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I. INTRODUCTION

 Fescue toxicosis is caused by the fungus Neotyphodium coenophialum that is 

sometimes present in tall fescue grass (Lolium arundinaceum) and makes the fescue 

heat and drought tolerant (Malinowski et al., 2005).  Tall fescue is widely used in the 

midwestern United States as pasture grass, and more than 50% of the tall fescue in the 

United States is infected by this fungus (Jones et al., 2004).  Every year more than 8.5 

million cattle and 700,000 horses graze on tall fescue pasture (Stuedmann and Seman, 

2005).  A conservative estimate by Hoveland (1993) is that there is a loss of over 600 

million dollars annually to the beef industry alone due to fescue toxicosis.  Similarly, 

a more recent estimate is that there is an annual loss of over 1 billion dollars to the 

livestock industry (Panaccione et al., 2001).

 Various ergopeptines alkaloids are produced by the fescue plant and fungus 

symbiotic relationship, which include ergonine, ergovaline, ergogotamine and 

lysergic acids (Porter, 1995).  Of these, ergovaline is the most potent vasoconstrictor 

(Lyons et al., 1986; Aiken et al., 2007).  These toxins bind to adrenergic, serotonergic 

and dopaminergic receptors which result in reduced feed intake (FI), body weight 

(BW) gain, and altered thermoregulatory system (Cross et al., 1995; Oliver, 2005). 

The reproductive performance is affected in both male and female animals (Collier et 

al., 2006).  Animals affected by these toxins include cattle (Cross et al., 1995; Oliver, 

2005), horses (Cross et al, 1995), rabbits (Filipov et al., 1998), sheep (Gadberry et al., 

2003), rats (Spiers et al., 2005) and mice (Varney et al., 1991).

Similarly, heat stress decreases production in cattle and other farm animals 

(West, 2003).  Heat stress reduced FI and body weight gain in rats with fescue 

toxicosis (Settivari et al., 2006).  In the United States, heat stress causes an annual 
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economic loss to the animal industries of $1.69 to $2.36 billion dollars (St-Pierre et 

al., 2003).  The dairy industry is affected the most ($897 to $1500 million dollars), 

followed by the beef industry (370 million dollars), the swine industry ($299 to $316 

million dollars) and the poultry industry ($128 to $165 million dollars) (St-Pierre et 

al., 2003). 

Different responses to fescue toxin in thermoneutral and heat stress conditions 

have been documented using the rat model.  Interestingly, upon exposure to fescue 

toxins, rats decrease their core body temperature at thermoneutrality (Zhang et al., 

1994) and increase their core body temperature under heat stress conditions (Osborn 

et al., 1992; Spiers et al., 2005).  This underscores the importance of studying fescue 

toxicosis in both thermoneutral and heat stress conditions. 

Effects of fescue toxicosis on the immune system have been variable.  Studies 

using cattle and mice have shown that fescue toxicosis lowers white blood cell count, 

mononuclear phagocytic activity and serum prolactin levels (Saker et al., 1998; 

Filipov et al., 1999a; Dew et al., 1990; Settivari et al., 2006).  Similarly, administered 

ergot alkaloids decreased eosinophil count and plasma γ-globulin level, and increased 

clot formation and release of acute phase proteins (Oliver et al., 2000).  In a long-term 

study of mice fed an endophyte infected diet at thermoneutrality, Dew et al. (1990) 

reported an increase in T suppressor cells in the splenocytes of mice.

Few studies have attempted to differentiate the effects of immune system under 

thermoneutral (TN) and heat stress (HS) conditions.  Likewise, studies to identify the 

effects of fescue toxicosis, heat stress, caloric restriction and their interaction have not 

been performed.  In our study, we hypothesized that the combined effect of heat stress 

and fescue toxicosis could affect the immune system more than either acting alone. 
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We also hypothesized that long-term heat stress and fescue toxicosis will allow the 

animal to adapt to these stressors.
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II. LITERATURE REVIEW

1. FESCUE TOXICOSIS    

1.1. Introduction

Tall fescue is widely used as pasture grass in the United States, and is the most 

important cool season grass for farm animals (Sleper and Buckner, 1995).  It is 

considerably resistant to insect attacks and thrives in  marginal, acidic and poorly 

drained soils, in areas of low fertility, and in zones stressed by overgrazing and 

drought (West, 2003).  These advantages are related to its symbiotic relationship with 

the fungus Neotyphodium coenophialum (Malinowski et al., 2005).  However, this 

relationship is the primary cause of toxicosis in animals and warrants a detailed 

analysis to delineate the various changes in the system.

1.2. Toxins in tall fescue grass

Research has shown that fescue plant produces alkaloids that include 

pyrrolizidines (lolines), ergot alkaloids (ergovaline, clavines, lysergic acid, ergosine, 

and ergonine) and pyrrolopyrazine (peramines) (Porter, 1995).  Ergovaline accounts 

for more than 85 % of the ergot alkaloids present in the plant (McCollough et al., 

1994).  Ergovaline is the most potent vasoconstrictor of all the ergot alkaloids present 

in the plant (Aiken et al., 2007) and has a dose dependent vasoconstrictor action on 

the caudal artery of beef cattle.  Peramines and lolines are also isolated from the plant, 

but they do not have any significant effects on animals (Porter, 1995).   
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Ergoline alkaloids (lysergic acid) may be responsible for clinical signs associated 

with fescue toxicosis (Hill et al., 2001), with their absorption being greater compared 

to other toxins in ruminants.  Hill (2005) proposed that lysergic acid was responsible 

for most of the clinical signs associated with fescue toxicosis.  In contrast, Klotz et al. 

(2006) showed that lysergic acid is a weak vasoconstrictor and does not cause 

vasoconstriction at lower doses.  Similarly, in vivo and in vitro studies have shown 

that ergovaline is a potent vasoconstrictor and causes hyperthermia in rats (Strickland 

et al., 1993; Spiers et al., 1995).  Although ergovaline is accepted as the primary 

contributor to symptoms associated with fescue toxicosis, there is the possibility that 

other toxins may contribute to some of the signs of fescue toxicosis (Gadberry et al., 

2003).

Erogovaline concentrations in plants can vary from 2 to 6 microgram/gram 

(Porter, 1995), with effects of soil nitrogen and season on these levels.  Therefore, it is 

important to know the level of ergovaline concentration in forages by animals (Porter, 

1995).  Ergovaline’s toxic concentration is dependent on species of animal studied. 

Horses tolerate a dietary level of 500 ppb, cattle tolerate a maximum of 500 to 700 

ppb, and sheep tolerate a maximum of 1000 to 1500 (Cross et al., 1995).

1.3. Fescue toxicosis and thermoregulation.

Fescue toxicosis affects the thermoregulatory system in various ways.  One way 

is to bind adrenergic and serotonergic receptors to cause vasoconstriction (Oliver, 

2005).  The result is that vasodilation is reduced along with the release of heat from 

the body.  Moreover, the binding to adrenergic receptors causes vasoconstriction of 

bronchioles, which results in an additional strain on heat loss through respiration 

(Osborn et al., 1992).  The other mechanism is the inhibition of the release of nitric 
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oxide which aids in vasodilation (Al-Tamimi et al., 2007).  Because of these effects 

on the thermoregulatory system, there is a greater increase in the core body 

temperature of animals subjected to both heat stress and endophyte (Spiers et al., 

2005; Settivari et al., 2006).  Another interesting feature observed with fescue 

toxicosis is hypothermia in thermoneutral or cold environments (Neal and Schmidt, 

1985; Osborn et al., 1992; Spiers et al., 1995).  Hypothermia associated with fescue 

toxicosis in the rat at thermoneutrality is attributed to a decrease in metabolic heat 

production rate and increased heat loss from the rat’s tail (Spiers et al., 1995).  This 

underscores the importance of studying animals in both conditions, because the 

effects could be markedly different.

