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Abstract 
 

Climate change is a natural phenomenon that is exacerbated by mul4ple human ac4vi4es in 

the environment. These ac4vi4es lead to a rise in global temperatures. This increases the 

occurrence of heatwaves which pose a major threat to ecosystems, biodiversity, and the 

conserva4on of species on Earth. This study,  aimed to document the effects of chronic heat 

exposure on the lungs of the Sprague Dawley rat using histological and immunofluorescence 

techniques. Twenty-four (24) rats were assigned to three groups; each exposed to different 

temperatures; (i) group A (n = 8) exposed to 25 °C (ii) group B (n = 8) exposed to 33 °C and (iii) 

group C (n = 8) exposed to 34 °C. This was done for a period of 4 weeks and the rats were 

euthanised therea`er. Methods employed included Intratracheal instillation, and histological 

and immunofluorescence techniques. This study found that rats in group A (25 °C) displayed 

no structural adapta4ons in comparison to groups B and C. Enlarged blood vessels with thick 

smooth muscle and prominent elas4c fibres, bronchus-associated lymphoid 4ssue (BALT), and 

increased collagen deposi4on were observed in group B (33 °C). These indicate the ac4va4on 

of immune responses and adapta4on to new environmental temperatures. In group C (34 °C), 

the lung morphology was severely damaged. There was an increased loss of epithelial 

integrity, oedema, pulmonary alveolar proteinosis (PAP), and a severe decrease in the lung-

to-surface area ra4o. The significant changes caused by the 1 °C temperature difference 

between groups B (33 °C) and C (34 °C) illustrate the detrimental effects of chronic heat stress. 

It is evident that increasing environmental temperatures due to climate change is harmful to 

life and immediate interven4ons are necessary to combat rising temperatures. 
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1. Introduc'on 
 
1.1.  Literature Review 
 
1.1.1. The rise of climate change  
 

Climate change is a gradual and persistent change in temperatures and weather pa<erns that 

are naturally occurring on a global scale (Chakraborty et al., 2014; Santos & Bakhshoodeh, 

2021; Abbass et al., 2022). Over the years, human ac4vi4es such as air and water pollu4on, 

urbanisa4on, and industrialisa4on have remained the leading cause of climate change (Li et 

al., 2022; Ahmed et al., 2022; IPCC, 2022; Mentel et al., 2022). These ac4vi4es greatly burden 

energy resources and produce extreme levels of carbon dioxide (CO2) in the atmosphere 

(Abbass et al., 2022; Mentel et al., 2022).  

The emission of CO2 is a natural phenomenon that results from natural and man-made 

processes such as respira4on decomposi4on and combus4on (Ahmed et al., 2022). The 

produc4on of high levels of CO2 in the atmosphere has led to a radical increase in the levels of 

greenhouse gas (GHG) emissions in the past century (Ahmed et al., 2022; Simandan, 2009). 

High CO2 concentra4ons disrupt natural weather pa<erns, increase droughts, wildfires, heavy 

precipita4on and elevate global temperatures and sea levels (Ahmed et al., 2022; Abbass et 

al., 2022; IPCC, 2022; USEPA, 2023). Consequently, global ecosystems, biodiversity, and the 

conserva4on of human and animal species face severe threats due to constant habitat 

transforma4ons (Ahmed et al., 2022; Abbass et al., 2022; USEPA, 2023; IPCC, 2022).  
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1.1.2. The Impact of Climate Change on Biodiversity and Life on Earth 

 

The impact of industrialisa4on on the environment varies across different regions of the world 

(Ahmed et al., 2022). The common impact observed in most environments includes air and 

water pollu4on, drought, as well as the loss of ecosystems and biodiversity due to 

deforesta4on (Ahmed et al., 2022; IPCC, 2022). Animal species are therefore at risk of 

exposure to extreme weather condi4ons. Only those with a high rate of adaptability will be 

able to thrive in this challenging environment (Abbass et al., 2022). As such, many studies 

reported that climate change has caused the ex4nc4on of numerous species, and many more 

are at risk (Abbass et al., 2022). To put this into context, South Africa is the sixth out of the 17 

mega biodiversity countries in the world. However; despite its abundant wildlife, alarming 

sta4s4cs show that 14% of plants, 17% of mammals, and 15% of birds are currently at risk of 

ex4nc4on(Scholes & Engelbrecht, 2021). 

 

Mentel et al., (2022) found a posi4ve correla4on between industrialisa4on and the 

produc4on of high carbon dioxide emissions in Sub-Saharan Africa. According to the 

Intergovernmental Panel on Climate Change (IPCC, 2022), an average of 3.3 to 3.6 billion 

people live in developing regions of Africa, South Asia, and Central and South America. The 

increasing rate of urbanisa4on can be a<ributed to the rise in global temperatures (Li et al., 

2022). Moreover; the United Na4ons (2019) proposed that urbanisa4on will occur at a larger 

scale than before in African countries. More specifically, it is proposed that by 2040, the urban 

African popula4on will double to more than 1 billion (Toesland, 2019).  Since African countries 

are s4ll developing, they consist of a high density of informal areas (Hugo, 2023). Interes4ngly, 

these areas are more vulnerable to climate change due to inequality, poverty, and lack of 
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resources to cope with extreme condi4ons. (Hugo, 2023; IPCC, 2022). Addi4onally, strategies 

required for adap4ng to climate change are rarely implemented in informal contexts (Hugo, 

2023). As such, the number of deaths due to extreme weather condi4ons such as droughts 

and floods in these regions were significantly higher than in developed countries between the 

years 2010 and 2020 (IPCC, 2022). 

 
1.1.3. The Rise in Global Temperatures 
 

According to Ahmed et al., (2022), global temperatures have increased by  06 °C  from normal 

ranges. Addi4onally, the decade from 2011 to 2020 was the warmest on record, with an 

average global temperature of 1.1°C (Na4onal Centres for Environmental Informa4on, 2021). 

A recent report formulated by the IPCC projected that by 2031, global temperature ranges will 

increase by 1.5 to 2 °C (IPCC, 2021; Li et al., 2022).  

Similarly, sta4s4cs revealed that African countries experienced an increase in average yearly 

temperatures between 1994 and 2005, which averaged 1.5 °C, 2 °C, and 3 °C. This was 

reported to be warmer than they were between 1995  to 2014  (0.6 °C, 1.1 °C, and 2.1 °C) (Li 

et al., 2022). The temperature increases in some countries in Africa are higher than the global 

level of 2 °C (Li et al., 2022).  

It is projected that temperatures in Africa will increase considerably, with predic4ons of 4 to 

6 °C across sub-tropical regions and 3 to 5 °C over tropical regions (Engelbrecht et al., 2015; 

Saylla et al., 2015). It is further reported that sub-tropical regions in Africa experience global 

temperature increases on a magnified scale of 1.5 to 2 4mes the global average (Hugo, 2023). 

Similarly, a study conducted in Cape Town, Republic of South Africa, projected that there will 

be a substan4al temperature increase of 1.9 to 2.3 °C in 2060 (Gintamo et al., 2021). 
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Correla4ve to this, it was reported that Cape Town experienced its ho<est winter day in 62 

years in June 2022 and August 2023, with temperatures averaging 30.9°C and 34°C, 

respec4vely (Engel, 2023). Consequently, according to climate change projec4ons, some 

African regions may experience heatwaves so severe that the sustenance of livelihood will 

become increasingly difficult unless urgent mi4ga4on measures are taken (Brimicombe et al., 

2021).  

1.1.4. Synopsis of Heatwaves  

 

Anderson & Bell (2011) state that there are no constant or consistent temperature thresholds, 

metrics, and periods that make it possible for a universal defini4on of heatwaves to exist (Ma 

et al., 2015). They are, however, usually defined as prolonged dura4ons of excessive heat or 

exposure to warm air that is trapped and constrained in one place due to a high-pressure 

system in the atmosphere (Anderson & Bell, 2011). Heatwaves are thus characterised by their 

frequency, intensity, dura4on, and pose a threat to the well-being of animals and human 

beings owing to numerous health risks associated with high temperatures (Luber & McGeehin, 

2008; Meehl & Tebaldi, 2004). 

 
Effects of heatwaves on humans 
 

Research shows that extreme heat causes more fatali4es than any other natural disaster 

(Petkova et al., 2014; USEPA, 2023; Coates et al., 2014). Examples of this include the 

heatwave-induced deaths of 700 people in the USA in July 1995 (Greene et al., 2011; 

Bouchama et al., 2017). Similarly, heatwave-related disasters in Western Europe and Russia 

resulted in 70 000 and 55 000 deaths in 2003 and 2010, respec4vely (Hanania et al., 2020; 

Bouchama et al., 2017). The Republic of South Africa also experienced extreme heatwaves 
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from late 2015 to early 2016. The Northwest province was impacted the worst, with 

heatwaves that lasted between 12 to 77 days (Kapwata et al., 2022). Most importantly, high 

temperatures and heatwaves introduce several economic and health challenges that affect 

the well-being and produc4vity of people (Hugo, 2023). 

Although ci4es aggravate the rise in global temperatures, they are also vulnerable to 

experiencing extreme heat on an intensified scale (IPCC, 2022; Hugo, 2023). For example, a 

study by Hugo (2023) based on informal se<lements of Johannesburg in the Republic of South 

Africa, found that people who live in shacks experience severe indoor heat levels that reach 

up to 35 °C due to the building and roof materials used. People who live in these structures 

were found to experience heat-related symptoms such as fa4gue, discomfort, loss of 

produc4vity, and exhaus4on in temperature ranges of approximately 26 °C (Hugo, 2023). In 

temperature ranges between 27 – 31 °C; they experienced muscle cramps, heat exhaus4on, 

and heat stroke (Hugo, 2023). Heart failure, sunburn, skin rashes, and fain4ng were 

experienced in temperature ranges that exceeded 41	°C (Hugo, 2023).  

Effects of heatwaves on plants and animals 
 

Plants and trees provide shade for wild animals and cools temperature by up to 10 °C (World 

Economic Forum, 2022). Although they play a role in the dissipa4on of heat, they can also be 

affected by extremely high temperatures (World Economic Forum, 2022). Plants and trees 

need water to grow (Abbass et al., 2022). Climate change, especially extreme heat, reduces 

water security, which can hinder plant growth and viability (Abbass et al., 2022). Birds located 

in deserts and other drought-prone places, for example, are at severe risk as they use their 

wings to cool off, a mechanism that makes them lose water and require more which might not 

be available (Daly, 2021). As such, animals par4cularly wildlife, are directly exposed to weather 
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condi4ons due to the absence of shelter. Moreover, heatwaves can disrupt the ecosystem in 

several ways with animals at risk of losing their food, habitats and lives due to the possibility 

of wildfires (IPCC, 2022; World Economic Forum, 2022). Therefore, urgent mi4ga4on 

measures need to be taken to ensure the conserva4on of ecosystems and life on Earth 

(Brimicombe et al., 2021).  

1.1.5. Heat AcclimaIon and Heat-related Illnesses in Endothermic Species 
 
Endotherms and the mechanism of thermoregulaIon 
 

Living organisms rely on specific temperature ranges to sustain their lives (Abbass et al., 2022). 

As such, heatwaves and insufficient acclima4sa4on induced by high environmental 

temperatures give rise to heat-related illnesses such as heat stroke and heat stress. This 

remains a huge concern in public health to date (Lugo-Amador et al., 2004; Ebi et al., 2021). 

Endotherms are species that produce heat from metabolic processes and use it to regulate 

their body temperature in environments that exceed or fall short of their thermoneutral zone 

(TNZ) (Boyles et al., 2011).   

Endotherms face the risk of unsuccessful thermoregula4on and a wide range of physiological 

complica4ons when external environmental temperatures are more than their body 

temperatures (Boyles et al., 2011; Horowitz, 1998; McKechnie & Wolf, 2019). Mammals 

exhibit a wide range of body temperatures, typically falling within the range of 30 °C to 41 °C 

(McKechnie & Wolf, 2019). This physiological characteris4c has been extensively studied and 

documented in the academic literature, with numerous theories proposed to explain the 

adap4ve significance of this trait in mammals (McKechnie & Wolf, 2019). Avian species have 

a TNZ  that ranges between 37 °C to 44 °C whilst that of rodents lies between the temperature 

ranges of 30 °C to 31 °C for mice, and 30 °C to 32 °C  for rats (McKechnie & Wolf, 2019; 
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Hankenson et al., 2018). This is synonymous with the TNZ of lightly clothed humans which 

ranges from 28 to 29 °C (Ganeshan & Chawla, 2017; Frohlich, 2020).  

