopoulos et al., 2002; Tsai et al., 2011; Zorner and Schwab, 2010).
A recent study by Wahl and colleagues provides strong evidence that blockade of
Nogo-A combined with rehabilitation in a time-dependent manner is an extremely
effective approach to enhance stroke recovery (Wahl et al., 2014).

EXOGENOUS AND ENDOGENOUS STEM CELL APPROACHES
TO ENHANCE STROKE RECOVERY

Approaches to facilitate poststroke recovery have explored the promise of both ex-
ogenous and endogenous stem cells to replace lost neuronal networks. Exogenous
cell delivery has encountered two major challenges that limit functional benefits:
(1) even with immunosuppression, a large proportion of the transplanted cells die
shortly after transplantation (Kelly et al., 2004) and (2) transplants tend to be directed
to the peri-infarct tissue, which has the most potential for enabling poststroke recov-
ery, but risks damaging this tissue even further (Moshayedi and Carmichael, 2013).
Despite these limitations, exogenous cell delivery methods have shown functional
improvements in both skilled and general sensorimotor outcome measures
(Andrews et al., 2008). Methodologies to overcome these challenges, such as cell
scaffolding and delivery into the ischemic core or cortex with hyaluronan gels
(Wang et al., 2012; Zhong et al., 2010) and intravenous cell delivery (Komatsu
et al., 2010) represent significant advancements in this field.

Since the discovery of endogenous adult neural precursor cells (Reynolds and
Weiss, 1992), an intensive research effort has been directed to identifying the prop-
erties of these cells as a possible alternative to exogenous cell delivery. It has been
repeatedly demonstrated that ischemic injury results in activation of neural precursor
cells and their subsequent migration toward the site of damage (Parent et al., 2002).
These cells also have the ability to adopt a mature cellular phenotype and function-
ally integrate into the surrounding tissue (Hou et al., 2008; Yamashita et al., 2006).
However, given the debilitating effects of stroke, it seems unlikely the brain’s
endogenous neural precursor cell response alone is sufficient to support functional
recovery. Attempts to augment the neural precursor cell proliferation and migration
response have been successful through application of a wide variety of exogenous
growth factors, and more recently through the use of immunosuppressive drugs
(Erlandsson et al., 2011). These studies have revealed functional benefits in stroke
recovery that correlate with the expansion of the neural precursor cell population
(Kolb et al., 2007). However, the role that these cells are playing in recovery of func-
tion is still unclear. Indeed, in some cases, it has been demonstrated that beneficial
behavioral effects can still be observed from treatments that are classically associ-
ated with increased neural precursor cell proliferation, even when neurogenesis
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has been eliminated (Meshi et al., 2006). This raises questions of whether or not en-
dogenous neurogenesis plays a direct role in stroke recovery. In the case of both ex-
ogenous and endogenous cell recruitment for promoting stroke recovery, it has been
suggested that the beneficial effects are the result of cortical reorganization through
alternative mechanisms, such as growth factor release or stabilization of surviving
tissue (Savitz, 2013).

Stroke recovery research has largely revolved around restoring lost motor func-
tion. Section 4 illustrates the concentrated efforts on understanding the molecular
mechanisms underlying recovery and development of new treatment targets. Post-
stroke cognitive impairments are also common and have a debilitating effect on qual-
ity of life; however, this research area has received much less attention. Section 6
addresses the state of this field and the specific challenges associated with modeling
cognitive impairments.

STROKE RECOVERY: WHAT ABOUT COGNITION?