1.4. Fescue toxicosis and feed intake

Fescue toxicosis causes a significant reduction in FI of most animals (Hemken et 

al., 1981).  This decrease in FI is documented in cattle, sheep (Schmidt et al., 1982; 

Osborn et al., 1992) and rats (Spiers et al., 2005).  The effect of fescue toxicosis on FI 

is greater during heat stress (Hemken et al., 1981; Spiers et al., 2005; Settivari et al., 

2006).  This reduction is related to the toxins present in the feed, and is not due to the 

consistency of seed in the diet or palatability of feed (Spiers et al., 2005).  Ergot 

alkaloid impact on the autonomic nervous system could be one avenue for alteration 

of FI. Several neurotransmitters affect FI and gut motility.  Ergot alkaloids can bind 

α-2 adrenergic, dopaminergic, serotonergic, and hydroxytryptamine (5-HT) receptors 

(Cross et al., 1995; Oliver, 2005).  Serotonin plays an important role in satiety 

following food consumption.  There is a dose-dependent reduction in FI of rats in 

response to serotonin injection (Pollock and Rowland, 1981).  In the rat model, 

injection of α-adrenergic receptor agonist into the paraventricular nucleus (Wellman 
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et al., 1993) and intraperitoneal injection of dopamine causes a reduction in FI 

(Bednar et al., 1991).  Likewise, prazosin (an α-adrenergic antagonist) administered to 

rats intraperitoneaaly produced a significant increase in FI under heat stress 

conditions (Larson, 1993).  In steers intramuscular injection metoclopromide 

(dopamine antagonist) increased FI, average daily weight gain, serum prolactin and 

cholesterol levels (Lipham et al., 1989; Rhodes et al., 1991).  These reports suggest 

that the effect of fescue toxicosis on FI is receptor mediated.  Although these 

measures improved FI and prolactin levels, their ability to alleviate thermal strain was 

limited

1.5. Effects of fescue toxicosis on body weight and growth rate

Fescue toxicosis causes a reduction in FI which leads to decreased body weight 

gain.  These effects are observed both in thermoneutral and heat stress conditions.  A 

marked (70-78%) reduction in FI and average daily weight gain was observed in rats 

that received an endophyte-infected seed diet during heat stress compared to animals 

at thermoneutrality (Spiers et al., 2005).  Other researchers have also documented 

significant reductions in FI and body weight gain (22 to 79%) of cattle under different 

ambient temperatures (Schmidt et al., 1982).  Similar to other features, the combined 

effects of heat stress and endophyte-infected fescue causes the largest reduction in 

body weight gain in rats and livestock (Gadberry et al., 2003; Spiers et al., 2005; 

Settivari et al., 2006).  Hypoprolactemia could be a possible contributing factor to the 

reduced FI and body weight gain (Cross et al., 1995).  Attempts to separate the effects 

of fescue toxicosis and caloric restriction have shown that fescue toxicosis by itself 

can affect growth rate, nitrogen digestibility, and reproductive performance of farm 

animals (Varney et al., 1991) 
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1.6. Effects of fescue toxicosis on prolactin

Consumption of endophyte-infected fescue causes a significant reduction in 

serum prolactin level in cattle, sheep, and rats (Mizinga et al., 1993; Thompson et al., 

2001; Gadberry et al., 2003).  Binding of ergopeptine alkaloids to dopaminergic 

receptors (Thompson and Stuedemann, 1993; Oliver, 2005) leads to a decrease in 

serum prolactin level.  Decreased prolactin level could lead to reduced milk 

production, a dull and shaggy hair coat, reproductive failure, and immunosuppresion 

(Reber, 1993; Regisford and Katz, 1993; Prasad et al., 1989; Aiken et al., 2006). 

Serum prolactin level is a very sensitive indicator of fescue toxicosis.  Like other 

hormones, prolactin is connected to various systems in the body and a major reduction 

could impact normal functioning of these systems.

1.7. Fescue toxicosis and immune system

Fescue toxicosis impacts the immune system, and various research teams have 

attempted to develop procedures to reduce this effect.  Studies of cattle and rats show 

that ergot alkaloids lower white blood cell count, eosinophil count, γ-globulin level 

mononuclear phagocytic activity and lymphocyte to neutrophil ratio (Saker et al., 

1998; Filipov et al., 1999a; Dew et al., 1990).  They also increase clot formation and 

release of acute-phase proteins in the cattle model (Oliver et al., 2000).  Genomic 

studies have shown reduction in genes corresponding to the T-lymphocyte lineage 

(Settivari et al., 2006), consistent with previous studies which have reported an 

increase in T-suppressor cell percentage in rats fed ergot alkaloids at thermoneutrality 

for 4 weeks (Dew et al., 1990).
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Long-term pasture studies of cattle have suggested that a deficiency of copper in 

endophyte-infected fescue (E+) pastures reduces major histocompatibility complex II 

(MHC) expression and prolactin level in serum.  Supplementing of copper in the diet 

of cattle in endophyte infected fescue pasture, increases MHC II expression (Saker et 

al., 1998).  Similarly, steers grazing on endophyte-infected tall fescue have a lower 

monocytic phagocyte activity compared to steers on endophyte free fescue (E-) 

pastures (Saker et al., 2001).  Supplementing seaweed Ascophyllum nodosum, with 

the regular diet increased MHC II expression and phagocytic activity in steers (Saker 

et al., 2001).  Other efforts to improve immune function have used a vaccine for 

fescue toxicosis and were successful under laboratory conditions (Filipov et al., 

1998). 

Steers fed an E+ diet for 8 months were injected lipopolysaccharide (LPS) 

intravenously and showed a higher pro-inflammatory response compared to controls. 

This was evident from the increased production of cortisol and tumor necrosis factor-

α (Filipov et al., 1999a).  Similar results were obtained using mice which showed an 

increased inflammatory response in response to an ergotamine containing diet 

(Filipov et al., 1999b).  This suggests that fescue toxicosis in thermoneutrality may 

not affect proinflammatory cytokine production.  Similarly, cattle fed an E+ diet also 

had normal or increased humoral response when they were challenged with 

concanavalin and sheep red blood cells (Rice et al., 1997).  In a separate study, Dew 

et al. (1990) documented a 42% increase in T suppressor cells of mice fed an E+ diet 

for 43 days.  Contrary to all other studies, this study showed a decrease in humoral 

immune response to concanavalin and LPS challenges.  The effect of endophyte-

infected tall fescue on immune system function varies with environmental 
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temperature, dose of toxin, period of exposure, and health status of animals under 

observation. 

2. HEAT STRESS

2.1. Thermoregulation 

Homeotherms have the ability to regulate their body temperature, in spite of 

variations in ambient temperature (Baker, 1989).  Metabolism and heat gained from 

the environment are two important sources of heat accumulation in the body.  This 

gained heat must be regulated and dissipated to maintain a normal core body 

temperature (Knochel and Reed, 1994).  Thermoreceptors in the periphery and central 

nervous system send thermal information to the hypothalamus in the brain (Baker, 

1989).  The rostral cooling center in the hypothalamus stimulates the medial satiety 

center, which in turn inhibits the lateral appetite center causing decreased FI and milk 

production (Albright and Alliston, 1972). 