Endotherms strive to maintain constant body temperatures for op4mum ac4vity, health, and 

lower levels of energy expenditure (Ganeshan & Chawla, 2017). An increase in temperatures 

beyond the TNZ of species signifies an increase in their metabolic energy as their body works 

hard to dissipate the accumulated heat (Ganeshan & Chawla, 2017). Endotherms are 

therefore affected by climate change on mul4ple func4onal levels as their ability to acclimate 

is influenced by the availability of metabolic energy as well as food resources in their external 

environment (Glanville et al., 2012). Other factors that nega4vely impact the ability of 

endotherms to acclimate are intrinsic characteris4cs (Cole et al., 2023).  In humans, extreme 

age individuals are more at risk of age-induced delayed responses which might result in 

significantly higher body temperatures (Cole et al., 2023).  

1.1.6. Heat Stress  
 

Heat stress in simplest terms, occurs when individuals or animals are exposed to extreme heat 

condi4ons that extend beyond their TNZ (Xiang et al., 2014). It is the leading cause of 

heatstroke, a life-threatening condi4on that is characterised by hyperthermia and organ 

failure due to an expedi4ous increase in body temperature that exceeds 40 °C, resul4ng in 

central nervous system dysfunc4on  (Yan et al., 2006; Bouchama et al., 2017; Bouchama et al., 

2022; Permenter et al., 2019). Heat stress induces complica4ons such as acute lung injury and 

acute respiratory distress syndrome (ARDS) which are fatal and life-threatening (Sareh et al., 

2010; Liu et al., 2011).  
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Although heat stress nega4vely affects mul4ple organs in the body, some studies have 

inves4gated the effects of heat stress on the respiratory systems of animals. It has been found 

that the lungs of mice and baboons were severely damaged when their body temperature 

reached 42 °C due to heat stress (Bouchama et al., 2005; Liu et al., 2011). In mice, structural 

changes observed in the respiratory system include nasal mucosa lesions; characterised by 

sebaceous gland hyperplasia, tracheal lesions characterised by reduc4on of tracheal epithelial 

cells, a decrease of mucous epithelial cells in the bronchioles and alveolar expansion (Jin et 

al., 2011). Addi4onally, studies using birds displayed a loss of controlled movements, while 

rodents displayed significant amounts of hyperthermia (McKenchie & Wolf, 2019). 

Cheshire (2016) and Bouchama et al., (2017)  state that the exact mechanism by which heat 

stress causes pathological changes remains unclear. However, it is known to interfere with 

DNA synthesis, transcrip4on, mRNA processing, and transla4on. Numerous studies conducted 

on human and rat models show that the heat shock response is a precursor for the heat 

acclima4on mechanism (Wheeler & Wong, 2006; Bouchama et al., 2017). Also, altera4ons in 

gene expression and heat shock response genera4ons triggered this response (Maloyan et al., 

1999; Sareh et al., 2010).  

1.1.7. Heat AcclimaIon 
 

Heat acclima4on is an adapta4ve physiological mechanism that improves the func4on of pre-

exis4ng structures,  allowing organisms to be<er cope with environmental changes (Horowitz, 

1998). This in turn increases their bodily temperature beyond their TNZ (Horowitz, 2002; 

Schwimmer et al., 2004; Sawka et al., 1996). The process of heat acclima4on involves the 

transfer of heat in order to lower the body’s temperature and facilitate its cooling mechanism, 

thereby preven4ng heat-related illnesses and organ failure (Horowitz, 2002; Schwimmer et 
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al., 2004; Sawka et al., 1996). This adapta4on reduces the heat stress experienced by 

endothermic organisms and in some cases, allows the body to expand its TNZ (Cole et al., 

2023; Horowitz, 1998). 

Phases of heat acclimaIon 
 

Heat acclima4on occurs in two phases: short-term heat acclima4on (STHA) and long-term 

heat acclima4on (LTHA) (Horowitz, 1998). Heat acclima4on has long-las4ng effects, and the 

response requires a significant amount of 4me to be successfully induced (Horowitz, 1998; 

Horowitz, 2002).  STHA occurs within a period of 1 – 5 days and mostly relies on the autonomic 

nervous system to reduce the effects of heat stress on the body (Horowitz, 1998). A study 

conducted by Cole et al., (2023), reported no physiological benefits on the third day of STHA, 

sugges4ng that more 4me is needed to induce effec4ve heat acclima4on responses. However; 

about 80% of cell and organ adapta4ons necessary for acclima4on occur within this phase 

(Cole et al., 2023). Addi4onally, in STHA, the signal is increased in order to redress any changes 

in the cell (Schwimmer et al., 2004).  In contrast, LTHA occurs within 3 – 4 weeks, and because 

significant adapta4ons have occurred during STHA, the body a<empts to achieve acclimatory 

homeostasis by lowering heart rate, metabolic ac4vity, and increasing heat dissipa4on 

through swea4ng (Horowitz, 1998; Schwimmer et al., 2004). Although there is a good 

understanding of physiological responses to heat, there remains a significant gap in the 

understanding of the biological or molecular response to this adap4ve process (Sareh et al., 

2010).  

While heat acclima4on is induced to counter chronic heat exposure, heat shock response 

(HSR), in comparison, is a mechanism that is induced by acute heat exposure (Sawka et al., 

1996; Horowitz, 1998). This process is regulated via the expression of heat shock proteins 
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(HSP) that protect the cell from damage (e.g., HSP27 and HSP70) (Sawka et al., 1996; Horowitz, 

1998; Wheeler and Wong, 2006). This response is important because heat stress also causes 

protein denatura4on and aggrega4on (Permenter et al., 2019). These proteins are degraded 

by proteosomes and lysosomes (Permenter et al., 2019). The HSR is crucial but needs to be 

kept at a minimum because excessive produc4on of reac4ve oxygen species (ROS) produced 

by the mitochondria could lead to oxida4ve stress and death (Fedyaeva et al., 2014).  

According to McEwan & Lasley (2002), animals are capable of adap4ng to stressors and 

returning to their normal state without any health issues. However, if the stressor is severe 

and prolonged, animals may not be able to adjust to the stressor and could develop serious 

health problems (Obernier & Baldwin, 2006). Ul4mately, the intensity and dura4on of the 

stressor determine the speed at which animals can adapt and the extent of the physiological 

changes that may occur (Obernier & Baldwin, 2006). 

Rats have a limited ability to regulate their body temperature due to the absence of sweat 

glands and pan4ng mechanisms (Frohlich, 2020). Therefore, high temperatures can be very 

dangerous for rats. Thus, is recommended to keep rats in a temperature range of 18°C to 26°C 

(Frohlich, 2020). They are highly sensi4ve to temperature to the point that any temperature 

above 30°C can cause heat stress in rats, which can lead to heat stroke and respiratory 

complica4ons (Frohlich, 2020).  

1.1.8. Structure and FuncIon of the Respiratory System of the Sprague Dawley Rat 

 

The Origins of the Sprague Dawley Rat 
 
 
Sprague Dawley (SD) Rats (Ra$us norvegicus) are albino rats with an extended head and tail 

that were first bred by Robert S. Dawley at the Sprague-Dawley Animal Company in 1925 
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(Brower et al., 2015; Gileta et al., 2021; Gileta et al., 2022). Dawley bred SD rats using Wistar 

rats, wild stocks, and crossbreeds of those derived from laboratories (Brower et al., 2015). 

Later, new species of SD rats were produced by Charles River Laboratories in the 1950s and by 

the Harlan Laboratory in the 1980s (Brower et al., 2015). Due to being bred by different 

companies and the possibility of different breeding techniques being used, the gene4c quality 

of SD rats may have evolved (Brower et al., 2015).  

 
Sprague Dawley Rats as Models of ScienIfic Research 
 
 
Sprague Dawley rats are used in biomedical research as animal models to aid in understanding 

human phenomena such as diabetes, cancer, and cardiovascular diseases (Brower et al., 2015; 

Gileta et al., 2022). This is due to the similar characteris4cs they share with human beings on 

an anatomical, gene4c, and physiological level (Bryda, 2013).  SD rats are bred with gene4cally 

diverse counterparts and produce various probabili4es of disease manifesta4ons that could 

lead to the development of mul4ple analyses and diverse therapeu4c media4ons (Brower et 

al., 2015). Moreover, their small size, short life span, high sexual maturity and growth rate 

make it possible for many of them to be bred and used for scien4fic studies within a short 

space of 4me (Bryda, 2013; Gileta et al., 2022). Another advantage to the use of SD rats for 

scien4fic studies is the fact that they are cost-effec4ve and provide ease of control in regulated 

environments to facilitate accuracy and repe44on (Bryda, 2013; Gileta et al., 2022). 

 
The Respiratory System of the Sprague Dawley Rat 
 

Sprague dawley rat lungs are pyramid-shaped organs joined to the trachea by the right and 

le` bronchi (Bisgaard et al., 2002). The respiratory system of SD rats is divided into an upper 

and lower respiratory tract (Patwa & Shah, 2015). The respiratory system of SD rats is 
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categorised into two parts - upper and lower respiratory tract (Patwa & Shah, 2015). The nose, 

pharynx, and larynx make up the upper respiratory tract while the lower respiratory tract 

comprises the trachea and lungs, including the bronchi, bronchioles, alveolar ducts, and 

alveoli(Bisgaard et al., 2002). The extrapulmonary airways, specifically the trachea, are lined 

by a pseudostra4fied ciliated columnar epithelium with goblet cells. Goblet cells are abundant 

in the trachea as compared to the intrapulmonary bronchus and respiratory epithelium 

(Mercer & Crapo, 1993; Suckow et al., 2005). The respiratory epithelium also contains non-

ciliated cells such as Clara, secretory, and brush cells (Miller et al., 1993; Suckow et al., 2005). 

In adult rats, the tracheal diameter measures approximately 1.6 to 1.7 mm, and its shape is 

supported by 18 to 24 C-shaped hyaline car4lage rings (Suckow et al., 2005). The lower 

respiratory tract comprises five lobes, with four on the le` (cranial, middle, accessory, and 

caudal) and one on the right. These lobes are further divided into lobules that consist of the 

bronchioles, thin interalveolar septa (IAS) walls, and clusters of alveoli (Kling, 2011; Khan & 

Lynch, 2018).  

Bronchioles, IAS walls, and alveoli are collec4vely grouped as lung parenchyma that are 

involved in gaseous exchange (Suki et al., 2011). Bronchioles are small passageways that 

extend from the bronchi and transport air from the trachea to the alveoli (Patwa & Shah, 2015; 

Suki et al., 2011). They are lined by simple columnar to cuboidal epithelium (Suckow et al., 

2005). Alveoli are small, microscopic air sacs lined by type 1 and type 2 pneumocytes and 

located at the end of the bronchioles where gaseous exchange occurs (Pi<man, 2011). IAS 

walls occur between two adjacent alveoli and are made up of a condensed network of 

capillaries and connec4ve 4ssue fibres. It func4ons in strengthening the alveolar epithelium, 

aids by the regula4on of blood flow, and assists in the transporta4on of oxygen and carbon 
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dioxide gases (Pi<man, 2011). Func4onally, the respiratory system can be subdivided into a 

conduc4ng zone and a respiratory zone (Bisgaard et al., 2002). The conduc4ng zone (the nose 

to bronchioles) is a passageway for respiratory gases such as oxygen and CO2, while the 

respiratory zone (alveoli ducts to alveoli) is the site of gaseous exchange (Bisgaard et al., 2002). 

These structures are supported by collagen type II; contribu4ng to the elas4city and flexibility 

of the treachea and bronchi; and smooth muscle (to keep all airways patent) allowing for 

adequate airflow  for gas exchange and thermoregula4on. SD rat lungs mainly func4on as a 

site of gaseous exchange in the alveolar region when air and blood are colonized across a large 

epithelial surface area that is highly permeable to gases (Knudsen & Ochs, 2018). This surface 

area is known as the blood-gas barrier (BGB) and is the passage site for respiratory gases in all 

vertebrates (Maina & West, 2005). Moreover, it is structured in such a way that it enables 

efficient gas exchange to take place (Maina & West, 2005).  