Cognitive dysfunction occurs in 22-40% of stroke survivors (Douiri et al., 2013;
Pohjasvaara et al., 2002), resulting in learning and memory impairments and deficits
in executive functions, such as planning, behavioral flexibility, and attention set-
shifting ability (Kelly-Hayes et al., 1998; Pendlebury and Rothwell, 2009;
Pohjasvaara et al., 2002). Furthermore, poststroke depression (PSD) may be preva-
lent in as many as a third of survivors (Burvill et al., 1997; Whyte and Mulsant,
2002). The relationship between stroke and depression remains unclear since damage
to brain circuitry directly involved in regulating mood, as well as reactive depression,
can result from stroke (Gainotti and Marra, 2002). The degree to which PSD and cog-
nitive impairments affect one another has not been well elucidated (Terroni et al.,
2012). Impairments in cognition and emotion can persist for years (Douiri et al.,
2013) and are associated with higher rates of long-term poststroke disability
(Burvill et al., 1997; Patel et al., 2002) and increased burden on caregivers
(Forsberg-Warleby et al., 2004; Rigby et al., 2009).

Not surprisingly, preclinical research has focused almost exclusively on studying
poststroke motor impairments since these deficits, unlike cognition and depression,
are more obvious and far easier to study in animal models. Another reason for the
paucity of animal studies investigating cognitive dysfunction is that the most widely
used model of focal ischemia in rodents, the intraluminal suture middle cerebral ar-
tery occlusion model (Longa et al., 1989), predominantly affects sensory-motor cir-
cuitry. While cognitive impairment (e.g., spatial mapping) has been reported with
this model, the apparent deficits are difficult to dissociate from sensory-motor dys-
function. Meanwhile, PSD is rarely examined in animal stroke models (Loubinoux
etal.,2012). However, with the development of alternative stroke models (e.g., ET-1
and photothrombosis models), it is possible to target regions of the brain associated
with specific cognitive functions, while leaving motor function intact (Cordova et al.,
2014). Using these models, it is possible to conduct systematic evaluations into the
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nature of poststroke cognitive deficits and ensuing recovery, and to determine how
nonmotor brain areas respond to poststroke treatments.

Numerous well-established behavioral tests can be applied in the study of post-
stroke cognition. For instance, spatial learning and memory can be evaluated using
the Morris water maze, the Barnes maze, or the radial arm maze (Carter and Shieh,
2010). For assessing higher cognitive functions, tasks become more elaborate. Clin-
ically, executive dysfunction is evaluated using the Stroop Task, the Wisconsin
Card Sorting Task, and the Trail Making Test, among others (Pohjasvaara et al.,
2002). In animals, executive function can be assessed with different paradigms;
a particularly promising approach employs attention set-shifting tests whereby
an animal is taught to associate a reward with a particular stimulus dimension
(e.g., an odor) that predicts food reward which is then changed within and/or across
dimensions (e.g., type of digging material in a pot hiding the food reward). An al-
ternative test includes the T-maze Win/Shift-Win/Stay tests that evaluate an ani-
mal’s ability to shift response strategies once the rule signaling reward has
changed (i.e., Win-Shift to Win-Stay strategy; Colbourne and Corbett, 1995). These
cognitive tests are much more time consuming than simple Morris water maze tests
(or motor tests) but better reflect the types of cognitive impairments encountered in
human stroke.

Using the appropriate cognitive tests, it becomes possible to investigate recovery-
enhancing treatments including rehabilitation. The goal of rehabilitation is to engage
activity-dependent cues that optimize neuroplastic changes in the poststroke brain
microenvironment (Carmichael, 2008; Cramer et al., 2011; Hicks et al., 2007;
Ratan and Noble, 2009). In clinical practice, cognitive rehabilitation includes
concurrently administered training components specifically targeted to each type
of deficit present (e.g., attention, memory, problem solving), as well as compensa-
tory strategy training (e.g., keeping a notebook, using mnemonic strategies)
(Cicerone et al., 2000; Eslinger et al., 2013). Patients receiving rehabilitation can
exhibit some recovery on cognitive measurements, and show improved performance
on activities of daily living (Cicerone et al., 2000; Desmond et al., 1996). However,
the degree to which true recovery processes have occurred, rather than implementa-
tion of compensatory techniques, is unclear.