2.2. Heat loss mechanisms

Heat loss by conduction, convection, radiation, and evaporation of water are 

different mechanisms of temperature regulation.  Radiation and convection avenues 

contribute to heat dissipation at low temperatures.  Non-evaporative heat loss is 

reduced at higher temperatures, making animals dependent on convective heat transfer 

to the skin with peripheral vasodilation and both cutaneous and respiratory 

evaporative losses to lose heat (Berman et al., 1985).  A greater shift to the 

evaporative avenue occurs as ambient temperature rises closer to skin temperature 

(Silanikove, 2000).  Convection can be broadly classified into natural and forced 
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convections.  Moving animals or obejectsthrough water or air results in heat transfer 

to these media via forced convection.  Medium density and the thermal gradient 

between the animal and the surrounding medium help in heat transfer from animal to 

surroundings by convection (Bligh and Johnson, 1973; Mercer, 2001).  There is 

actually an inverse relationship between convective heat loss and environmental 

temperature.  As air temperature increases above skin temperature, animals begin to 

gain heat from surroundings (Maia et al., 2005).  Velocity of the surrounding media 

also affects the rate of convective heat transfer (Silanikove, 2000).

 Similarly, animals can also lose body heat by radiant exchange.  All objects with 

a temperature above absolute zero release infrared electromagnetic energy (Mercer, 

2001).  Radiant heat transfer occurs from a higher to lower temperature (Curtis, 

1983), therefore animals and their surroundings can gain heat from the sun during the 

day and lose it in the night.  Similarly, skin color can influence radiant heat exchange, 

and this has been documented using cattle with different skin colors (Hutchinson and 

Brown, 1969).  Animals with lighter coat reflect radiation, while animals with darker 

coat absorb more radiation in the visible portion of the electromagnetic spectrum.

Conduction is heat loss from animal to any stationary object that is in contact 

with the animal.  For instance, contact with any media surrounding the animal could 

help in conductive heat loss (Silanikove, 2000).  Heat loss by conduction is influenced 

by the thermal gradient between the exchanging surface, conductivity of the media, 

and the area of contact with the animal (Schmidt-Nielson et al., 1952).

Evaporative heat loss occurs from cutaneous and respiratory systems. 

Respiratory and cutaneous diffusion causes passive loss of heat (Yousef, 1985) in 

cattle.  An increase in blood temperature increases sweating rate (Buono and Sjoholm, 

1988) which increases heat loss by evaporation.  Previous data suggests that 

11



evaporation of 1.7 milli litres of sweat results in the loss of 1 kcal of heat (Buono and 

Sjoholm, 1988).  Likewise, human studies have shown that up to 600 Kcal heat can be 

lost in a single day by sweating in a dry environment (Buono and Sjoholm, 1988) 

making it a very efficient heat loss mechanism in extreme heat, if humidity is 

conducive for evaporation. 

2.3. Heat stress and immune system

In response to heat stress, endothelial and epithelial cells, and leukocytes undergo 

a complex reaction to protect the body from injury (Gabay and Kushner, 1999). 

Various chemical messengers known as cytokines are released from macrophages in 

response to heat stress.  Proinflammatory cytokines like tumor necrosis factor alpha 

(TNFα) and interleukin1 β (IL1β) are released during heat stress in animals 

(Bouchama et al., 1991; Lin et al., 1997).  Lin et al. (1997) showed that these 

cytokines can also increase intracranial pressure and cause neuronal damage.  These 

damages are not reversed even if body temperature is reduced to its normal levels. 

The proinflammatory cytokine response to heat stress is comparable to that of 

endotoxemia (Abbas et al., 2007).  However, few studies have determined the 

individual and combined effects on the proinflammatory cytokines during heat stress.

2.4. Heat stress and effects on production parameters

Heat stress is a major concern of producers in dairy and beef industry. It affects 

FI, daily bodyweight gain, and reproduction in both sexes (Collier et al., 2006).  Heat 

stress has direct and indirect effects on the animals.  Animals consume less during 

heat stress and the effects of the resulting caloric restriction can be seen in the shifts in 

both hormonal and acid-base profile of the cattle (El-Noughty et al., 1990; Smith et 
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al., 1997; West, 2003).  The reduction in caloric intake with heat exposure is greater 

than the decrease in caloric utilization associated with heat strain (Pereira et al., 

2007).  This has been documented in field studies using cattle.  Like cattle, rats are 

also susceptible to heat stress as evidenced by a significant reduction in FI and daily 

bodyweight gain (Johnson and Stack., 1989; Spiers et al., 2005; Settivari et al., 2006).

3. CALORIC RESTRICTION

3.1. Caloric restriction and immune system

Heat stress and fescue toxicosis reduces FI in animals. Although the average 

daily gain is reduced, there are a few useful effects of caloric restriction.  Caloric 

restriction of 25 to 50% for a prolonged period of time, slows down the aging process 

in rats (Masoro, 2000; Masoro and Austad.,1996; Wanagat et al., 1999).  Long-term 

caloric restriction increases the production of T-lymphocytes in aged rats (Tian et al., 

1995).  These effects are mediated by a reduction in oxygen-free radicals in the 

system.  In growing male rats, caloric restriction increases the CD4+/CD8+ ratio and 

reduces B cell number (Esquifinoa et al., 2004).  Likewise, a 60 % caloric restriction 

decreases the risk of colitis and increases NK cell activity in mice (Shibolet et al., 

2002).  A caloric restriction of 40%  can reduce the pro-inflammatory response in 

mice (Muthukumar et al., 2000), but these effects were documented after four to 

seven months of caloric restriction.

3.2. Caloric restriction and core body temperature

Caloric restriction affects core body temperature in rats.  It reduces thyroid and 

growth hormone levels, metabolic rate, and body mass (Kaplan and Utiger 1978; 
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Severinsen and Munch, 2001).  Severinsen and Munch, (2001) found that restriction 

of one fourth the caloric value of the control diet reduced core body temperature by 

0.04˚C for every 24 hours, compared to starved rats that reduced core body 

temperature by 0.1˚C every 24 hours.  Another study of rats (Duffy et al., 1989) 

showed that resting metabolic rate was lower in caloric restricted and starved rats 

compared to rats that received feed for ad libitum access.  However, the difference 

between maximum and minimum core temperature was more in rats that received 

caloric restrictions compared to those that did not (Duffy et al., 1989).  This leads to 

the suggestion that metabolic rate and the energy released as a result of metabolism 

impact core body temperature (Munch, 1995).  Likewise, rats maintained in E+ diet at 

thermoneutrality exhibit reduced FI and core body temperature (Spiers et al., 2005; 

Settivari et al., 2006).  Genomic analysis (Settivari et al., 2006) has also supported the 

idea of down regulation of genes associated with energy metabolism.

4. INTERACTION BETWEEN STRESSORS

4.1 Effects of heat stress and fescue toxicosis on feed intake

It is a well known that animals reduce their FI in response to fescue toxicosis, 

heat stress, and the combination of both (Aldrich et al., 1993; Larson et al., 1999). 

However, for a long time, the effects of stressors acting alone were unknown.  Later, 

it was documented that rats decrease their FI in both thermoneutral and heat stress 

conditions when fed with an E+ diet (Spiers et al., 1995, 2005).  Rats fed E+ diet in 

thermoneutrality showed an adaptation to FI and increased their FI after three to four 

days of exposure to ergot alkaloids (Roberts et al., 2002; Spiers et al., 2005). 