Structure of the Pulmonary Blood-Gas Barrier 
 

The pulmonary BGB is thin, strong, and made up of three layers: the alveolar epithelium, a 

fused basement membrane, and a capillary endothelium (Leiby et al., 2020; Maina & West 

2005) (Fig. 1). The alveolar epithelium consists of Type I and Type II pneumocytes (Mason, 

2006). Type I pneumocytes, which are squamous-shaped cells, make up 95% of the alveolar 

surface and form part of the BGB epithelial layer (Mason, 2006; Hakim & Usmani, 2014). Type 

II pneumocytes are a type of lung cell that are cuboidal in shape and cover around 5% of the 

alveolar surface in the lungs (Whitse< et al., 2010; Mason, 2006). These cells are primarily 

responsible for producing and secre4ng surfactant, which helps to reduce surface tension 

within the alveoli and prevent the lungs from collapsing (Kazemi et al., 2019; Brandt & 

Mandiga, 2020). The composi4on of the BGB includes fla<ened cells within both the alveolar 
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and endothelial layers, which collec4vely contribute to its thinness (Kazemi et al., 2019; 

Mason, 2006; Brandt & Mandiga, 2020). 

The thinness, strength, and large surface area of the barrier are crucial for efficient gaseous 

exchange (Makanya et al., 2013; Leiby et al., 2020). This is because these characteris4cs allow 

for the diffusion of gases to occur efficiently and for the barrier to endure stress and maintain 

its integrity (Leiby et al., 2020; West, 2009). According to West (2009), the strength of the 

barrier is a<ributed to the extracellular matrix that is found between the alveolar epithelium 

and capillary endothelium which has type IV collagen (Fig. 1).  

 

 

 

Figure 1: A diagram of the blood-gas barrier. The alveolar epithelium (top), extracellular matrix 
(middle), and capillary endothelium (boPom) are shown. The extracellular matrix between the 
alveolar epithelium and capillary endothelium, which contains type IV collagen, contributes to the 
strength of the BGB. Figure taken from West and Costello (1995). 

 

Despite the strength of the BGB, there are instances when it can be compromised and unable 

to carry out its func4ons (West & Mathieu-Costello, 1999). Makanya et al., (2013) reported 

that mechanical stress compromises the func4onality of the human BGB. West and Costello 
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(1999) supported this by showing that an increase in stress on the walls of capillaries resulted 

in obstruc4on of endothelial and alveolar epithelial layers. Furthermore, it has been shown 

that the stress failure of pulmonary capillaries induces pulmonary oedema and alveolar 

haemorrhage (West & Costello, 1999). Maina & West (2003) studied the pa<erns that 

occurred when the BGB failed to withstand a stressor and summarised these into three 

alterna4ves:  

1) Only the alveolar epithelial cell ruptures while the endothelium and basement 

membrane remain stable.  

2) An endothelial cell ruptures while the rest remains stable.  

3) The en4re BGB ruptures and causes erythrocytes to enter the alveolar space. 

 

1.2. RaIonale for the Study  
 

Climate change poses a threat to the conserva4on of biodiversity, ecosystems, human and 

animal life. The recent IPCC 2021 report projected that temperatures will rise beyond 1.5 °C – 

2 °C in the next decade. Ul4mately, it is an4cipated that heatwaves will become more 

frequent, persistent, and intense in the coming years than previously an4cipated (Meehl & 

Tebaldi, 2004). When this happens, will endotherms be able to cope with the rise in 

environmental temperatures and survive? That ques4on prompted the purpose of this study 

which is to inves4gate whether endotherms will be able to acclimate when exposed to 

constant and high environmental temperatures.   

Understanding the normal structure and func4on of the respiratory system in controlled 

environments will help in documen4ng the altera4ons in the lungs of those who are heat-

stressed. The respiratory systems of rats are similar to those of humans, allowing for results 
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to be applicable across species (Suckow et al., 2005). For the reasons stated above, the 

Sprague Dawley rat (Ra$us norvegicus) model will be an ideal model organism to document 

the effects of chronic heat stress on the morphology of the respiratory system.  

Exposure to acute heat stress can impair lung func4on and morphology and lead to heat-

related illnesses. However, these changes are reversible upon cooling (Bouchama et al., 2017). 

There is a gap in knowledge of the effects of chronic heat stress on the respiratory system. It 

is thus impera4ve to have more studies conducted on this topic. Proper knowledge and 

understanding of the effects of chronic heat on the lung morphology of Sprague Dawley rats 

could contribute to the advancement of data that will help bring solu4ons towards the 

conserva4on of species. 
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1.3. Aim and Objec'ves 
 

Aim 

To inves4gate the effects of chronic heat exposure on the architecture of the lungs of the 

Sprague Dawley rats. 

 ObjecIves 

I. To document the gross morphology of the lung a`er chronic heat exposure. 

II. To document the histology of the lung a`er chronic heat exposure,  using mul4ple light 

microscopy staining techniques.   

III. Use immunofluorescence microscopy to document the major structural components 

of the lungs a`er being exposed to chronic heat. 

IV. To perform a histomorphometric analysis on alveolar size and interalveolar septa 

thickness, to observe changes during the respec4ve temperatures using ImageJ 

analysis so`ware (Schindelin et al., 2012). 
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2. Material and Methods 
 
2.1. Study animals  

 

The animal research ethics commi<ee (AREC) of the University of the Witwatersrand, granted 

a waiver for the conduct of this study (Appendix 1). This study was part of an already approved 

project with the ethics clearance number (AREC 2019/04/19/C) (Appendix 2). Twenty- four 

(24) adult Sprague Dawley rats (Ra$us novergicus domes1cus) aged between six to eight 

weeks were used in the study. They were housed at the Wits Research Animal Facility (WRAF) 

of the University of Witwatersrand. 

2.2. Experimental Design 
 

Twenty-four (n=24) adult rats were assigned individual numbers from one (1) to twenty-four 

(24) using a random number table. They were then divided and housed in three (3) different 

chambers: Chamber one (1) housed the control group (n = 8)  that was exposed to standard 

reference ambient temperature (25 °C) (Haynes, 2014). Chambers two (2) and three (3) 

housed treatment groups B (n = 8) and C (n = 8) which were exposed to heat temperatures of 

33 °C and 34 °C, respec4vely, for  24 hours over four (4) weeks (Fig. 3). Individual cages within 

the chambers housed one rat each, with unlimited access to food and water.  

 Each chamber's floor was covered with wet net material and watered each day (as per 

Washington State University's standard opera4ng procedure, 2018) to maintain a rela4ve 

humidity of 55 % ± 15 % (Fawce< & Rose, 2012). A hygrometer (PCE Instruments, Spain) was 

also used to measure the rela4ve humidity in the chamber and to maintain the specified 

rela4ve humidity experimental procedures. Maintaining a consistent humidity level within 

the chambers was crucial because low levels can result in impaired thermoregula4on and 
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reduced intake of food (Fawce< & Rose, 2012). Moreover, high humidity may limit efficient 

evapora4ve heat loss (Fawce< & Rose, 2012). 

Chamber descripIon  
 

Chambers used in this study had Infrared lamps (EuroLux, China ) which were used to heat 

the chambers for groups B and C only. Each chamber had two (2) infrared lamps hung above 

the cages (Fig. 2), which were connected to a thermocouple (Maxim Integrated, USA) located 

inside the chamber's base. In this study, the thermocouples were used to regulate the 

temperature within each chamber. Each thermocouple was connected to its sensor circuit 

board. When the temperature in each chamber exceeded a specified fixed point (33 °C for 

group B and 34 °C for group C) the thermocouple would automa4cally detect this causing the 

circuit board to turn off the infrared lamps to avoid further temperature rise. Conversely; 

when the thermocouple detected a decrease in temperature below a specific temperature 

point (32 °C for group B and 33 °C for group C), it turned on the infrared lamps causing the 

environmental temperature to rise to their respec4ve specific set points. 
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Figure 2:  The diagram depicts a heat chamber that housed Sprague Dawley Rats in eight cages. It 
exhibits the connecDon between the infrared lamps (indicated by red circles) and the thermocouple 
that measures temperature. The programmable sensor circuit board regulates the temperature by 
controlling the infrared lamp's on and off switch based on the temperature change. The chamber also 
had a hygrometer to maintain the humidity level. (Figure courtesy: Stainbank-Minkova, 2022). 

 
 
 
On day 28 following the rats’ exposure to heat stress, they were euthanised using a weight-

dependent (200 ml/kg) overdose of Sodium Pentobarbital (Kyro Laboratories, South Africa) 

administered via intraperitoneal injec4on (SANS:2008) (Fig. 4). This experiment was 

conducted at WRAF of the University of the Witwatersrand.
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Figure 3: An overview of the experimental design highlighCng the workflow. The Sprague Dawley rats were divided into three(3) groups and exposed to 
various temperatures for twenty-eight (28) days. They were housed in heated chambers and fed water and food daily. A[er 28 days, all rats were euthanised
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2.3. Intra-tracheal InsIllaIon 
 

Following euthanasia, a small incision at the neck region of each rat was made. A cannula 

a<ached to a funnel was then inserted into the trachea and 10% buffered formalin (Merck 

KGaA, Darmstadt, Germany) was poured down, at a pressure of 30cm of water (Reddy, 2013). 

Once the lungs and extrapulmonary airways were filled with the fixa4ve, the cannula was 

removed and the trachea was 4ed using a surgical ligature. Therea`er, the en4re respiratory 

system was dissected from the thoracic cavity and submerged into the 10% buffered formalin 

for two (2) weeks before any further procedures.  

 

Figure 4:  A Ventral view of the rat’s gross morphology. This image depicts how the intratracheal 
insDllaDon was done  (hPps://bitly.ws/Ub6W). 

  

https://bitly.ws/Ub6W
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2.4. Latex CasIng  
 

The purpose of crea4ng latex casts was to express the gross morphology of the Sprague 

Dawley rat lung, in the best possible way, without damaging it and preserve the lung’s natural 

structure (Reddy, 2013). An apparatus that has 2 independent closure valves (with 

a<achments for disposable syringes) that a<ach to a single cannula was used to administer 

liquid latex to the lungs (Fig. 5). Firstly, an incision at the neck region was made and the 

cannula was inserted into the trachea. A ligature was then 4ed around the trachea (loosely) 

to secure the cannula in place. Two syringes were inserted into the respec4ve valves of the 

apparatus; one syringe was empty and the other one was filled with a stock solu4on of 60% 

liquid latex (NJC adhesives, South Africa). The valve housing the latex syringe was closed and 

the other was opened. The lungs were then aspirated by extrac4ng the air in the lungs. This 

was achieved by the suc4on created when pulling the plunger of an empty syringe repeatedly. 

A`er the aspira4on of the lung, the first valve (ini4ally empty valve) was closed and the valve 

housing the latex syringe was then opened. The liquid latex was then injected into the lung 

un4l pressure was perceived. Therea`er, the lungs were dissected out, submerged in water 

and housed in a fridge at ≈ 6 °C to set. A`er one (1) week, the casts were removed and all 

surrounding connec4ve 4ssue was dissected and discarded. 
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Figure 5: The equipment used for latex casCng. The cannula was inserted and secured in the trachea 
in order to administer liquid latex to the lungs using a latex syringe. To aspirate the lung, an air syringe 
was used. Valves 1 and 2 ensured that the lung aspiraDon and latex injecDon were done independently 
(adapted from Reddy, 2013). 
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2.5. Gross Morphology 
 

Following the submersion of the rat’s lungs in 10% buffered formalin for two (2) weeks, the 

surrounding connec4ve 4ssue on the lungs and extrapulmonary airways was removed. 

Following this, these lungs along with the latex casts were fully imaged using an Olympus MVX-

10 Macro Zoom Microscope (Olympus, Japan) fi<ed with an Olympus DP-80 camera (Olympus, 

Japan). A`er this, the formalin fixed lung samples were dissected into dorsal and ventral 

halves along the sagi<al plane. 