In an attempt to augment recovery beyond that achieved by traditional rehabil-
itation, additional treatments have been explored in the clinical setting. These in-
clude interventions that alter cortical excitability, such as TMS (Cao et al., 2014)
and transcranial direct current stimulation (Miniussi et al., 2008); music therapy
which stimulates diverse cognitive and emotional neural pathways (Sarkamo
et al., 2008), and various pharmacological approaches including the use of antide-
pressant drugs and dopamine agonists (Eslinger et al., 2013; Parton et al., 2005).
The effective time window for rehabilitation of cognitive dysfunction is unknown,
and may or may not involve similar mechanisms as motor rehabilitation, which is
most effective in the subacute and acute poststroke stages (although some therapies
are effective in the chronic phase; Liepert et al., 2000; Wolf et al., 2006). Similarly,
the use of repetition and increasing intensity over time are hallmarks of motor and
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aphasia rehabilitation and would be expected to influence cognitive recovery, but
there is presently a knowledge gap in this area.

Animal studies of cognitive rehabilitation are exceedingly rare. As previously
discussed, environmental enrichment comprises physical activity, social stimulation,
and cognitive activity, thereby representing a combination therapy. Environmental
enrichment improves cognition in several neurodegenerative disorders, including
Alzheimer’s, Huntington’s, and Parkinson’s diseases (for review, see Hannan,
2014) and reverse depression-like behavior in mice (Jha et al., 2011). These reports
along with evidence that environmental enrichment improves poststroke motor def-
icits (Biernaskie and Corbett, 2001; Clarke et al., 2009; Farrell et al., 2001) hold great
promise for the investigation of its use in a poststroke cognitive dysfunction model.

Recently, our laboratory developed a novel cognitive rehabilitation paradigm
using a Hebb—Williams maze to encourage cognitive stimulation through explora-
tion of changing maze environments. Hebb—Williams maze exposure was combined
with physical activity and the combination, but not the single interventions alone,
improved working memory in healthy animals (Langdon and Corbett, 2012), and
contributed to improve cognitive performance in an animal model of vascular
dementia (Langdon et al., 2013).

With an increasing interest in modeling cognitive deficits using focal ischemic
models, much remains to be determined about the nature of poststroke plasticity
of nonmotor brain areas. Questions regarding the existence of a similar permissive
neuroplastic time window, the degree to which cognition-dependent rehabilitation
may be effective, and issues such as rehabilitation repetition and intensity thresholds
remain to be investigated.

FUTURE DIRECTIONS: A HOLISTIC APPROACH
TO STROKE RECOVERY

In retrospect, the “silver bullet” approach (e.g., blocking free radicals) that typified
the stroke neuroprotection field was naive given the complexity of the ischemic cell
death cascade (Iadecola and Anrather, 2011b; Ratan and Noble, 2009). In contrast,
interventions with pleiotropic, complementary effects that mimic the brain’s intrin-
sic attempt to limit ischemic damage are more likely to provide effective neuropro-
tection than a single target approach. This is best illustrated by long-duration
postischemic hypothermia that is now widely used to treat cardiac arrest and perina-
tal asphyxia (Bernard et al., 2002; Nguyen et al., 2013). Postischemic hypothermia,
unlike neuroprotective drugs, provided permanent histological and functional pro-
tection (Colbourne and Corbett, 1994; Colbourne and Corbett, 1995) in multiple an-
imal stroke models due to its simultaneous interference with multiple molecular and
cellular events in the ischemic cascade (Bao and Xu, 2013). Other examples of ef-
fective interventions targeting multiple mechanisms include exercise and ischemic
preconditioning (Iadecola and Anrather, 2011b).
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As with neuroprotection, combinational therapies have considerable potential to
provide optimal gains in functional recovery following stroke by tapping into mul-
tiple, complementary mechanisms underlying neuroplasticity and repair. Environ-
mental enrichment has long been known to be an effective “cocktail” intervention
for restoring behavioral recovery after brain injury (Johansson and Ohlsson, 1996;
Kolb et al., 1998; Murphy and Corbett, 2009; Will et al., 2004). To this end, we have
combined environmental enrichment with daily bouts of reach training (i.e., ER) to
achieve an even more effective intervention for enhancing poststroke recovery
(Biernaskie and Corbett, 2001; Biernaskie et al., 2004). As described above, the in-
dividual components of ER (i.e., reach training, environmental enrichment) are less
effective than ER in activating cortical peri-infarct neurons (Clarke et al., 2014) im-
plicated in recovery of sensory-motor function (Carmichael, 2006; Murphy and
Corbett, 2009; Nudo et al., 1996). Collectively, the individual elements of ER com-
plement one another to enhance different neuroplasticity processes (e.g., upregula-
tion of growth factors, angiogenesis, sprouting; Sale et al., 2009; Will et al., 2004)
and to date ER represents the most effective preclinical intervention for facilitating
poststroke recovery (Clarke et al., 2014; Murphy and Corbett, 2009). In an extension
of this work, Jeffers and colleagues reported that a growth factor cocktail combined
with ER resulted in more rapid recovery in rats with stroke targeting the forelimb
motor cortex. Again the combination treatment was more effective than ER or the
growth factors alone (Jeffers et al., 2014). It is important to note that this study
was the first to demonstrate that an intervention (ER + growth factors) was superior
to what might be considered existing preclinical best practice (i.e., ER). By including
a “best practice” control (instead of nontreated controls) in preclinical studies, as is
done routinely in clinical studies, the likelihood of translational failure to the clinic
will be reduced (Dirnagl, 2006; Fisher et al., 2009; Jeffers et al., 2014).