Similarly, rats which received E- diet in heat also showed an increase in feed intake 
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after three days in heat stress (Spiers et al., 2005).  However, the combination of heat 

stress and E+ produce a greater reduction in FI compared to either acting alone 

(Spiers et al., 2005; Settivari et al., 2006). 

4.2 Effects of heat stress and fescue toxicosis on core body temperature

Peripheral vasoconstriction occurs as a result of fescue toxicosis, and diminishes 

heat loss to result in an increase in core body temperature.  A reduction in nitric oxide 

caused by fescue toxicosis prevents vasodilation in cattle and supplementing nitric 

oxide helps cattle dissipate heat.(Oliver et al., 2000).  This study reported a reduction 

in plasma arginine (a precursor of nitric oxide), nitrite and nitrate levels reduced nitric 

oxide in peripheral blood and hamper vasodilation in cattle.  Previous studies done 

using the rat model have shown that supplementing nitric oxide increases vasodilation 

and alleviates the effects of HS caused by the endophyte infected diet (Al-Tamimi et 

al., 2007).  The bovine model also showed that supplementing nitric oxide reverses 

the effect of endophyte in HS conditions (Al-Tamimi et al., 2007).  This shows that 

supplemeting nitric oxide aides in vasodilation and protects the animal from harmful 

effects associated with increased core body temperature.    

Heat stress, fescue toxicosis,  and their combination cause an increase in core 

body temperature, Rats that received E- diet and heat stress (31˚C) were able to adapt 

and returned to the preheat core body temperatures (Settivari et al., 2008).  The same 

study showed that E+ HS rats continue to increase their body temperature and a lack 

of adaptation was seen in the short term study.  This might be due acute stress and rats 

might need more time to significantly reduce their core body temperature.  However, 

Settivari et al. (2008) reported an adaptation of rats in the long term (3 weeks) HS 

study (31˚C) and significant reductions in core body temperatures after 3 days in HS.
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4.3. Effects of stressors on gross motor activity

Animal activity can be an indication of health status.  Sick rats have lowered 

activity compared to healthy rats due to both the infections and psychological 

disorders associated with illness (Meerlo et al., 1996; Luker et al., 2000).  Similarly, 

caloric restriction of 75% caused a greater reduction in activity compared to rats 25% 

caloric restriction in TN conditions reduces (Severinsen and Munch, 2001).  Spiers et 

al. (2005) reported a trend towards reduced activity in TN conditions compared to 

pretreatment levels. 

The circadian activity follows the same pattern as that of core body temperature 

rhythm in rats (Scales and Kluger, 1987).  The circadian pattern is dependent on light 

in the natural world.  The day light cycles helped rats maintain a circadian rhythm in 

experimental chambers through its effects on suprachiasmatic nucleus in the brain 

(Saper and Breder, 1994).  Gordon, (1993) reported a increase in activity at 2100 after 

lights were turned off and a decrease from 0600 to 0700 when lights were turned on. 

These effects were seen in rats fed endophyte infected diet and maintained at HS 

conditions.  This suggests that endophyte and HS does not alter the circadian pattern 

completely, rather makes the rats follow the same circadian pattern at a higher 

temperature.

5. IMMUNE SYSTEM

5.1. Immune system overview

The immune system protects the body against invading pathogens and 

microorganisms. This system can be broadly classified in to innate immunity and 

adaptive immunity (Flajnik and Pasquier, 2004). In the innate immune system, the 
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host’s protective mechanisms are non-specific (Abbas et al., 2007). These include 

physical barriers like skin, mucous membranes, phagocytes, cytokines and natural 

killer cells (Flajnik and Pasquier, 2004). Phagocytes of innate immune system are 

neutrophils, monocytes, macrophages, dentritic cells and natural killer cells (Figure 

a). Macrophages are a major source of cytokines and nitric oxide. Cytokines are 

polypeptides released in response to microbial pathogens and they assist in immune 

regulation and inflammation.  Pro-inflammatory cytokines TNFα, 1L1, interferon 

gamma (IFNγ) and IL12 are important cytokines of innate immune response (Table. 

1). Neutrophils and macrophages along with cytokines, initiate a complex 

inflammatory cascade, which is an essential feature of innate immune system.
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Table 1. Important cells and physiologic functions of innate and adaptive immune system. 

Abbas et al., 2007.



Inflammation is a response by the host and sets in as soon as the innate immune 

system receives signals of impending danger. Macrophages, neutrophils and mast 

cells release inflammatory mediators such as cytokines, to initiate a complex 

inflammatory cascade (Figure 1; Abbas et al., 2007). Bradykinins, leukotrienes, nitric 

oxide and histamine aid in vasodilation and augment movement of inflammatory cells 

to the tissues or places were the pathogen is present. Pro-inflammatory cytokines, IL1 

and TNFα, cause a wide range of responses which include attraction of neutrophils, 

leukocyte adherence, migration to site of injury, activation of fibroblasts and fever 

(Figure 1; Abbas et al., 2007). Although various other cytokines are involved in the 

innate immune system, IL1, TNF α and 1L6 play a central role in innate immune 

response and thus have been studied extensively (Abbas et al., 2007).
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Figure 1.  Innate immune response and immune cells associated with the process of 
inflammation.  The T-lymphocyte (CD4+ and CD8+) and B-lymphocytes role in adaptive 
immunity are also portrayed. Abbas et al., 2007 .



In contrast to innate immunity, the adaptive immune system has specificity, 

diversity and immunologic memory (Flajnik and Pasquier, 2004).  Specificity of 

adaptive immune system initiates specific response against distinct pathogens.  Cells 

of adaptive immunity such as lymphocytes have specific membrane receptors which 

can detect subtle differences in structure of different antigens (Abbas et al., 2007). 

Diversity helps the adaptive immune system to act against different types of antigens. 

Immunologic memory within the system means that it mounts a more rapid and larger 

response on subsequent exposure to the same pathogen (Flajnik and Pasquier, 2004). 

For example memory B cells produce more antibodies and T cells react more rapidly 

and vigorously when exposed to the pathogen compared to naïve cells.  Adaptive 

immunity is broadly classified in to humoral immune system and cell-mediated 

immune system (Abbas et al., 2007).  Humoral immunity is characterized by 

formation of antibodies from B-lymphocytes.  Antibodies attach to foreign antigens 

and aid in phagocytosis and destruction of these antigens.  Cell-mediated immunity is 

mediated by T-lymphocytes (Figure 1; Abbas et al., 2007).  T-lymphocytes are 

characterized by the expression of certain markers on their surface.  The major 

categories of T-lymphocyte subsets are cluster of differentiation 4+, 8+ and 3+ 

(CD4+, CD8+ and CD3+). The CD4+ (helper-T cells) and CD8+ (cytotoxic-T cells) 

cells are activated based on the type and location of microbes or antigens in the body 

(Figure 1; Abbas et al., 2007).  The primary functional difference between CD4+ and 

CD8+ T-cells is the ability of CD8+ cells to act against intracellular pathogens and 

CD4+ cells ability to act against extracellular pathogens. The CD4+ CD8+ 

percentages have been widely used in the diagnosis of immunosuppressive conditions 

like HIV (Taylor et al., 1989).  Many studies have reported that a balance is needed 
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between these cells for the proper functioning of the immune system (Ander Ryst et 

al., 1998).  The host responds through cell-mediated or humoral immune system or 

both depending on the nature and location of the invading pathogen (Abbas et al., 

2007).  The functions of immune system is very complex and it is very important to 

achieve a moderate and desired response because over or underactivation of the 

immune system can cause undesired effects. 