2.6. Histology 

 
Sampling of Lung Tissue 

 

As described previously, the lungs were cut into dorsal and ventral halves along the sagittal 

plane (Fig. 6 A). The central points of the sampling regions were established by measuring the 

length of the respective halves of the lungs and dividing it into 3 sections, namely, cranial (Cr), 

middle (M) and caudal (Ca) (Fig. 6 B). These were the defining points to measure the breadth 

of the respective regions. The breadth of each of these regions was measured and divided by 

2 to define a midpoint at which the respective sample 4ssues of 2 mm3 were cut out (Fig. 6 C) 

This systema4c region sampling (Reddy, 2013) helped to document the en4re lung and all the 

changes (if any) that occurred due to heat stress.  
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Figure 6: A diagram depicCng the systemaCc regional sampling procedure for obtaining lung samples 
(adapted from Reddy, 2013). (A) The lung was cut into dorsal and ventral halves. (B) Three (3)defining 
regions were idenDfied (Caudal, middle, and cranial) and (C) The midpoint was established. 
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2.7. Light Microscopy  
 
Tissue Processing, Embedding and SecIoning of  the Sampled Lung Tissue 

  

Shortly a`er fine dissec4ons and sampling, the samples were processed, sec4oned, and 

stained in prepara4on for light microscopy. Sampled lung 4ssues were processed using an 

automated 4ssue processor (Shandon Citadel 2000, Thermo Fischer Scien4fic, UK) following 

standard techniques as outlined by Anderson & Bancro` (2002) at normal room temperature. 

The processor submerged 4ssue samples through 10% neutral buffered formalin, and an 

ascending series of alcohol changes overnight. Finally, 4ssues were submerged in two changes 

of Chloroform and paraffin wax (Appendix 4). A`er processing, the lung 4ssues were 

embedded in paraffin wax (VWR Interna4onal LTD, Dublin, Ireland) on a Miles Scien4fic Tissue 

Tec® Cryo-console (Miles Scien4fic, USA) and le` to solidify. Therea`er, embedded lung 

4ssues were sec4oned using a Leica 2035 Biocut rotary microtome (Leica Instruments GmbH, 

Germany). The sec4ons were cut at a thickness of 5μm using disposable blades (Feather 

Safety Razor Co. Ltd., Japan).  The cut sec4ons were floated in a water bath set to 40 °C and 

then collected on microscope glass slides. All histological procedures were conducted at the 

School of Anatomical Sciences, University of Witwatersrand. 

All the wax suppor4ng and adhering the sec4oned 4ssue to the glass slides was removed using 

xylene. This was followed by rehydra4ng them in a descending series of alcohol changes in 

prepara4on for the respec4ve staining techniques.  
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Mayer’s H&E Stain 
 

A rou4ne Mayer’s Haematoxylin and Eosin (H&E) (Merck KGaA, Darmstadt, Germany) stain 

was used to look at the overall lung structure (Anderson & Bancro`, 2002). A`er staining, the 

sec4ons were dehydrated in an ascending series of alcohol changes, cleared in xylene and 

coverslipped with Entellan moun4ng medium (Merck KGaA, Darmstadt, Germany). 

Haematoxylin stained the nuclei purple, while Eosin stained the cytoplasm and connec4ve 

4ssues pink-red (Chan, 2014) (Appendix 5). 

Modified Verhoeff ElasIc Van Gieson’s stain  
 

The Modified Verhoeff Elas4c Van Gieson’s stain (Merck KGaA, Darmstadt, Germany; Sigma-

Aldrich, Saint Louis, USA) helped to differen4ate between collagen and elas4c fibres found in 

the lungs (Garvey et al., 1991). A`er staining, sec4ons were dehydrated in an ascending series 

of alcohol changes, cleared in xylene and coverslipped with Entellan moun4ng medium 

(Merck KGaA, Darmstadt, Germany). With this staining technique, the nuclei and elas4c fibres 

stained black, collagen stained red,  and muscle fibres stained yellow (Garvey et al., 1991) 

(Appendix 6). 

Periodic Acid- Schiff Stain 
 

The periodic acid Schiff (PAS)(Merck KGaA, Darmstadt, Germany) stain was used to stain 

polysaccharides (Dubray & Bezard, 1982). Shortly a`er staining, sec4ons were dehydrated in 

an ascending series of alcohol changes, cleared in xylene and coverslipped with Entellan 

moun4ng medium (Merck KGaA, Darmstadt, Germany). The PAS stained the glycogen/mucus 

substances red-purplish and stained the nuclei blue (Appendix 6). 
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New Pentachrome stain 
 

The New Pentachrome stain (Sigma-Aldrich, Saint Louis, USA) helped with 4ssue 

differen4a4on (Doello, 2014). A`er staining the sec4ons, they were washed in running tap 

water and dehydrated in an ascending series of alcohol changes, cleared in xylene and 

coverslipped with Entellan moun4ng medium (Merck KGaA, Darmstadt, Germany) (Appendix 

8). The new pentachrome stained.  

• Collagen in red 

• Sulphated mucopolysaccharides in violet,  

• Muscle fibres in orange  

• Car4lage in purple,  

• Erythrocytes in yellow and nuclei in green (Doello, 2014). 

 
RGB Trichrome stain 
 

A novel Red-Green-Blue (RGB) trichrome stain (Sigma-Aldrich, Saint Louis, USA) was used to 

provide a clear 4ssue dis4nc4on by staining the main components of the lung 4ssue (Gaytan 

et al., 2020). A`er staining the sec4ons, they were dehydrated in two (2) changes of 100% 

alcohol, cleared in xylene, and coverslipped with Entellan moun4ng medium (Merck KGaA, 

Darmstadt, Germany). Collagen was stained by Sirius Red, Fast Green stained non-collagenous 

background proteins and Alcian Blue stained the primary components of the matrix ground 

material, glycosaminoglycans and proteoglycans (Gaytan et al., 2020) (Appendix 9). 
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2.8. Immunofluorescence labelling procedures  
 
AnIbodies OpImisaIon 
 

Immunofluorescence was used to iden4fy specific structural components that are within the 

lung and are vital to the respiratory process. This technique removed any background that 

tradi4onal light microscopy may cause, which has been known to obscure vital details or 

produce artefacts and will help to reliably localise and visualise the structural components of 

interest (Im et al., 2019). 

The lung parenchyma was labelled with an4-collagen II (an4-COL2) mouse monoclonal 

an4body (Abcam, UK) conjugated to Goat An4-Mouse Alexa Fluor 594 an4body (Life 

Technologies, NL). The smooth muscle was labelled with an4-alpha-smooth muscle ac4n 

(an4-α-SMA) rabbit polyclonal an4body (Abcam, UK) conjugated to Goat An4-Rabbit Alexa 

Fluor 488 an4body (Life Technologies, NL). Lastly, the sec4ons were labelled with 4’, 6-

diamidino-2-phenylindole, dihydrochloride (DAPI) an4body (Abcam, UK) to label all nuclei 

that were present. 

For all the aforemen4oned primary and secondary an4bodies, posi4ve and nega4ve controls 

were conducted to test for reac4vity, crosstalk/crossover, and op4misa4on of dilu4on factors. 

Op4misa4on of dilu4on factors for the experimental 4ssues was used, using the following 

controls: for an4-α-SMA, the rat colon 4ssue and human tonsil 4ssue were used as posi4ve 

and nega4ve controls, respec4vely. Furthermore, for an4-COL2, the human trachea and 

human heart were used as posi4ve and nega4ve controls, respec4vely. Human heart and 

tonsils were used as nega4ve controls because they lack or minimally the proteins targeted 

by an4bodies (e.g an4-COL2 and an4-α-SMA). Therefore, using the nega4ve controls helped 

to dis4nguish a true signal from background noise or non specific binding. 
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Following this, an analysis of the sec4ons was made and the following dilu4on factors were 

chosen, 1: 200 for an4-α-SMA 1:500 for an4-COL2, and 1:8000 for DAPI. 

Immunofluorescence triple labelling  
 

Slides with sec4ons were dewaxed in xylene and rehydrated in a descending series of 

alcohols. An4gen retrieval was then done by immersing sec4ons in a citrate buffer and placing 

them in a water bath (60 °C). The sec4ons were removed from the water bath, allowed to 

cool and then washed in phosphate buffer solu4on (PBS). Therea`er, a circle was drawn 

around the sec4ons with ImmEdge® PAP Pen (Vector Labs, USA) and then blocked with 10% 

normal goat serum at room temperature (25 °C). They were then incubated with an4-α-SMA 

(ab150301, Abcam, UK)  an4body (1:200) overnight at 4 °C.  

On the second day, sec4ons were washed in PBS and incubated with goat an4-rabbit Alexa 

fluor 488 (Life Technologies, NL) (1:1000) at room temperature (25 °C) in a dark environment. 

Therea`er, sec4ons were washed In PBS and incubated with an4-COL2 (ab88147, Abcam, UK) 

an4body (1:500) at 4°C overnight. On the last day, the sec4ons were washed in PBS and 

incubated with goat an4-mouse Alexa fluor 594 (Life Technologies, NL) (1:1000) at room 

temperature (25 °C). Subsequently, they were washed with PBS  and incubated with DAPI (Life 

Technologies, NL) (1:8000). Finally, sec4ons were washed with PBS, coverslipped with 

fluoromount aqueous moun4ng medium (Sigma Aldrich, USA) and kept in the dark at 4°C un4l 

viewing (Appendix 10). 
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2.9. Microscopy 
 

Following the staining and immunofluorescence procedures, outlined above, the resultant 

slides were viewed and imaged using an Olympus Microscope BX63 OFM (Olympus, Japan) 

fi<ed with an Olympus DP80 camera (Olympus, Japan) using CellSens Dimension so`ware (v 

1.12).  

2.10. Morphometry  

 

Micrographs of sec4ons stained with Mayer’s H&E were obtained using a 40x objec4ve and 

used to measure alveolar size and septal thickness using Fiji version 1.53t image j analysis 

so`ware (Schindelin et al., 2012). By conduc4ng a power analysis (SPSS® version 26), it was 

determined that four (4) measurements per micrograph were an adequate sample size for 

histomorphometry analysis using the random number table and a 100-point quadra4c la~ce. 

Alveolar size and septal thickness were measured using the freehand tool a`er the scale was 

calibrated. The longest diameter (major axis) was used to measure alveolar size, whilst septal 

thickness was determined by measuring the width of the interalveolar septum. A total of 

sixteen (16) measurements per group were taken for determina4on of both the alveolar size 

and septal thickness. The measurements were repeated three 4mes and then the average 

was saved in a Microso` Excel spread sheet (Microso` Corpora4on, 2016). 
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2.11. StaIsIcal analysis  
 

The data was managed in Microso` Excel 2016 (Microso` Corpora4on, 2016) and analysed 

using  SPSS® version 26 (SPSS Inc., Chicago). A Shapiro-Wilks test was used to test for normality 

(p > 0.05).  Since the data was normally distributed, a One-way ANOVA (95% CI) was used to 

test differences between groups. Where significant differences were found, Dunnets and LSD 

post hoc tests were conducted. Dunnets post hoc test compared the treatment groups to the 

control group only, whilst the LSD post hoc test compared the difference between treatment 

groups and the control group. The data was reported as mean ± standard devia4on.  
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3. Results 
 
3.1. Gross Morphology  
 

The lungs from group A (25 °C), which were fixed in formalin buffered solu4on, showed no 

abnormali4es in their gross morphology (Fig. 7 A). Lungs from group B (33 °C) were fixed using 

latex cas4ng and buffered formalin, resul4ng in a smoother surface with minor indenta4ons 

(Fig. 7 B) and no other visible defects (Fig. 7 C). Group C (34 °C) had lighter-coloured lungs 

that s4ll maintained their conical shape (Fig. 7 D).  