Single intervention studies are appealing because of their simplicity and cost
effectiveness, however, the track record of monotherapeutic approaches in stroke
is very poor and must at some point be abandoned (ladecola and Anrather,
2011b; Ratan and Noble, 2009). One promising multimodal preclinical treatment
is ER which activates the brain’s own self-repair and reorganizational programs.
Furthermore, ER can be adapted to the clinical setting and preliminary findings in
stroke patients are encouraging (Janssen et al., 2014). Combining ER with adjunctive
therapies (e.g., drugs, electrical stimulation) to further enhance stroke recovery is a
promising avenue for future research, however, the sequence and timing of the in-
dividual components of the combination therapy may be critical in determining
the optimal efficacy (Wahl et al., 2014).
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Abstract

Background: Stroke is a devastating disorder that strikes ap-
proximately 15 million people worldwide. While most pa-
tients survive stroke, many are left with lifelong impairments,
thereby making stroke the leading cause of permanent neu-
rological disability. Despite this, there are a few options for
treatment of acute stroke. Restoration of blood flow using
clot-dissolving drugs has produced impressive benefits in
some patients. However, for these drugs to be effective, they
must be given soon after stroke onset and relatively only a
few stroke patients reach hospital within this time. Side ef-
fects of these compounds further limit their use. Summary:
Enhancing the brain’s endogenous capacity for reorganiza-
tion and self-repair offers the most promise for victims of
stroke. Indeed, many stroke patients show considerable
spontaneous functional improvement. Findings in the last
15 years suggest that stroke and related injury create a cere-
bral milieu similar to that of early brain development, a pe-
riod characterized by rapid neuronal growth and neuroplas-
ticity. A variety of interventions (e.g., stem cells, delivery of
growth factors) are currently being explored in order to en-

hance neuroplasticity and reorganizational processes that
are important for recovery of function. An emerging concept
is that combinational or ‘cocktail’ therapies are more effec-
tive than single interventions in improving stroke recovery.
Among these, one of the most promising therapies is en-
riched rehabilitation, a combination of environmental en-
richment and task-specific therapy (e.g., reach training). Key
Messages: Neurorestorative approaches to brain reorgani-
zation and repair are providing new insights into how neural
circuits respond to injury and how this knowledge can be
used for optimizing stroke rehabilitation practice.