   

5.2. Lipopolysaccharide admnistration

5.2.1 Introduction

Gram negative bacteria cause a wide variety of clinical diseases in animals and 

humans (Abbas et al., 2007).  Lipopolysaccharide (LPS) is a major component of 

gram negative bacteria.  A natural infection caused by gram negative bacteria can be 

simulated in a research laboratory using lipopolysaccharide challenge (Blackwell and 

Christman, 1997; Hawinger, 2001).

 5.2.2 Mechanism of action  

When LPS is injected, it forms a complex (Figure c) and attaches to the TLR4 

receptor which activates the nuclear factor kappa (NF-κB) signalling cascade (Figure 

1.1; Miyake et al., 2007).  The NF-κB signalling cascade initiates a series of 

phosphorylation events to inhibit κappaB.  Once, this molecule is phosphorylated it 

releases Nuclear factor- κB (NF- κB) to initiate transcription of various 

proinflammatory cytokines IL1, TNFα and 1L6 (Figure 1.1; Blackwell and 
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Christman, 1997; Hawinger, 2001).  The LPS signalling cascade is illustrated in the 

Figureure given below.
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Figure 1.1.  Shows association of TRL4 to LPS, followed by a downward 
signalling cascade to activate production of proinflammatory cytokines. 
Abbas et al., 2007 



5.2.3. Response to LPS

Injection of LPS into an animal stimulates an innate immune response causing a 

marked increase in several proinflammatory cytokines (IL1, TNFα and IL6), cortisol 

levels, as well as inducing fever and decreased gross motor activity (Bison et al., 

2009).  The proinflammatory cytokines TNFα, IL1 and IL6 are released in response to 

LPS and their effects in causing fever are overlapping (Blatteis, 2000; Abbas et al 

2007).  Proinflammatory cytokines initiate production cyclooxygenase-2, which 

enhances the production of prostaglandin E2. Elevation of Prostanglandin E2 in the 

central nervous system, produces fever (Blatteis, 1997).
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Figure 1.2. Shows the the activation of macrophages to produce cytokines TNFα, IL1 and 
IL12. These cytokines act on the endothelial cells to initiate inflammation. Cytokines 
release at different time frames is also depicted in the picture. Abbas et al., 2007.



The inflammatory process in response to LPS is rapid and dynamic.  Likewise, 

TNFα and IL1 levels in response to LPS are different at various time points after LPS 

challenge.  It is widely accepted that a both cytokines are released in greater quantities 

within 2 hours of LPS challenge (Chu et al., 1997, Ellis et al 2005; Abbas et al., 

2007).  It is interesting to note that TNFα peaks first, about 1 to 2 hours after LPS 

challenge and then returns to baseline after 3 to 4 hours of LPS challenge (Figure 1.2; 

Zuckerman and Butter, 1989; Abbas et al., 2007).  The pace at which the levels 

decline in peripheral blood is dependent on the levels of corticosterone in the blood 

(Zuckerman and Butter, 1989; Goujon et al., 1997).  Similarly, IL1 peaks around 2 

hours and then stays above baseline for more than 24 hours (Zuckerman and Butter, 

1989; Bison et al., 2009).  Therefore, while estimating levels of cytokines in serum 

samples from peripheral blood, it is important to consider the time at which samples 

were collected after LPS challenge.

Proinflammatory cytokines are important mediators of sickness behaviour in the 

mice and rat model (Kent et al., 1992; Bison et al., 2009) and reducing the levels of 

cytokines by increasing corticosterone is a major adaptive mechanism by the hosts’ 

immune system (Zuckerman and Butter, 1989; Goujon et al., 1997).  Reduced 

activity, anorexia, lethargy, fever, adipisia and reduced social interaction have also 

been observed in the mice and rat model, when challenged with LPS injection (Weil 

et al., 2006; Bison et al., 2009). These responses are collectively known as sickness 

behaviour.  This is a part of the hosts’ adaptive mechanism to help in recovery from 

LPS challenge (Weil et al., 2006). 

Proinflammatory cytokines stimulate the liver to release acute phase proteins 

such as fibrinogen, beta microglobin, cystein proteinase inhibitor, serum amyloid A 
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and C-reactive protein which play a significant role in the innate immune response 

(Abbas et al., 2007).  These acute phase proteins aid in phagocytosis or recruitment of 

more inflammatory cells to the site of LPS injection. 

5.2.4. LPS and core body temperature

Research done in the mice model has show an increased core body temperature in 

response to LPS challenge (Abbas et al., 2007).  However, reports on core body 

temperature response to LPS in the rat model have not been consistent.  A few papers 

have reported that an increase in body temperature is observed in rats in response to 

LPS challenge in thermoneutral conditions (Klir et al., 1993; Ellis et al., 2005).  These 

studies reported a significant increase in core body temperature and relate its effect to 

increased production of proinflammatory cytokines in thermoneutral conditions. 

Kluger et al. (1997) and Chu et al. (1997) reported a mild increase in core body 

temperature after rats were heat stressed before LPS challenge.  Many other research 

groups have stated that rats do not experience an increase their core body temperature. 

Many groups report that the rat model experiences hypothermia in thermoneutral 

conditions in response to LPS challenge (Lylte et al., 1973; Ishikawa and Hayaishi, 

1982; Kasting and Martin, 1983; Chu et al., 1997; Bison et al., 2009).  For example in 

a recent study doses of  1, 5, 15, 50, 125 and 250 µg/kg BWT were used for IP LPS 

challenge and rats were monitored over a period of 24 hours following LPS challenge 

to monitor core body temperature, activity and cytokine response (Bison et al., 2009). 

This study reported that there was no significant increase in core body temperature in 

the first two hours of study (Bison et al., 2009).  These authors showed that a dose of 

250 µg/kg BWT produced hypothermia at 2 hours of LPS challenge.  However, all 

rats used in the study responded with an increased cytokine production as expected. 
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This observation suggests that LPS had taken effect and it had minimal effect on core 

body temperature and activity in rat model. 

5.3. IL 1 (Interleukin 1)

Interleukin1 was the first cytokine discovered, however scientist later discovered 

that it is produced after TNFα in response to an infection (Dinarello et al., 1986). 

Actions of both these cytokines are overlapping as proinflammatory cytokines and 

share many common features (Dinarello, 1991).  There are two separate IL1α and 

IL1β receptors (Sims et al., 1994). Injecting IL1 produced fever in animals and 

blocking IL1 receptor signalling can prevent fever (Chai et al., 1996).  IL1 when 

secreted in low quantities caused local effects, however, in higher concentrations it 

had systemic effects.  When secreted in higher quantities IL1 can directly activate 

CD4+ memory cells, and CD4+ memory cells initiate production of antibodies from 

B-lymphocytes (Abbas et al., 2007). 

5.4. TNF α (Tumor necrosis factor alpha)

The TNFα is an important mediator of innate immune response in response to 

gram negative bacteria and other systemic infections (Abbas et al., 2007).  TNFα is 

mainly released from macrophages, mast cells and natural killer cell.  The TNFα 

increases vascular permeability attracts leukocytes such as neutrophils and basophils, 

to the site of infection (Tracey et al., 1986; Dinarello, 1991).  This function has both 

useful and harmful effects on host tissues.  On the one hand, it increases permeability 

and allows phagocytic cells to tissues to enhance phagocytosis.  On the other hand, 

increased vascular permeability can lead to shock, sepsis, disseminated intravascular 

coagulation, and death (Tracey et al., 1987).  Structurally, TNF α and IL1 are different 
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and IL1 on its own cannot cause septic shock and apoptosis of cells. These effects are 

mainly mediated by TNFα.  Production of TNFα stimulates macrophages to produce 

more IL1.  Effects of TNFα and IL 1 are overlapping and their role in producing fever 

was indistinguishable (Dinarello et al., 1986).