 

 

 

 

 

 

 

  

 

 

 

 

Figure 7: Images of the gross morphology of the lungs from control and treatment groups. (A) is a 
dorsal view image of a pair of lungs from group A (25 °C). The lungs appeared to be intact with no 
visible structural changes. (B) Group B (33 °C) displayed a lung fixed in a latex cast, it presented with 
a smooth surface with minor indentaDons and (C) the formalin-buffered fixed lung of group B (33 °C)  
showed no defects. (D) is an external ventral view image of a pair of lungs from group C (34 °C). The 
fixed lung appeared lighter in colour with no abnormaliDes observed.  
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3.2. Light Microscopy  Analyses 
 
 
Systema(c region sampling – lung structure 

 
Figure 8 shows micrographs of the sec4ons displaying the division from the ventral cranial and 

dorsal cranial regions of the lung (Fig. 8 A-B). Addi4onally, it shows the ventral middle, dorsal 

middle (Fig. 8 C-D), ventral caudal and dorsal caudal regions (Fig. 8 E-F). These regions showed 

similar pa<erns of parenchymal division and structural distribu4ons independent of the 

temperature with which the 4ssues were treated. This was the trend seen in all regional 

comparisons. The micrographs (Fig. 8) show all the structural components of the lung; 

enlarged bronchioles and blood vessels. Numerous alveoli, alveolar ducts, and alveolar sacs 

were notable. All these structures were free from any defects. The ventral caudal region will 

be used for all analyses.  
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Figure 8: Micrographs of the new pentachrome and RGB stained secCons displaying the subdivision 
of the lung structure from group A (25 °C). (A-B) represent secDons from the ventral cranial and dorsal 
cranial regions. (C-D) represents secDons from the ventral middle and dorsal middle regions. (E-F) 
represents secDons from the ventral caudal and dorsal caudal regions. The parenchyma of all these 
regions was intact and well subdivided. There were numerous alveoli, large bronchioles, and blood 
vessels. 

A=Alveolus; AS=Alveolar sac; AD = Alveolar duct; BV= Blood vessel; B=Bronchiole; Er= Erythrocytes 

Scale bar = 100 µm
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Lung parenchyma   
 

The Mayer’s H & E and new pentachrome stained sec4ons of the lung parenchyma in group  

A (25 °C) presented no structural changes (Fig. 9 A-B). There were numerous alveoli with oval 

to circular shapes (Fig. 9 A-B). Addi4onally, the alveolar ducts were progressively branching 

and narrowing as they approached the alveolar sacs. These sacs were well opened and no 

defects were observed (Fig. 9 A-B). The bronchial epithelium had high adherence to the 

basement membrane and its integrity was well intact (Fig. 9 A-B).     

In group B (33 °C), there were apparent structural differences compared to group A  (25 °C) 

(Fig. 9 C-D). The alveoli were numerous and round with wider lumens (Fig. 9 C-D). With 

regards to the bronchioles, they were bigger and expanded across the lung parenchyma (Fig. 

9 C-D). Moreover, the pseudostra4fied columnar epithelium was severely peeling off (Fig. 9 

C-D). Clusters of lymphocytes known as Bronchus associated lymphoid tissue (BALT) were 

also present outside the bronchioles (Fig. 9 C-D). Lastly, the blood vessels were larger with 

smooth muscle hypertrophy (Fig. 9 C-D).  

The lung parenchyma of group C (34 °C) was severely damaged (Fig. 9 E-F). The alveoli 

appeared disintegrated with wider lumens, containing an excessive amount of surfactant (Fig. 

9 E-F) and thus larger alveolar spaces were evident (Fig. 9 E-F). Moreover, the blood vessels 

had smooth muscle hypertrophy, as was seen in group B (33 °C). The bronchioles were 

enlarged with excessive collagen deposi4on and BALT around them. The loss of epithelial 

integrity was notable. This is seen by the loss of epithelial adherence to the basement 

membrane (Fig. 9 E-F).
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Figure 9: Micrographs of Mayers H&E and new pentachrome stained secCons of the lung 
parenchyma from the control and treatment groups. (A-B) Group A (25 °C), displayed an intact lung 
parenchyma which has numerous alveoli, alveolar ducts, blood vessels and different types of 
bronchioles that are free from defects. (C-D) Group B (33 °C) had numerous alveoli with wider lumens. 
The blood vessels were larger and had smooth muscle hypertrophy. Bronchioles were larger and the 
loss of epithelium integrity was notable. BALT was also present along the bronchiole. (E-F) Group C (34 
°C) had a severely damaged lung parenchyma. There was excessive surfactant in the alveoli  

A=Alveolus; AS=Alveolar sac; AD=Alveolar duct; BV= Blood vessel; B=Bronchiole; BALT=Bronchiole 
associated lymphoid Dssue; E=Epithelium; RB=Respiratory bronchiole;  TB=Terminal bronchiole;            
S= Surfactant;  Scale bar = 100 µm
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Bronchioles  
 

The bronchioles in group A (25 °C) had intact epithelium with Clara cells (Fig. 10 A-B) compared 

to group B (33 °C) and C (34 °C). The collagen around the bronchioles appeared to be thin in 

comparison to the bronchioles of groups B (33 °C) and C (34 °C) (Fig. 10 A-B). 

In group B (33 °C), the pseudostra4fied ciliated columnar epithelium of the bronchiole was 

severely detached from the underlying basement membrane (Fig. 10 C-D). Besides this 

damage, they were numerous and larger (Fig. 10 C-D). There was also excessive collagen, 

connec4ve 4ssue (Fig. 10 C-D), and BALT deposi4on (Fig. 11 C-D) around the bronchioles.  

Similarly, in group C (34 °C) the pseudostra4fied ciliated columnar epithelium was peeling off 

(Fig. 10 E-F). There was also excessive collagen, connec4ve 4ssue (Fig. 10 E-F), and BALT (Fig. 

11 E-F) deposi4on around the bronchioles compared to group B (33 °C). 
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Figure 10: Micrographs of RGB trichrome stained secCons of the lung displaying bronchioles from 
the control and treatment groups. (A-B) group A (25 °C) had bronchioles with intact epithelium with 
clara cells. (C-D) Group B (33 °C) had larger bronchioles with loss of ciliated pseudostraDfied columnar 
epithelial integrity. Increased collagen deposiDon is also notable. (E-F) Group C (34 °C), show severe 
loss of ciliated pseudostraDfied ciliated columnar epithelial integrity. Excessive collagen and connecDve 
Dssue deposiDon were also visible. 

A=Alveolus; AS=Alveolar sac; AD=Alveolar duct; BV=Blood vessel; B=Bronchiole; BALT=Bronchiole 
associated lymphoid Dssue; CC= Clara cells; C=Collagen; CT=ConnecDve Tissue; E= Epithelium.  Scale 
bar = 100 µm 
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Figure 11: Micrographs of new pentachrome and Mayer’s H&E-stained secCons of the bronchiole 
from the control and treatment groups. (A-B) Group A (25 °C) shows the absence of BALT. (C-D) Group 
B (33 °C) shows the presence of BALT outside the bronchiole and collagen deposiDon. (E-F) Group C 
(34 °C) shows large clusters of numerous cells that make up BALT. 

A=Alveolus; AS=Alveolar sac; AD=Alveolar duct; BV=Blood vessel; BALT=Bronchiole associated 
lymphoid Dssue; E= Epithelium; CC=Clara cells; IAS=Interalveolarsepta; Lym=Lymphocytes; 
N=Neutrophils; Er=Erythrocytes; Scale bar = 20 and 100 µm 

A

B

BV

BV

AD

A

AD

AB

AS

AS

B

CC

A

A

C D

BALT
BALT

BV

B

E

C

A

AS

B

E

BV
A

C

A

Er

E F

BALT

B

E

AS

A
IAS

A

Lym

CT

N

N

Er



42 
 

 
Alveoli 
 
Lung parenchyma is divided into numerous alveoli by thin IAS. (Fig. 12 A-B). Sec4ons stained 

with Mayers H&E from group A (25 °C) showed numerous, oval shaped alveoli with thinner 

IAS compared to groups B (33 °C) and C (34 °C) (Fig. 12 A-B). The RGB trichrome-stained 

sec4ons also showed thin collagen deposi4on around the alveoli and IAS (Fig. 13 A-B). Overall, 

the alveoli were free from any damage or abnormali4es. 

In group B (33 °C), the alveoli were less round/oval and had wider lumens (Fig. 12 C-D and Fig. 

13 C-D). There was excessive infiltra4on of erythrocytes in the alveoli (Fig. 12 D and Fig. 13 C). 

Although majority of the IAS appeared thin, fewer alveoli were seen to have thicker IAS  when 

compared with group A (25 °C) (Fig. 12 D and Fig. 13 C-D).  Numerous type II Pneumocytes 

were also present around the alveoli and IAS wall (Fig. 12 D). Moreover, there was an increase 

in the collagen deposi4on around the alveoli in comparison to group A (25 °C) (Fig. 13 D).  

The alveoli in group C (34 °C) appeared larger (Fig. 12 E-F), and there was even the presence 

of large alveolar space (Fig. 14 A). Pulmonary oedema and excessive surfactant were notable 

in the lumens of the alveoli (Fig. 12 E-F). Moreover, there was increased collagen deposi4on 

and IAS thickness compared to group A (25 °C) and group B (33 °C) (Fig. 13 E-F). Correla4ve to 

group B (33 °C), there was the presence of immune cells around the alveoli and IAS. 

Interes4ngly, where there were immune cells, the collagen deposi4on was more excessive 

(Fig. 13 F).  
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Figure 12: Micrographs of Mayer’s H&E and PAS-stained secCons displaying the alveoli architecture 
from the control and treatment groups. (A-B) Group A (25 °C) had numerous round alveoli and thin 
IAS. (C-D) Group B (33 °C) had wider alveoli with erythrocyte infiltraDon. There were thicker IAS and 
the presence of macrophages, type I and II pneumocytes. (E-F) Group C (34 °C) had larger alveoli that 
had oedema and excessive surfactant. The IAS were thicker.   
 
A=Alveolus; IAS=Interalveolar septa; B=Bronchioles; BV=Blood vessel; Er=Erythrocytes; S=Surfactant; 
Type I=Type I Pneumocytes; Type II=Type II Pneumocytes; M=Macrophages; O=Oedema;  
Scale bar = 20 µm 
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Figure 13: Micrographs of RGB trichrome stained secCons displaying collagen deposiCon around the 
alveoli from control and treatment groups. (A-B) Group A (25 °C) had numerous alveoli with the 
presence of erythrocytes in some alveoli. Collagen deposiDon around the alveoli and IAS was notable. 
(C-D) Group B (33 °C) had oval-shaped alveoli with wider lumens. There was increased collagen 
deposiDon around the alveoli. Thicker IAS infiltrated by immune cells were also notable. (E-F) Group C 
(34 °C) had larger alveoli with wider lumens. There was excessive collagen deposiDon around the 
alveoli and IAS. The IAS were much thicker and infiltrated by immune cells. 
 

A=Alveolus; AS=Alveolar sac; IAS=Interalveolar septa; Er=Erythrocytes; IC=Immune cells; C=Collagen; 
Scale bar = 20 µm 
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Figure 14: Micrographs of Mayer’s H&E-stained secCon displaying enlarged alveolar space from 
treatment group C (34 °C). (A) The lung parenchyma appears to be severely damaged. There was 
pulmonary oedema and excessive surfactant in the alveolar space.   
 
A=Alveolus; B=Bronchiole; BALT=Bronchus associated lymphoid Dssue; BV=Blood vessel; E= 
Epithelium; EAS = Enlarged alveolar space; O= Oedema; S= Surfactant;  
 
Scale bar = 200 µm 
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Blood vessels  
 

Sec4ons of blood vessels from control and treatment groups were stained with the Modified 

Verhoeff Elas4c von Gieson stain. The blood vessels in group A  (25 °C) had thin tunica externa 

with few elas4c and collagen fibres compared to group B (33 °C) and C (34 °C) (Fig. 15 A-B).  

In group B (33 °C), the blood vessel (artery) had hypertrophied tunica media with prominent 

elas4c fibres known as internal and external lamina (Fig. 15 D). In addi4on to this, increased 

collagen deposi4on around the artery was notable (Fig. 15 C-D).  

The blood vessels in group C (34 °C) were more pronounced with smooth muscle hypertrophy. 