© 2014 S. Karger AG, Basel

Introduction

Stroke is the leading cause of adult neurological dis-
ability and the second leading cause of death worldwide.
Attempts to reduce the incidence of stroke are being
countered by an aging population and rising rates of obe-
sity and metabolic disturbances as a result of a sedentary
lifestyle and poor diet [1]. Despite significant advances in
our understanding of the pathophysiology of stroke, all
neuroprotective drug trials failed leaving t-PA as the only
effective treatment for acute stroke [2]. Unfortunately,
the limited time window and side effects limit its use to a
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relatively small percentage of stroke patients [3]. Further-
more, many patients benefitting from t-PA are still left
with significant disabilities. In recent years, research in
the stroke field has begun to shift from acute stroke to the
stroke recovery phase. This change in emphasis has been
triggered by a dramatic increase in our understanding of
neuroplasticity and its potential to reorganize and restore
function to the stroke-damaged brain [4-8, 26]. Clearly,
neurorestorative interventions, including rehabilitation,
offer the most hope for stroke survivors because the ther-
apeutic time window is not limited to minutes to hours,
as for t-PA, but instead applicable to weeks, months, and
years and can be applied to any type of stroke, including
hemorrhagic stroke.

Modeling Stroke Recovery

An important lesson from the failed stroke neuropro-
tection trials is that preclinical models, while never per-
fectly mimicking human stroke, must nonetheless cap-
ture essential features of the disease in order to avoid
generating false positive results with subsequent transla-
tional failure [9-11]. For example, most stroke patients
have residual deficits even years after their injury [12].
Thus, it is essential to develop animal models that also
produce similar chronic functional deficits. An increas-
ingly popular model uses endothelin-1 (ET-1), which
when stereotaxically injected induces vasoconstriction
followed by a gradual reperfusion, similar to human isch-
emic stroke [13]. The ensuing long-lasting, sensory-mo-
tor deficits make it ideal for stroke recovery studies. In
addition to choosing an appropriate stroke model, it is
essential to employ a sensitive battery of sensory-motor
tests since recovery on one test does not guarantee recov-
ery on other tests. Impairment of the upper limb after
stroke is very common and the deficits are often persis-
tent [14]. Therefore, a reaching task should be part of any
rodent behavioral test battery to assess stroke recovery.
Particularly useful, due to their great sensitivity and clin-
ical relevance, are tests of skilled reaching such as the
Montoya staircase or single pellet reaching test [4, 14-17].

Stroke Rehabilitation — Missed Opportunities?

An emerging view of the last 15 years is that stroke re-
creates a cerebral milieu similar to that of early brain devel-
opment, a period characterized by rapid brain growth and
remodeling of synaptic connections. The adult brain re-
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sponds to stroke by increasing dendritic growth, forming
new synapses, reorganizing functional maps, and by up-
regulating growth factors [6, 18-20] - all processes thought
to contribute to behavioral recovery. Complex changes in
growth-promoting and growth-inhibitory genes have been
revealed following cortical stroke in rats [20, 21]. The gen-
eral pattern is that growth inhibitory proteins (e.g., Nogo)
are inhibited for several weeks after stroke but thereafter
begin to show increased expression. Conversely, growth-
promoting genes, including Gap-43, are highly expressed
in the first days after stroke. This pattern of post-stroke
gene expression is suggestive of a ‘permissive neural niche’
for stroke recovery in the first few weeks after injury [20].
While the experience of stroke patients varies considerably
depending on injury severity, disease comorbidity, staffing,
and resource issues, it is the case that in the first few weeks
after stroke, many patients are alone as much as 60% of
their time and inactive during 75% of their waking hours
[22]. Except for the period allocated for therapy sessions,
the lack of stimulation, exercise, and socialization is strik-
ing. Further, current rehabilitation practice is often not ear-
ly, nor intense, and most clinical trials are conducted in the
chronic phase (i.e., >6 months) of stroke recovery [23].