5.5. Lymphocytes

During development of immune cells, they are designated as lymphoid or 

myeloid progenitors.  Lymphoid progenitors result in the formation of T-lymphocytes, 

B-lymphocytes and natural killer cells (Kondo et al., 1997).

5.5.1. T-lymphocytes differentiation and maturation

Mature T-lymphocytes are produced in the thymus.  Following migration of 

lymphocyte precursors to the thymus they can either mature into T-lymphocytes or B-

lymphocytes (Izon et al., 2002).  The activation of T-lymphocytes results in 

production of CD4+, CD8+ and T-regulatory cells.  These cells can act as cytotoxic 

(CD8+) or helper cells (CD4+) depending on the nature of infection (Abbas et al., 

2007).  Precursors of CD4+ T- lymphocytes are transformed to Th1 (T-helper 1), Th2 

(T-helper 2) or recently discovered Th-17 (T-helper 17 cells) (Table 1.1; Harrington, 

2005).  All three have unique effector functions which were initially related to Th1 

and Th2 only (Harrington, 2005). Differentiation of Th0 cells into either Th1, Th2, or 

Th17 cells is mainly related to local cytokine regulation as described in the Figureure 

given below.  The CD4+cells help in countering extracellular organisms and also 

activate humoral immunity (Figure. 1.1; Abbas et al., 2007). The CD4+ cells aid in 

immunological memory and help mount an increased response when the host is 

exposed to the same pathogen subsequently.  The CD8+ cells are mostly involved in 
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eliminating tumor cells, intracellular organisms and virus lodged within the cell 

(Abbas et al., 2007).

The T cell receptors occur in close association with other T cell surface 

molecules.  CD4+ and CD8+ are glycoproteins in surface of T cells, which mediate 

the interaction between the major histocompatibility complex MHC and the T cell 

receptors.  To stimulate T-cell effector functions, an interaction between MHC and T 

cells is needed (Janeway, 1992; Abbas et al 2007).  The CD4+ cells interact with 

MHC II and CD8+ interacts with MHC I, to aid in antigen presentation.  A balance 

between CD4+ and CD8+ is essential for the normal functioning of the immune 

system (Abbas et al., 2007). 
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Table 1.1.  The table shows different T cell surface receptors and depicts Th1, Th2 and Th17 
pathways of CD4+ Cells.  Janeway et al., 2007.



5.5.2. B-lymphocyte overview 

The B-lymphocytes can become either memory cells, or more likely plasma cells. 

The plasma cells pump out secretory antibodies (Ab) which has the same antigen 

binding specificity as parent B cell (Manz et al., 1997; Slifka et al., 1998).  Antibodies 

and T- cell receptors are responsible for the specificity of an immune response.  The 

Abs either occur as soluble molecules in plasma called as immunoglobins or just 

attached to the surface of B cells.  There are different types of antibody isotypes. 

They are useful in neutralization of and phagocytosis of pathogens.

To suppress infection or foreign pathogens, binding of the B cell receptor to the 

antigen is not sufficient, T-helper cells also activate antibody production.  For this to 

occur, co-stimulation by T-helper cells, cytokines and ligand-receptor (MHC II) 

interactions is essential (Ochsenbein et al., 2000).  These interactions result in the 

formation of antibodies that can help in neutralization of microbes, virus, and 

phagocytosis of pathogens.

5.5.3. Natural killer cells overview

Natural killer cells were initially discovered by their potential to act on tumor cell 

lines (Trinchieri, 1989).  Natural killer cells are distinct from T-lymphocytes in that 

they do not have a TCR and CD3 receptor complex, so they were grouped as non-T 

cells (Biron et al., 1987; Trinchieri et al., 1989; Lanier et al., 1992; Wang et al., 

1994).  The NK cells protect our body from various intracellular bacteria like Listeria 

monocytogens, protozoal, viral infections and carcinomas (Scott P at al., 1995; Biron, 

1997; Scharton- Kersten and Sher, 1997).  The NK cells play an important role in the 

innate immune system (Santoli et al., 1978; Gidlund et al., 1978).  Studies after this 
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have shown that natural killer cells produce microbicidal and immunoregulatory 

cytokines like IL4,1L12, 1L5 and 1L 10 (Table. 1; Scharton and Scott, 1993; Warren 

et al., 1995; Biron and Gazzinelli., 1995; Kim and Yokoyama., 1998). 

Proinflammatory cytokines TNFα, and IL1β act together with NK cells in innate 

immunity (Figure. 1.1; Abbas et al., 2007).  
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CHAPTER III

LACK OF ADAPTATION TO FESCUE TOXICOSIS UNDER 
THERMONEUTRAL AND HEAT STRESS CONDITIONS

1. Abstract

Intake of endophyte-infected tall fescue reduces feed intake, activity, and body 

weight gain. This study determined the potential for short-term adaptation to fescue 

toxicosis and heat stress. Male CD outbred rats (n = 24) were implanted with 

temperature transmitters (Respironics, Bend, OR) to measure core temperature 

(Tcore). In addition, feed intake (FI) and body weight (BW) were measured daily to 

examine three basic responses associated with fescue toxicosis using this model. 

Experimental design included several shifts (7 days each) in treatment to detect 

adaptation. All rats were initially fed diets with ground, uninfected tall fescue seed 

(E-) and exposed to 21°C (thermoneutral; TN) to establish baseline values. In Period 

1, all groups were maintained at TN for 7 days, with one group fed a diet containing 

ground, endophyte-infected tall fescue seed (E+; ~165 µg EV/kg BW/d) and two 

groups fed E- diet. This was followed by 7 days at 31°C (heat stress; HS; Period 2) on 

the same diets. All animals were fed E- diet during the second 7 days of HS (Period 

3). In the final 7 days (Period 4), E+ diet was returned to the original group and fed to 

one previously E- group, with the third group remaining on E- diet. In Period 1, FI 

decreased by 40% with E+ treatment (P < 0.05), with a comparable reduction in BW 

(P < 0.05) after 4 days. Initial HS (Period 2) immediately reduced FI in all groups (P 

< 0.05), and diminished differences between E+ and E- groups. Growth stopped in 

controls, and continued to decrease in E+ rats during HS. A shift from E+ to E- diets 

(Period 3) immediately returned FI and average daily gain to control levels. Treatment 
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of the original E+ and one control group with E+ diet (Period 4) produced identical 

reductions in FI and BW (P < 0.05) to indicate that these parameters had not adapted 

to fescue toxicosis.  An expected reduction in daily Tcore with initial E+ treatment 

occurred at TN (P < 0.05), followed by an increase during early HS (P < 0.05). 

Removal of E+ in Period 3 produced a reduction in daily Tcore (P < 0.05) that 

coincided with increase in FI.  Both groups fed E+ in Period 4 exhibited similar Tcore 

responses with no increase from Period 3.  Although feed intake and growth shows no 

sign of adaptation to fescue toxicosis, there is indication that adaptation to heat stress 

improves the thermal response.

2. Introduction

A large portion of the tall fescue (Lolium arundinaceum) in the US contains an 

endophyte (Neotyphodium coenophialum) that benefits the plant, but causes problems 

in animals that are collectively known as fescue toxicosis.  The most common 

symptoms are decreased feed intake and an associated reduction in body weight gain. 

Peripheral vasoconstriction, overgrowth of winter coat, and hyperthermia during heat 

stress are additional signs associated with fescue toxicosis (Strickland et al., 1993). 