They also had more prominent elas4c fibres which appeared darker. (Fig. 15 E-F). Addi4onally, 

excessive collagen and fluid cuffs deposi4on were observed between the bronchioles and 

blood vessels (Fig. 15 E-F). 
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Figure 15: Micrographs of Modified Ver^oeff van Gieson stained secCons of the blood vessels from 
the control and treatment groups. (A-B) Group A (25 °C) had blood vessels with thin tunica externa 
with few elasDc and collagen fibres. (C-D) Group B (33 °C) had larger blood vessels with smooth muscle 
hypertrophy. Prominent elasDc fibres in the tunica media of blood vessels were visible (E-F) Group C 
(34 °C) had blood vessels with more prominent elasDc fibres, increased collagen and perivascular fluid 
cuffs deposiDons were also visible. 
 
A=Alveolus; AS= Alveolar sac; AD= Alveolar duct; BV= Blood vessel; B= Bronchiole; BALT= Bronchus 
associated lymphoid Dssue; C=Collagen; EF = ElasDc fibres; Er= Erythrocytes; PFC= Perivascular fluid 
cuffs; TE= Tunica externa; TM= Tunica media;  
 
Scale bar = 20 and 100 µm 
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Table 1: Summary of the lung structural alteraDons and observaDon a[er chronic heat exposure  
 
 

  
Group A (25 °C) 

 
Group B (33 °C) 

 
Group C (34 °C) 

Lung Parenchyma • Intact lung 
parenchyma 

• Semi intact lung 
parenchyma 

• Damaged lung 
parenchyma 

Structural changes • No 
abnormaliDes 
were observed. 

• Large alveoli 
• Thick interalveolar 

Septa 
• Large blood vessels 
• Smooth muscle 

hypertrophy 
• Large bronchioles 
• BALT 
• Loss of epithelium 

integrity in the 
bronchioles  

• Prominent elasDc 
fibres 

• Excessive collagen 
deposiDon (than all 
groups)  

 

• Larger alveoli 
• Thicker interalveolar 

Septa 
• Large blood vessels 
• Smooth muscle 

hypertrophy 
• Large bronchioles 
• BALT 
• Loss of epithelium 

integrity in the 
bronchioles  

• More prominent 
elasDc fibres 

• Increased collagen 
deposiDon 

• ConnecDve Dssue 
deposiDon 

• Oedema 
• Excessive PAS 

posiDve surfactant 
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3.3.  Histomorphometry 
  
 
There was a significant difference in the mean alveolar size between the 3 groups. A one way 

ANOVA was conducted to check this, resul4ng in P < 0.001 (table 2). Dunne<’s Post hoc tests 

showed that the mean alveoli size was significantly smaller in group A (25 °C) (mean = 3.64µm 

±0.18) compared to group B (33 °C) (mean = 4.22 µm ±0.14)  and C (34 °C) (mean = 4.59µm 

±0.17) (Fig. 16). Similarly, LSD post hoc test showed that the mean alveoli size in group B (33 

°C) was significantly smaller than in group C (34 °C) (Fig. 16).  

 

 

 

 

 

 

 

 

 

 
 
 
Figure 16:  A graph displaying the mean  Alveolar size of each group. The mean alveolar diameter is 
compared between group A (25 °C) and groups B and C (33 °C and 34 °C, respecDvely). The size of the 
alveoli was significantly different between all groups (p < 0.001). 
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With respect to the mean septal thickness, there was a significant difference between the 3 

groups. A one way ANOVA was conducted to check this, resul4ng in P < 0.001 (table 2). 

Dunne<’s post hoc test showed that the mean septal thickness was sta4s4cally thinner in 

group A (25 °C) (mean = 1.10µm ±0.34) compared to group B (33 °C) (mean = 1.82µm ±0.13)  

and C (34 °C) (mean = 2.35µm ±0.15) (Fig. 17). Similarly, the LSD post hoc test showed that 

the mean septal thickness in group B (33 °C) was significantly thinner than in group C (34 °C) 

(Fig. 17).  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 17: A graph displaying the mean thickness of the interalveolar septa. The mean septal 
thickness is compared between group A (25 °C) and groups B and C (33 °C and 34 °C, respecDvely). All 
three groups exhibited staDsDcally significant mean differences in septal thickness (p < 0.001).  
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Table 2: The morphometric values of alveolar size and septal thickness in the three groups. The results 
are shown in mean ± SD. There was a significant staDsDcal difference between the three (3) groups. 
 

 Group A (25 °C) Group B (33 °C) Group C (34 °C) One-way 
Anova 

 Alveolar size 3.64 µm ± 0.18 4.22 µm ± 0.14 4.59 µm ± 0.17 P < 0.001 
 
F = 135.095 

 Septal   
thickness 

1.10 µm ± 0.34 1.82 µm ± 0.13 2.35 µm ± 0.15 P <0.001 
 
F= 126.169 
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3.4. Immunofluorescence Microscopy Analyses 

 

Lung parenchyma 

 

In the micrographs of the immunofluorescence labelled sec4ons of the lung parenchyma, the 

an4-α-SMA is expressed to a higher degree in groups B (33 °C) and C (34 °C), in comparison to 

group A (25 °C) (Fig. 18. A, D, G). The micrographs of sec4ons labelled with an4-COL2, at a low 

magnifica4on, showed no apparent difference between group A (25 °C) (Fig. 18 B) and group 

B (33 °C) (Fig. 18 E). Group C (34 °C) exhibited a high expression of an4-COL2 rela4ve to the 

other groups (Fig. 18 H). For micrographs where an4-α-SMA, an4-COL2 and DAPI overlayed, 

DAPI appears to have low expression in group B (33 °C)	 (Fig. 18 F) compared to group A (25 

°C) (Fig. 18 C) and group C (34 °C) (Fig. 18 I). 
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Figure 18: Micrographs of the immunolabelled secCons of the lung parenchyma of the control and 
treatment groups. The le[ plates represent the anD-α-SMA anDbody (1:200). The Middle plates 
represent the anD-COL2 anDbody (1:500) and the right plates represent the merged micrographs with 
DAPI (1:8000). Note the high expression of anD-α-SMA in micrographs labelled  33 °C and 34 °C, 
respecDvely in comparison to 25 °C. AddiDonally, there was high expression of anD-COL2 in 
micrographs labelled  34 °C in comparison to 25 °C and 33 °C. There was higher expression of DAPI in 
micrographs labelled 25 °C and 34 °C  compared to 33 °C. 
 
B=Bronchioles; BV=Blood vessel;  Scale bar = 100 µm 
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Bronchioles  

In the micrographs of the immunofluorescence labelled sec4ons of the bronchioles. Although 

an4-α-SMA expression was evident around the bronchioles in group A (25 °C)  (Fig. 19 B), and 

groups B (33 °C)  and C (34 °C) (Fig. 20 B, and Fig. 21 B, respec4vely), it was highly expressed 

in group C (34 °C). With respect to an4-COL2 expression, it was notable in all three groups 

(Fig. 19 C, 20 C, 21 C). However, group C (34 °C) exhibited higher expression of an4-COL2 

around the bronchioles (Fig. 21 C) compared to other groups. In group A (25 °C), there was 

high DAPI expression in the epithelial bronchiole (Fig. 19 D) compared to group B (33 °C) (Fig. 

20 D). Similarly, there was a higher DAPI expression around the bronchioles of group C (34 °C) 

(Fig. 21 D). This was especially evident around the BALT (Fig. 21 D). 
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Figure 19: Micrographs of the immunolabelled secCons displaying the bronchiole of group A (25 °C). 
(A) is a bright field micrograph represenDng the immunolabeled bronchioles. (B-D) note the triple 
labelling immunofluorescence micrographs showing anD-α-SMA, anD-COL2 and DAPI. The expression 
of anD-α-SMA relaDve to anD-COL2 is more notable in the bronchiole. In the merged/DAPI micrograph, 
the cells of the epithelium showed high DAPI expression.  
 
A=Alveolus; B=Bronchiole; E=Epithelium;  
 
Scale bar = 20 µm   
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Figure 20: Micrographs of the immunolabelled secCons displaying the bronchiole of group B (33 °C). 
(A) is a bright field micrograph represenDng the immunolabeled bronchioles. (B-D) note the triple 
labelling immunofluorescence micrographs showing anD-α-SMA, anD-COL2 and DAPI. The high 
expression of anD- α-SMA and anD-COL2 are notable in the bronchiole.  
 
A=Alveoli; AS=Alveolar sac; B=Bronchiole; 
 
 Scale bar = 100 µm 
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Figure 21: Micrographs of the immunolabelled secCons displaying the bronchiole of treatment group 
C (34 °C). (A) is a bright field micrograph represenDng the immunolabeled bronchiole. (B-D) note the 
triple labelling immunofluorescence micrographs showing anD-α-SMA, anD-COL2 and DAPI. The 
expression of anD-α-SMA relaDve to anD-COL2 is more notable in the bronchiole. (D) there was high 
DAPI expression around the bronchiole and BALT.  
 
A=Alveolus; AS=Alveolar sac; B=Bronchiole; BALT=Bronchus associated lymphoid Dssue;  
 
Scale bar = 100 µm 
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Blood vessels 

In the micrographs of the immunofluorescence labelled sec4ons of the blood vessels, the an4-

α-SMA expression in group  A (25 °C) (Fig. 22 B) appeared to be low rela4ve to groups B (33 

°C) and C (34 °C) (Fig. 23 B and Fig. 24 A, respec4vely). Interes4ngly, an4-α-SMA expression 

appeared to be more in group C (34 °C) compared to group B (33 °C) (Fig. 24 A). Even the an4-

COL2 expression in group A (25 °C)  (Fig. 22 C) was low compared to groups B (33 °C)  and C ( 

34 °C) (Fig. 23 C and 24 B). It was observed to be higher in group C (34 °C). With respect to 

DAPI expression, it was observed to be lower in group A (25 °C) (Fig. 22 D) compared to groups 

B (33 °C) and C (34 °C) (Fig. 23 D and  Fig. 24 C, respec4vely). The DAPI expression appeared 

to be higher around the cells surrounding the blood vessels of group C (34 °C) (Fig. 24 C). 
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Figure 22: Micrographs of immunolabelled secCons displaying the blood vessel of group A (25 °C). 
(A) is a bright field micrograph represenDng the immunolabeled blood vessel. (B-D) note the triple 
labelling immunofluorescence micrographs showing anD-α-SMA, anD-COL2 and DAPI. (B-C) there was 
low expression of anD-α-SMA and anD-COL2. (D) showed low DAPI expression in the cells of the nearby 
bronchiole.  
 
B=Bronchiole; BV=Blood vessel; Er=Erythrocytes;  
 
Scale bar = 20 µm 
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Figure 23: Micrographs of the immunolabelled secCons displaying blood vessels of group B (33 °C). 
(A) is a bright field micrograph represenDng the immunolabeled blood vessel. (B-D) note the triple 
labelling immunofluorescence micrographs showing anD- α-SMA, anD-COL2 and DAPI. There was a 
high expression of anD-α-SMA and anD-COL2. (D) showed high expression of anD-α-SMA and DAPI.  
 
A=Alveolus; AS=Alveolar sac; BV=Blood vessel;  
 
Scale bar = 20 µm 
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Figure 24: Micrographs of the immunolabelled secCons displaying blood vessels of group C (34 °C). 
(A-C) note the triple labelling immunofluorescence micrographs showing anD-α-SMA, anD-COL2 and 
DAPI. (B-C) there was a high expression of anD-α-SMA and anD-COL2. (C) the anD- α-SMA high 
expression is exhibited. The cells surrounding the blood vessels exhibited high expression of DAPI. 
 
AS= Alveolar sac; B=Bronchiole; BV=Blood vessel; Er=Erythrocytes;  
 
Scale bar = 20 µm 
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4. Discussion 
 

This study u4lised histological and immunofluorescence techniques to inves4gate the 

morphological and func4onal changes occurring in the lungs of Sprague Dawley rats following 

four weeks of prolonged heat exposure. The rats were subjected to varying temperatures: 

Group A (25 °C), Group B (33 °C), and Group C (34 °C). It was observed that severe changes in 

lung morphology occur when the temperature goes above their thermoneutral zone (30-32 

°C). These changes include loss of epithelial integrity, blood vessel rupture, and an increase in 

alveolar and bronchiole size. These changes vary rela4ve to the different temperature levels 

to which each group was exposed. These new environmental temperatures compromise the 

respiratory func4on of the lungs and elicit several defence mechanisms. Some of these 

mechanisms are inflamma4on, collagen deposi4on, immune responses, and excess secre4on 

of surfactant by type II alveolar cells.  