Enriched Rehabilitation and Stroke Recovery

Many of the reparative gene programs initiated by
stroke are profoundly affected by behavioral and environ-
mental experience, such as housing animals in enriched
environments (large cages with novel objects to provide
exercise, sensory-motor, social and cognitive stimula-
tion) or providing running exercise [24, 27, 28]. For ex-
ample, environmental enrichment, like exercise, increas-
es levels of growth factors, neurogenesis, and angiogen-
esis [28-31]. While many studies have shown that
environmental enrichment improves motor recovery af-
ter stroke [27], the benefits are primarily seen on gross
tests of sensory-motor function such as rotarod or neuro-
logic test batteries and not tests of reaching that require
fine motor skills [4, 32]. Accordingly, we developed a re-
habilitation paradigm, termed enriched rehabilitation
(ER) that combines the social, sensory-motor, and cogni-
tive stimulation inherent to environmental enrichment
with daily reach training in order to provide task-specific
therapy of the affected limb, following forelimb cortical
stroke in rats (fig. la—c). This paradigm has been success-
fully used to improve recovery of skilled reaching in rats
following different forms of ischemic and hemorrhagic
stroke [33-35].
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Fig. 1. Enriched rehabilitation paradigm and the critical period
of post-stroke rehabilitation. After stroke, skilled use of the af-
fected hand (or paw) is highly resistant to recovery in both hu-
mans and animals. In rats, enriched rehabilitation produces sub-
stantial improvements in the recovery of skilled reaching [25,
34-36, 67]. The protocol consists of enriched housing (a) and/or
running exercise (b) in combination with several hours of daily
reach training (c) of the impaired limb. Rats are housed in en-
riched environments starting 5-14 days after stroke (d). The tim-
ing of rehabilitation is designed to optimally engage neuroplasti-
city processes during the critical period of the early post-stroke
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recovery phase, during which a sustained upregulation of growth-
promoting genes predominates (solid red line in part d). Most
growth-inhibitory genes (solid green line) tend to be upregulated
gradually, several weeks after stroke, toward the end of the critical
period of stroke recovery. A few growth-promoting and growth-
inhibiting genes are transiently upregulated (dashed lines) in the
early and mid post-stroke recovery period. This critical period is
observed in animal studies and might be different in the case of
human stroke, where spontaneous recovery can extend for the
first 90 days after injury. Data in part d is adapted from [20, 21].
Figure modified from [4].
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Rehabilitation: Timing and the Concept of Critical
Periods

In addition to improving behavioral recovery, a key
effect of ER is that it increases dendritic length and com-
plexity of layer V motor neurons in the stroke-damaged
brain [25], suggesting that this structural modification
may be contributing to the improved outcome. In sup-
port of this notion are animal studies showing that de-
layed initiation of ER until 30 days after stroke does not
result in improved functional recovery nor does it alter
layer V dendrites. These findings suggest there is ‘critical
or sensitive period’ lasting several weeks after stroke when
brain plasticity processes (fig. 1d) are optimally respon-
sive to rehabilitation [4, 36]. Interestingly, this critical pe-
riod coincides with the rising waves of growth-promoting
genes that appear to peak 30 days after stroke [20]. While
there is general consensus that post-stroke rehabilitation
should be started sooner rather than later, there is no
agreement as to exactly when it should start or when it is
too late to achieve substantial benefit [23, 37, 38]. Animal
studies, including some of our own research [4, 23, 36],
have helped guide clinical studies including the recent
EXPLICIT stroke trial evaluating early constraint-in-
duced movement therapy [39], although an earlier con-
straint therapy study reported negative [40] outcomes.
However, results may be influenced not only by timing,
but also by the type and intensity of the intervention since
early aphasia therapy [41] and early physical activity [42,
43] are associated with better outcomes.