Binding of fescue toxins to adrenergic and serotonergic receptors are considered 

major reasons for clinical signs in animals (Oliver, 2005).  A rodent model has been 

developed in our laboratory with evaluated responses that resemble those from bovine 

models of fescue toxicosis, that allows for rapid analysis of many components of this 

condition (Spiers et al., 2005).  Classical studies show that animals are able to adapt to 

numerous stressors such as heat and cold conditions and, in turn, become more 

tolerant of these conditions.  There are no controlled studies that demonstrate 

adaptation to ergot alkaloids and heat stress associated with fescue toxicosis.  We 
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hypothesize that sensitizing rats to these collective stressors might help them maintain 

lower body temperature, with improved feed intake and growth, on subsequent 

exposures.

3. Materials and methods

Animals and treatment

Adult, CD outbred, male rats (400 to 500g BW; n=24) were implanted with a 

transponder (G2 E-Mitter; Respironics, Bend, OR) to measure core body temperature 

(Tcore)  every 10 minutes throughout the study period Data loggers (HOBO Boxcar 

Prodata; Onset Computer Corp., Bourne, MA) were placed in the chamber to record 

ambient temperature and percent relative humidity throughout the study. A xylazine 

(13 mg/ml) and ketamine (87 mg/ml) cocktail, at the dose rate of 0.1 mg/kg BW, was 

used to anesthetize the rats.  E-mitters were sutured to the body wall through 

midventral incision. The incision was closed using simple interrupted sutures. 

Animals were allowed a postoperative recovery period of one week.  Treatment diet, 

containing endophyte-infected fescue seed (E+) was formulated to provide 

approximately 165 µg ergovaline/kg BW/d using standard protocol (Rottinghaus et 

al., 1993).  Control diet, which contained uninfected fescue seed, did not have a 

significant level of ergovaline.  Diets were stored at 4˚C prior to feeding rats.  All 

procedures were approved by University of Missouri Animal Care and Use 

Committee.

Treatment period and sample collection
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After one week of postoperative recovery, all animals were initially maintained at 

thermoneutrality (TN; 21ºC) for seven days and then exposed to a constant heat stress 

(HS; 31ºC) for 21 days (Figure. 1.3).  Relative humidity was maintained at 50 ± 5% 

during this period. Rats were assigned to one of three treatment groups during the 

recovery period.  They consisted of:  1) Control (C) rats that received E- diet 

throughout the entire study, 2) Exposure 1 (Exp. 1) rats that received E+ diet for two 

weeks, followed by one week on E- diet, and a final week on E+ diet, and 3) Exposure 

2 (Exp. 2) rats that received E- diet for three weeks, followed by a final week on E+ 

diet.  Feed composition of treatment and control diets was the same as in previous 

trials (Spiers et al., 2005).  Water and feed were provided for ad libitum intake 

throughout the study.  Feed intake and body weight were measured daily at 1000.  At 

the end of the study, rats were anesthetized using a xylazine (13 mg/ml) and ketamine 

(87 mg/ml) cocktail at the dose rate of 0.1 mg/kg BW.  Blood was collected from 

anesthetized rats using intracardiac puncture.

Statistical analysis

Daily averages were calculated for all data by day (FI and BW) and hour by day 

(Tcore) using a two-way analysis of variance (ANOVA; JMP® 8; SAS Institute, Inc.). 

All parameters were analyzed for significant effects using repeated measures ANOVA 

of SAS and a standard least square model fit (JMP® 8; SAS Institute, Inc.) to ascertain 

time-related changes in these parameters. Model components included treatment, 

time, and animal as class variables to determine overall treatment and time-related 

differences, and treatment by time interactions. Once a significant difference was 

noted for any parameter, a Si Tukey-Kramer multiple comparison test (Steele and 

Torrie, 1980) was performed to identify specific differences (P < 0.05).  A P value of 
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less than or equal to 0.05 was reported as significant.  Linear plot analysis was 

performed using the mean weight of all rats in a treatment group for a particular day.

4. Results

Feed intake

Rats fed the E- diet during the pretreatment period (Days -5 to 7; Figure. 1.4) 

exhibited no diet (P > 0.71) or diet by day effects on feed intake (FI) (P > 0.96).  In 

contrast, FI decreased by 40% on the first day (Day 8) of E+ treatment (Exp. 1; P < 

0.05) in Period 1 compared to the pretreatment period (Day 7).  A significant diet by 

day effect (P < 0.0001) was also observed from Days 8 to14 at TN.  Rats fed the E+ 

diet (Exp. 1) had a lower FI, compared to E-TN rats until Day 14.  From Days 8 to 15, 

the FI of the E+ rats was lower than that of rats fed the E- diet.  Exposure to HS (Days 

15 to 36) produced reduction (P < 0.05) in FI for all treatment groups compared to 

preheat levels (Figure. 1.2, Period 2).  A 35% reduction in FI of E+ rats occurred from 

Days 14 to.  The FI of both E-HS groups was reduced 37% on the first day of HS. 

However, these rats showed signs of adaptation with an increase in FI (P < 0.05) of 

30.76% from Day 15 to 16, where it stabilized.  Feed intake increased within 24 hours 

in Period 3 (P < 0.05) when rats were switched from E+ to E- diets (Days 21-28).  The 

Exp. 1 rats increased FI by 47% when returned to E- diet.  There were no treatment 

differences in FI in Period 3 (P > 0.17).  Return to E+ diet in Period 4 produced a 

reduction (P < 0.05) in FI of the Exp. 1 rats when E+ diet was reintroduced (Exp.1, 

Period 4) or presented to the Exp. 2 group for the first time. During this period, there 

was a significant diet (P < 0.0001) and diet by day effect (P < 0.0001).  For Exp. 1 
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rats, FI decreased by 56.21% from Days 28 to 29.  In contrast, the rats receiving E+ 

diet for the first time (Exp. 2) reduced FI by 36.6% during this period.

Body weight gain

As expected there was no diet effect (P < 0.95) on body weight during the 

pretreatment period (Days 5 to 7).  However, there was a day effect (P < 0.0001) due 

to normal daily weight gain. A significant day effect (P < 0.0001) was observed when 

rats were fed the E+ diet in Period 1.  Body weight gain was reduced in rats on the E+ 

diet (Exp. 1) after 3 days at TN (Figure. 1.5, Period 1; P < 0.05), while the other 

groups were unaffected.  A linear regression plot from Days 8 to 14 showed a positive 

weight gain for rats in Control and Exp. 2 groups (2.06 g/d and 1.68 g/d, 

respectively).  In contrast, Exp. 1 rats lost body weight at a rate of 2.5 g/d (P < 0.05) 

during this period. 

Although all treatment groups exhibited a reduction in body weight in Period 2 

with exposure to HS (Days 15 to 21, Figure. 3), there was a greater reduction in rats 

on the E+ diet (Exp. 1).  Also, there was a significant day effect (P < 0.0001).  Body 

weight was lowest for all groups during the first two days of HS, followed by a 

gradual increase for only the rats on the E- diet.  A linear plot showed that Control (-

1.7 g/d), Exp. 1 (-3.2 g/d) and Exp. 2 rats (-1.6 g/d) lost weight (P < 0.05) throughout 

this period.  