These mechanisms maintained lung homeostasis, repaired cells, and showed animal 

acclima4on to new temperatures. Correla4ve to this, Randall (2010) stated that the 

respiratory passage is vulnerable to disease, making adap4ve immune responses crucial for 

the adapta4on and survival of animals. However, prolonged maintenance of these responses 

can compromise lung func4on and hinder efficient gas exchange (Chen et al., 2018). This could 

lead to irreversible and detrimental pulmonary diseases such as pulmonary alveolar 

proteinosis (PAP), lung emphysema, pulmonary oedema, and chronic obstruc4ve pulmonary 

diseases. 
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This study selected 25 °C as the control temperature as it lies within the recommended 

standard reference ambient temperature of Sprague Dawley rats.  As a result, it was predicted 

that no devia4ons would occur to their normal lung morphology and func4on within this 

temperature range.  

The lung structure of this group displayed the homogeneous and normal structure of a healthy 

individual. It consisted of numerous alveoli and thin IAS. This ensures a large respiratory 

surface area to volume ra4o (SA:V) for efficient gaseous exchange (Reddy, 2013). Thin IAS walls 

decrease the BGB thickness to improve the permeability of oxygen and carbon dioxide that 

are ac4ve in respira4on (Maina & West, 2005). Addi4onally, this group displayed a regular 

amount and distribu4on of elas4c fibres around the blood vessels that became more 

prominent in group B (33 °C) and C (34 °C), as the heat intensity increased. These results 

suggest that prolonged exposure to 25 °C does not affect the lung structure. Therefore, the 

conserva4on of normal lung parenchyma in group A (25 °C) infers that efficient gas exchange 

took place.  

The light micrographs of group B (33 °C) revealed larger blood vessels with smooth muscle 

hypertrophy, which is indica4ve of an adap4ve response. Smooth muscle hypertrophy was 

confirmed by immunofluorescence, which revealed higher an4-α-SMA expression around the 

blood vessels, resul4ng in an amplified vasodila4on response. Vasodila4on is usually the first 

response from heat stress because it increases blood flow, which helps with heat dissipa4on 

and promotes a cooling process through swea4ng and convec4on (Ramanlal & Gupta, 2023). 

Finally, this indicated that vascular remodelling occurred, which helped with increased heat 

tolerance and circula4on in this group. 
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Moreover, as men4oned above, in groups B (33 °C) and C (34 °C)	 the elas4c fibres around 

blood vessels were more prominent than those observed in group A (25 °C). These findings 

correlate with the study by Annoni et al., (2012) that reported prominent elas4c fibres around 

the blood vessels with an increased temperature. Thus, it can be reasoned that the 

morphological changes observed in this study may be a result of func4onal adap4ve 

mechanisms following heat exposure. Prominent elas4c fibres enable the blood vessels to 

expand and recoil to maintain op4mal blood flow (Annoni et al., 2012; Lannoy et al., 2014). 

This is important for op4mal respira4on to maintain a constant change in lung volume 

(Edwards & Annamaraju, 2023). As such, the findings of this study correspond with the 

findings of Santos et al., (2002) and Voelkol & Cool (2003) about pulmonary vascular 

remodelling in response to heat stress. Consequently, the vascular remodelling that occurred 

in this study indicated that group B (33 °C)	acclima4sed to the heat exposure.  

It is known that 95% of collagen 2 is found in the airway car4lage (Liu et al., 2021). 

Interes4ngly,  in this study, collagen 2 was notable in the lung parenchyma as demonstrated 

by the immunofluorescence micrographs. This study also found increased collagen deposi4on 

around the alveoli, bronchioles, and blood vessels in groups B (33 °C) and C (34 °C). Collagen 

is the major component of the extracellular matrix (ECM)  which is deposited during oxida4ve 

stress and is responsible for wound healing (Ma<hew-Steiner et al., 2021; Rodrigues et al., 

2019). Wound healing occurs in several phases that include inflamma4on wherein the 

secre4on of cytokines ac4vates the forma4on of a fibrous clot at the site of injury (Ma<hew-

Steiner et al., 2021; Wells, 2022; Rodrigues et al., 2019).  As such, the presence of collagen in 

the lungs of groups B (33 °C)	and C (34 °C) indicates that injury occurred due to the increased 

heat intensity and that the 4ssue repairing process occurred.  
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It is important to note that the collagen deposi4on around the lungs of  group C (34 °C) was 

significantly more excessive than in group B (33 °C). This shows the extent of damage that 

occurred due to the 1 °C temperature difference. Previous studies have linked excessive 

collagen deposi4on to a chronic lung disease called pulmonary fibrosis resul4ng in altered 

lung morphology (Wells, 2022; Biasin et al., 2017). This will result in a reduced efficiency of 

gaseous exchange as the amount of collagen forma4on, which is beyond what is needed to 

maintain the integrity of the damaged 4ssue (Wells, 2022; Ma<hew-Steiner et al., 2021). The 

individuals in group C (34 °C), were unable to acclimate due to extensive 4ssue damage and 

collagen deposi4on. This prevented effec4ve gaseous exchange and vascular remodelling 

alone was not sufficient for acclima4on.  

Groups B (33 °C) and C (34 °C) also displayed accumula4on of BALT which is part of 

bronchopulmonary adap4ve immune responses, triggered by chronic pulmonary 

inflamma4on or exposure to pathogens (Randall, 2010; Parlak, 2021; Sminia et al., 1989). 

These responses are called induced BALT or iBALT (Randall, 2010; Parlak, 2021; Tschernig & 

Pabst, 2000). BALT works by clearing pathogens and reducing inflamma4on to conserve 

op4mal lung morphology and func4on (Parlak, 2021). This response was absent in group A 

(25 °C). However, the presence of BALT in groups B (33 °C) and C (34 °C) may have been a 

result of pulmonary inflamma4on due to heat exposure. Nevertheless, this inflammatory 

response shortly subsided, as evidenced by the absence of macrophages and leukocytes in 

the alveoli space in group B (33 °C). Consequently, the level of BALT present in group B (33 °C)	 

was significantly lower than in group C (34 °C). This implies that an adequate number of alveoli 

was maintained for sufficient gaseous exchange. The conserva4on of op4mal respiratory 

equilibrium indicates that group B (33 °C) acclimated. This finding is complimentary with 
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studies by Wiley et al. (2009) and Randall (2010) which found that the presence of BALT leads 

to rapid immune responses and increased survival rates of the study animals.  

Contrary to this, group C (34 °C) had visible macrophages and leukocytes, indica4ng that the 

inflammatory response persisted with excessive produc4on of BALT. The increased amount of 

BALT and alveolar size resulted to a reduced SA:V, thereby affec4ng the rate of gaseous 

exchange. These findings correlate with a study by Parlak (2021) which found that the intensity 

and dura4on of heat exposure influence the amount of BALT that will be found in bronchioles. 

Randall (2010) also reported that when BALT levels are elevated, it can remain in the lungs for 

months. This will restrict normal alveolar size and func4on, preven4ng efficient gaseous 

exchange. 

Group B (33 °C), further displayed, loss of epithelial integrity, irregular alveolar structure, thick 

IAS, and fewer alveoli compared to group A (25 °C). Fewer and slightly expanded alveoli 

suggested a slightly decreased SA:V and reduced sufficient gaseous exchange compared to 

group A (25 °C). These findings correlate with a study by Jin et al., (2011) which observed 

alveolar expansion and reduc4on in epithelial integrity in the bronchioles as heat temperature 

increases. The reduc4on in epithelial integrity may be caused by impaired mitochondrial 

func4on or inhala4on of hot air into the airways (Marder, 1983). The epithelia in the lungs 

serve numerous func4ons,  including the produc4on of pulmonary surfactant, protec4on from 

harmful environmental condi4ons, detec4ng s4muli, and triggering defence mechanisms to 

counteract damage or injury (Waters et al., 2012; Barnes et al., 2003). The absence of these 

benefits therefore increases the risk of lung damage (Barnes et al., 2003). However, group B 

(33 °C) had minimal loss of epithelial integrity compared to group C (34 °C), where it 

completely detached from the bronchiole. Therefore, morphological changes observed in 
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group B (33 °C)  indicated that the rats were under heat stress and showed adap4ve changes 

within the lung 4ssue to ensure op4mal gaseous exchange.  

Although group C (34 °C)	exhibited structural changes as those in group B (33 °C), this group 

had severe damage to the lung 4ssue. The difference in the structural changes also highlights 

the dras4c changes that can occur due to a 1 °C temperature difference. In group C (34 °C), 

pulmonary oedema, forma4on of perivascular fluid cuffs, and PAP were observed. 

In this study, pulmonary oedema may have been caused by heat-related oxida4ve stress. This 

stress could have impacted the integrity of the BGB, leading to increased permeability of the 

cellular membrane and subsequent leakage of fluid into the surrounding 4ssues. 

The forma4on of perivascular fluid cuffs around the extra alveolar blood vessels was indica4ve 

of an inflammatory response. Normally, these cuffs help maintain lung balance by preven4ng 

fluid from building up in the alveolar space and instead direc4ng it to the connec4ve 4ssue 

space (Lowe et al., 2010). However, in this study, fluid accumula4on in alveolar space occurred 

despite the presence of cuffs. Instead, this reduced the SA:V, which subsequently decreased 

pulmonary compliance and impaired the gas exchange (Lowe et al., 2010)  

On the other hand, the accumula4on of surfactant was confirmed by a posi4ve PAS stain. 

However, the cause of PAP is not clear. This might be a<ributed to the failure of alveolar 

macrophages and type II pneumocytes to clear the excessive surfactant (Borie et al., 2011; 

Zhao et al., 2010). 

The expansion in the size of alveoli as observed in group C (34 °C) is also a characteris4c of 

hyperinfla4on that occurs due to excessive heat damage on alveoli that surpasses the 

threshold of an acclimatory response (Jelic, 2018). The hyperinfla4on of alveoli is referred to 
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as lung emphysema which is a form of chronic obstruc4ve pulmonary disease (COPD) (Jelic, 

2018). It becomes apparent that exposure to a temperature of 34 °C is detrimental to the 

respiratory func4on of the lung due to the severe damage that occurred. This inhibits heat 

acclima4on as a possible response to inadequate gaseous exchange occurred. 
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5. Conclusion 
 

In conclusion, exposing the lung to different temperatures within the same period results in 

varying degrees of structural and func4onal changes to the lung. These changes include loss 

of epithelial integrity of the bronchioles and increase in alveolar and bronchial size. Group A 

(25 °C) showed no structural abnormali4es. In group B (33 °C), structural changes were 

observed but they were not as severe as those in group C (34 °C). These changes allowed the 

restora4on of op4mal lung func4on and heat acclima4on through immune responses such as 

BALT accumula4on and vascular remodelling.  

Group C (34 °C) sustained severe immune responses that caused major morphological 

changes, thus inhibi4ng respiratory func4on, and preven4ng acclima4sa4on due to hindered 

gaseous exchange. This revealed that immune responses and vascular remodelling may not 

be sufficient to maintain op4mal respiratory func4on, thus exposing the rats to pulmonary 

diseases that are detrimental to their survival. This further highlights the threat global 

warming poses on the survival of endotherms even in the presence of adap4ve metabolic and 

physiological responses. 

5.1. RecommendaIons  
 

This cons4tutes the emergence of immediate interven4ons against the rise of global 

temperatures. To combat this, awareness needs to con4nue being ar4culated globally, 

including the enforcement of green ini4a4ves as na4onal laws and therapeu4c interven4ons 

to protect and conserve species. Furthermore, it is impera4ve to conduct future studies that 

involve subjec4ng the study animals to higher temperatures for prolonged periods of 4me. 
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This would help to determine if their offspring would display phenotypic changes that would 

aid them in adap4ng to the environmental changes.  