Brain Derived Neurotrophic Factor and Stroke
Recovery

Brain Derived Neurotrophic Factor (BDNF) is the
most highly expressed growth factor in the human brain
and plays an essential role in neuroplasticity in both the
intact and the damaged brain by increasing neuronal sur-
vival, synaptogenesis, angiogenesis, and neurogenesis
[44]. Administration of BDNF in shortly after stroke re-
duces injury [45], whereas delayed administration is as-
sociated with improved sensory-motor recovery [46, 47].
Our laboratory has investigated the possible role of BDNF
in mediating the behavioral recovery induced by reha-
bilitation. Notably, blocking BDNF in the rat negates the
benefits of rehabilitation-induced recovery after sensory-
motor cortex stroke [48], while selective blockade of
BDNF signaling in the peri-infarct cortex attenuates glu-
tamate, AMPAR-mediated spontaneous motor recovery
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in mice subjected to photothrombotic stroke [49]. In re-
lated work [34], it was found that a critical amount or
‘threshold’ of post-stroke reaching rehabilitation must be
met to obtain functional recovery. Animals exceeding
this threshold exhibited forelimb recovery and showed
significant increases in motor cortex BDNF levels, while
rats receiving less rehabilitation did not recover and
BDNEF levels remained at control levels. These findings
clearly indicate that BDNF plays a key role in post-stroke
rehabilitation and consequently BDNF may be an impor-
tant target to enhance recovery in stroke patients.

Stem Cells and Stroke Recovery

The identification of at least two neurogenic zones in
the rodent and human brain created optimism for brain
repair and stroke recovery because neural stem cells and
their progenitors, collectively termed neural precursor
cells (NPCs), were observed to migrate toward an injury
site [50-52]. Direct delivery of NPCs [53-56] or mobili-
zation of endogenous NPCs with growth factors or drugs
[57, 58] improves recovery after stroke but in most of
these studies, the behavioral effects are rather small. Mes-
enchymal stem cells appear to be especially effective in
restoring function after focal stroke. Indeed, in one recent
review, it was noted that approximately 95% of studies
reported improved functional outcomes [59]. However,
similar impressive outcomes were noted in early neuro-
protection reviews, so a more cautious and critical assess-
ment of stem cell studies is clearly warranted. For exam-
ple, many of the mesenchymal stem cell studies used rath-
er crude neurological test scores and simple balance tests
that tend to resolve rather quickly without intervention
[4]. Thus, it will be important to demonstrate that stem
cell therapies are effective with more demanding behav-
ioral tests where spontaneous recovery is limited.

New Approaches to Brain Repair - Combination
Therapies

Increasing evidence indicates that the causes of isch-
emic cell death are multi-factorial [3]. Furthermore, the
brain responds to vascular insults by marshalling a wide
array of self-protective mechanisms [3, 60] that stand in
marked contrast to the single-target approach commonly
employed in neuroprotection [61]. When interventions
(e.g., hypothermia) target multiple, instead of single
mechanisms, the results are impressive [3, 62]. Similarly,
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a more effective approach might be to use a ‘cocktail” in-
tervention to exploit multiple complementary neuroplas-
tic mechanisms to restore post-stroke recovery. For ex-
ample, each of the individual elements of enriched reha-
bilitation (exercise, socialization, cognitive stimulation,
reach training) has some therapeutic potential but collec-
tively provide a powerful intervention by acting upon
multiple complementary processes of neuroplasticity
(e.g., upregulation of growth factors, angiogenesis, den-
dritic sprouting) [27, 63]. This was illustrated in a recent
experiment showing that ER, but not enriched environ-
ments or reach training alone, strongly activated neurons
inlayer I and III peri-infarct cortex [64], a region thought
to be critical for recovery of sensory-motor function [4,
65, 66]. These findings indicate that a combination of en-
vironmental enrichment and task-specific rehabilitation
targeting the main functional deficit (i.e., skilled reach-
ing) most effectively increases neuronal activity around
the lesion. Similarly, in more recent work, we found that
serial administration of epidermal growth factor and
erythropoietin induced mobilization of the endogenous
NPC pool and resulted in significantly faster and more
complete recovery after cortical stroke in rats when it was
combined with ER [67]. This is the first demonstration
that stem cell therapy produces an additive benefit in
stroke recovery beyond what can be achieved with an op-
timized rehabilitation paradigm. This is important be-
cause stem cell therapies (or other interventions) will
likely not be employed unless they provide benefit in be-
yond what is already achieved through current best prac-
tice (i.e., rehabilitation).

Designing preclinical and clinical studies using com-
bination therapies is more complicated and costly than
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