5.2. Study LimitaIons 
 

The study’s findings are limited by the absence of acute heat stress exposure, which could 

have provided a more comprehensive understanding of the lungs’ responses across different 

4me frames. A larger sample size would have enhanced the sta4s4cal power to draw more 

robust conclusions. Secondly, the use of intratracheal ins4lla4on for fixa4ve administra4ons 

may have introduced poten4al altera4ons in lung architecture, poten4ally influencing the 

alveolar structure. Therefore, this method can be considered a poten4al source of ar4facts in 

the interpreta4on of the study results. 
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7. Appendices 
 

 
 

Appendix 1: TurniIn report 
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Appendix 2: Ethics waiver 
 

 

   ANIMAL RESEARCH ETHICS COMMITTEE 

Registration number: AREC-101210-002 
 
 
 
 

Date: 03/02/2023  
 
Certificate reference: Waiver 03-02-2023-O 
Category: O 
Applicant: Yolanda Peya 
Department: School of Anatomical Sciences (WITS) 
Tel: 011 717 2713; Email: 1123409@students.wits.ac.za 
 
Re: Waiver from the Animal Ethics Research Committee of the University of the 
Witwatersrand 
 
This letter is to confirm that Yolanda Peya, MSc (Med) student (#1123409) under the 
supervision of Dr Deran Reddy (School of Anatomical Sciences), does not require full Animal 
Ethics Research Committee clearance to undertake the work titled ‘A Morphological Study 
of The Respiratory System of The Sprague Dawley Rat After Chronic Heat Exposure’. 
 
Reason for waiver 
The project is using samples already collected from a completed study that was done by 
Caitlin Stainbank, titled “The histology of heat stressed lungs in Sprague Dawley rats after 
two and four weeks of persistent heat exposure” (AREC #2019/04/19/C) 
 
Details of the study 
The project will assess the effect of chronic heat exposure on the gross morphology of the 
lung and extra pulmonary airways, on the histology of the lung and extrapulmonary airways 
by means of multiple staining techniques and on the major structural components by means 
of Immunofluorescence. The applicant will finally perform a histomorphometric analysis on 
the size of the alveoli, the thickness of Septa and major structural components. 
 
The individual covered by the waiver are Yolanda Peya and Dr Deran Reddy (Wits).  
 
Please contact me should you require further information.   
 
Yours sincerely 
 

 
Prof Frederic Michel 
Chair: Animal Research Ethics Committee 
University of the Witwatersrand 
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Appendix 3: Ethics approval cerIficate 
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Appendix 4: Tissue Processing  

 

The tissue was processed using an automatic tissue processor (Shandon Citadel 1000) as 
follows:  

 

1. 10% buffered formalin  4 hours  

2. 70% alcohol for  1 hour  

3. 95% alcohol for  2 hours  

4. 95% alcohol for  1.5 hours  

5. 95% alcohol for  1.5 hours  

6. 100% Alcohol  for 1 hour  

7. 100% Alcohol for 2 hours  

8. 100% Alcohol for  1 hour  

9. Chloroform for 2 hours  

10. Chloroform  for 2 hours 

11. Wax  for 2 hours  

12. Wax  for 2 hours  
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Appendix 5: Haematoxylin and Eosin staining  
 

Reagents used 

• Haematoxylin                                                       1 g  

• 1000mL Distilled water                                      1000 mL 

• 50.0 g Ammonium alum      50 g  

• 0.2g Sodium iodate      0.2 g 

• 1.0 g Citric acid                 1 g  

• 50 g Chloral hydrate     50 g  

Eosin reagents used;  

• Eosin Y (water soluble)  

• Distilled water  

Hydration 

1. Dewax slides in two changes of xylene for 10 minutes  

2. Immerse in two changes of 100 % ethanol for 3 minutes each 

3. Immerse in 95% ethanol for 3 minutes  

4. Immerse in 70% for 3 minutes  

5. Wash in distilled water for 5 minutes  

The staining procedure; Haematoxylin and Eosin (H&E)  

1. Dewax and hydrate (following hydration steps) 

2.  Place slide in Haematoxylin for 10 minutes  

3. Wash slides in running water for 5 minutes  

4. Dip slides in 1% Acid Alcohol for 5 minutes(Optional)  

5. To counterstain; place the slide in Eosin for 30s to 1 minute  

6. Wash slides in running water  

7. Dehydrate through 70%, 95% and 100% (10 dips or 30s)  

8. Place slide in two changes of xylene for 2 minutes each  

9. Coverslip and let the slides dry  
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Appendix 6: New pentachrome stain 
 

Reagents used:  

• 10% Formaldehyde  

• 6% Nitric Acid  

• 0.5% Toluidine Blue Solution  

• Picrosirius staining solution  

• Alcoholic Picrosirius staining solution (Optional)  

Staining procedure  

1.  Place slides in a staining rack  

2. Dewax and Hydrate slides  

3. Pre-treat with 6% Nitric acid for 5 minutes and directly place the slide in Toluidine 

Blue solution  

4. Stain with 0.5% Toluidine Blue Solution for 5 minutes.  

5. Wash in running tap water until the water becomes clear  

6. Stain with Picrosirius Solution for 5 minutes.  

7. Wash in running tap water  

8.  Stain with an Alcoholic Picrosirius Solution for 5 minutes.  

9.   Dehydrate through an ascending series of alcohol changes;  70%, 95% and 100% (10 

dips or 30s). 

10. Submerge to two changes of xylene. 

11.  Mount slide in Entellen and coverslip  

Results 

Collagen in red, sulphated mucopolysaccharides in violet, muscles in orange, erythrocytes in 

yellow, and nuclei in green.  
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Appendix 7: Van Geison Stain  

Reagents used:  

• 3% Alcoholic Haematoxylin  

• 2% Ferric Chloride, Aqueous  

• Lugo’s Iodine  

• Van Geisons Solution  

• 0.4 % Aqueous ferric chloride  

Staining procedure  

1. Place slides in a rack  

2. Dewax and hydrate (following the steps, as seen in Mayer’s H&E)  

3. Stain the slides in Verhoeff at room temperature for 7 minutes or 3.5 minutes at 60 
oC oven.  

4. Prepare the modified Verhoeff working elastic solution (before use) using;  

• 3 parts 3% Alcoholic Haematoxylin,  

• 2 parts 2% Aqueous Ferric Chloride,  

• 3) 1 part Lugo’s iodine.  

5. Wash in running tap water and carefully agitate the slides for 1 minute  

6. Place slides in 0.4% Aqueous Ferric Chloride for 75 seconds 

7. Wash in running tap water for 5 minutes  

8. Place in Van Geison solution for 1 minute  

9. Dehydrate through an ascending series of alcohol changes;  70%, 95% and 100% (10 

dips or 30s)  

10. Place in two changes of xylene  

11. Mount slides with Entellan and coverslip  

Results:  

Elastic fibres and nuclei in black, collagen red, and muscle fibres are yellow 
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Appendix 8: Red Green Blue (RGB) Trichrome Stain 
 
 

Reagents used;  

• 1% Alcian blue in 3% aqueous acetic acid solution (pH 2.5) 

• 0.04% fast green solution 

• 0.1% picrosirius red solution 

Staining procedure:  

1.  Place slides on the rack  

2. Dewax and hydrate 

3. Immerse section slides in 1% Alcian blue in 3% aqueous acetic acid solution (pH 2.5) 

for 20 minutes 

4.  Rinse slides in running tap water for 5 minutes 

5. Immerse slides in 0.04% fast green solution for 20 minutes 

6. Rinse in running tap water for 5 minutes 

7. Immerse slides  in 0.1% picrosirius red solution for 30 minutes 

8. Rinse in two (2) changes of acidified water for  5 minutes 

9. Dehydrate in two (2) changes of 100% alcohol 

10. Dip in xylene, and coverslip with Entellan mounting medium  

Results  

Sirius Red stained collagen, Fast Green stained non-collagenous background proteins and 

Alcian Blue stained the primary components of the matrix ground material, 

glycosaminoglycans and proteoglycans.  
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Appendix 9: Periodic Acid- Schiff (PAS)  
 

Reagent Reagents used;  

• 0.5% Periodic Acid Solution; 

Add 5g of Periodic Acid in 100ml of distilled water  

• Schiff Reagent 

Test for Schiff reagent: A good Schiff reagent will turn a red-purple colour  

Staining procedure;  

11.  Place slides on the rack  

12. Dewax and hydrate  

13. Oxidise in 0.5 % periodic acid solution for 5 minutes  

14.  Rinse slides in running water  

15. Place in Schiff reagent for 15 minutes  

16. Counterstain in Mayer’s haematoxylin for 1 minute  

17. Wash slides in tap water for 5 minutes  

18. Dehydrate through an ascending series of alcohol changes; 70%, 95% and 100% (10 

dips or 30s)  

19. Dip in two changes of xylene for 2 minutes each  

20. Mount slides with Entellan and coverslip  

 

Results: The PAS stains the glycogen/mucus substances red-purplish and stained nuclei blue.  
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Appendix 10: Immunofluorescence Triple Labelling 
 

 

Reagents Required:  

 

For 26 slides (in paraffin) with ~ 2 sections per slide 

 

Citrate Buffer pH6  

Tri-Sodium Citrate (Di-hydrate)                2.9g 

Dis4lled water                 1000ml 

Mix to dissolve and adjust pH to 6 with 1M HCl 

 

1M Phosphate Buffer Saline pH7.4 (PBS)  

• NaCl        40g 

• Na2HPO4        8.75g 

• KCl                    1g 

• KH2PO4        1g 

• Distilled water       5000ml 

• Antibody Diluent (0,2% Triton in PBS)  

• PBS (1M, pH7.4)       1200ml 

• Triton-X        2.4ml 

 

Normal Goat serum (make up only the amount required for the no of slides) 

 

Normal goat serum                  80ul 

PBS (1M, pH7.4)                   7920ul 

 

 

 

 

Primary anIbody diluIons (Total Volume = 8000ul) 

• Anti-smooth muscle Actin polyclonal (1:200) 
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0,2% Triton in PBS                               7960 ul 

An4-smooth muscle Ac4n polyclonal                     40 ul 

• Anti–collagen II mouse monoclonal (1:500) 

0,2% Triton in PBS                     7984 ul 

Anti–Collagen II mouse monoclonal                    16 ul 

 

Secondary anIbody diluIons (Total Volume = 8000ul) 

• Goat Anti-Rabbit Alexa Fluor 488 (1:1000) 

PBS (1M, pH7.4)                      7992 ul 

Goat Anti-Rabbit Alexa Fluor 488                                 8 ul 

 

• Goat Anti-Mouse Alexa Fluor 594 (1:1000)  

PBS (1M, pH7.4)                      7992 ul 

Goat Anti-Mouse Alexa Fluor 594                                 8 ul 

 

• DAPI (1:10000) 

PBS (1M, pH7.4)                     7999.2 ul 

DAPI                       0.8 ul 
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Fluorescent Labelling: Method 

 

Day 1 - AnIgen Retrieval 

 

1. Dewax and hydrate slides  

2. Draw circles around each section with a PAP pen 

3. Place slides in Citrate Buffer pH6, overnight in a water bath @ 60° C  

 

Day 2- SMA IncubaIon 

1. Allow sections to cool to room temperature                   20min 

2. Wash in PBS/0,2% Triton –X                                 3 x5min 

3. Block sections with 10% Normal goat serum                              1hr@RT 

4. Incubate with Primary antibody (SMA) @4°C in a humid chamber              Overnight  

 

Primary anIbody diluIons:  

An4-smooth muscle Ac4n polyclonal (1:200) 

 

Day 3- Alexa Flour 488 and AC2 IncubaIon 

1. Wash in PBS         3 x10min 

From this step onwards –work in the dark (FOR ALL) 

2. Incubate in the DARK in secondary antibody  

• Goat Anti-Rabbit Alexa Fluor 488 (1:1000)    1-2 hrs @RT 

3. Wash in PBS         3 x10min 

4. Incubate with Primary antibody (AC2) @4°C in a humid chamber               Overnight  

 

Primary anIbody diluIons:  

An4–collagen II mouse monoclonal (1:500) 

 

Day 4- Alexa Flour 594 and DAPI IncubaIon 

1. Wash in PBS         3 x10min 

2. Incubate in the DARK in secondary antibody  
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• Goat Anti-Mouse Alexa Fluor 594 (1:1000)    1-2 hrs @RT 

 

3. Wash in PBS         3 x10min 

4. Incubate with DAPI in PBS (1: 8000)      5min 

5. Wash in PBS          3 x 5min 

6. Mount with anti-fade and store in the dark at 4°C until viewing 

 

 

 

 

 

 

 

 