Change from E+ to E- diets (Days 22-28, Figure. 1.5, Period 3.; Exp. 1) produced 

a return in growth rate within 2 days, even under HS conditions.  During this period, 

there was a significant day effect (P < 0.0001).  A linear plot revealed a daily weight 

gain (P < 0.05) in Control (1.8 g/d), Exp. 1 (2.6 g/g) and Exp. 2 (0.60 g/d) treatment 

groups.
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 The second exposure of rats to E+ during HS (Days 29-36; Period 4; Exp. 1) 

produced significant day (P < 0.0001) and day by diet effects (P < 0.0001).  Rats in 

both E+ groups in Period 4 displayed the same reduction in growth rate compared to 

the control group.  Linear slope values showed weight change in Control (1.81 g/d) 

rats, and significant weight loss (P < 0.05) in Exp. 1 (-3.31 g/d) and Exp. 2 rats (-3.94 

g/d).

Core body temperature

Average daily core body temperature 

Average hourly values are shown in Figure 4 for rats in the three treatment 

groups during the entire period of study.  It can be seen that there are both E+ and 

thermal effects across the four periods of the study that require more detailed analysis. 

There was no difference across treatment groups during the TN adjustment baseline 

period.  In addition, there was no diet (P > 0.87) or diet by day effects (P > 0.42) 

during this period.  Once the rats were placed on E+ diet at TN (Exp. 1; Period 1) 

there was an overall reduction in Tcore (0.22°C; P < 0.05; Figure. 1.6) below rats on the 

E- diet (Figure. 1.7).  During this period, there were significant day effect (P < 

0.0001), but not a diet effect (P < 0.21).  The lowest Tcore was recorded on Day 13, 

which was five days after the start of E+ diet treatment. 

In contrast to the TN response, intake of E+ diet during HS (Exp. 1; Period 2; 

Figure. 1.7) produced an increase in Tcore (0.30°C; P < 0.05) above the level for rats on 

the E- diet. Maximum Tcore for the E+ group (Exp. 1) was 0.50°C above preheat level 

on the fifth day  after the start of HS.  During this period, there were significant 

thermal, (P < 0.0001) day, (P < 0.0001) and diet by day effects (P < 0.0001). 
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All treatment groups in Period 3 had a higher Tcore due to HS compared to 

pretreatment levels with no significant differences between treatment groups.  No E+ 

effect (P > 0.74) was observed, but there were significant day and day by E+ effects 

(P < 0.0001) during Period 3.  Subsequently, E+ diet treatment (Period 4) produced a 

marked increase in Tcore (P < 0.05) of rats (Exp. 2) receiving E+ diet for the first time. 

This effect was nonexistent after several days on the E+ diet (Exp. 2), and was 

different from the initial HS exposure on the E+ diet (Exp. 1).  This increase was not 

observed in rats (Figure 8, Exp. 1, Period 4) previously sensitized to the toxin or HS. 

Hourly core body temperature 

Hourly Tcore for the pretreatment period (Days 1 to 7) showed expected circadian 

changes. Both hour (P < 0.0001) and hour by treatment (P < 0.0001) effects were 

observed.  The highest Tcore was at 0000 to 0200, and corresponded to the time of day 

when rats are most active. A significant decrease (P < 0.05) in Tcore was observed from 

0600 to 0700 before lights were turned on.  Similarly, Tcore started to increase after 

1800 when lights were turned off. These findings are similar to previous reports in the 

rodent model (Gordon, 1993).  The spike in Tcore at 1000 and 1200 is an artifact 

associated with daily feeding time, and is attributable to increased activity and caloric 

intake.  

Rats fed the E+ diet at thermoneutrality experienced a hypothermic response 

(Exp. 1; Period 1; Figure. 1.8)  that was most evident at 0900 to 1000 (P < 0.05) when 

the nocturnal rat reaches its lowest point in its circadian rhythm (Days 11-14). Other 

effects were similar to pretreatment levels.  

Rats exposed to heat stress had a similar circadian Tcore pattern to pretreatment 

level, but only at a higher level (Days 16 to 21).  Heat stress hyperthermia (Exp. 1; 
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Period 2; Figure. 1.9) associated with fescue toxicosis was significant at 0500 to 0700 

(P < 0.05), when the rat exhibits the increase in core temperature of the daily 

circadian cycle,

Circardian variation in Period 4 (Figure. 1.10) showed that rats in Exp. 2 had a 

large spike in Tcore as it was exposed to the toxin for the first time even after adapting 

to HS (Days 30 and 31; Figure. 1.10).  These effects were maximal (P < 0.05) from 

0900 to 1900 when lights were on.  However, after three days the rats exposed to the 

toxin for the first time had adapted with a Tcore only slightly above Exp 1 level 

(Figure. 1.11).  

5. Discussion

Rats fed an E+ diet during heat stress had shifts in FI and growth that changed 

over time.  Likewise, Tcore was altered over time under these conditions (Figure. 4) 

that reflected adaptive shifts in thermal status.

Feed intake

Feed intake was reduced by 40% within 24 hours following the initial intake of 

an E+ diet at TN.  Reduction in feed intake is a sensitive marker of fescue toxicosis. 

More than 50% reduction in feed intake of rats was observed in previous studies when 

animals were fed an endophyte-infected fescue seed diet (Roberts et al., 2002; Spiers 

et al., 2005; Al-Tamimi et al., 2007; Settivari et al., 2008).  Previous studies have 

shown that FI of E+ treated rats gradually improves over time under both 

thermoneutral and heat stress conditions (Spiers et al., 2005).  These effects were 

evident from Day 4 in the current experiment, but they did not reach the levels of 

control animals until the end of the study period.  A similar pattern of recovery from 
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Day 4 at thermoneutrality has also been reported by Roberts et al.(2002).  Decreasing 

feed intake helps rats lower core body temperature when subject to heat stress (Shido 

et al., 1991; Gordon, 1993).  The specific mechanism of recovery in FI is unknown 

and reasons for recovery have not been established. 

The feed intake of E-HS rats was reduced 37% on the first day of heat stress. 

However, control rats showed signs of adaptation and their feed intake increased 30% 

after two days in heat.  These findings are similar to previous studies of rats (Johnson 

and Stack, 1989; Spiers et al., 2005).  Similar to rats, cattle also showed a significant 

decrease in feed intake immediately after exposure to heat stress (Wallace et al., 

1996).  A 10 to 25 % drop in feed intake was observed in cattle on the first day of 

exposure to heat stress at 29˚C (Kibler et al., 1965).  This suggests the rat model 

follows a pattern similar to cattle in reduction of feed intake.  Reduced FI may be due 

to decreased duration, frequency and quantity of FI (Johnson and Cabanac., 1982; 

Johnson and Strack., 1989).  Al- Tamimi et al. (2007) stated that a decreased FI is an 

adaptive mechanism to lower post prandial heat production. 

Feed intake in all rats increased when switched from E+ diet to E- diet. 

Recovery of feed intake occurred within 24 h with a switch from E+ to E- diets 

(Figure. 1.4, Period 3; Exp. 1). The Exp. 1 rats had an increase in FI of 47% when 

returned to E- diet, which was equal to E- control level.  This experimental protocol 

involving removing and reintroducing endophyte in rat diets has not been previously 

used.  However, past studies have clearly shown that the effect of endophyte and heat 

stress causes a greater decrease in feed intake compared to heat stress alone in cattle, 

lamb, and rat models used to study fescue toxicosis (Osborn et al., 1992; Gadberry et 

al., 2003; Spiers et al., 2005).  This is the first time that this type of study is done as 

earlier studies have not attempted to study effects sensitizing rats to the toxin.
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This study demonstrates that feed intake was reduced in response to heat stress or 

intake of endophyte-infected fescue seed, with a greater decrease occurring with the 

combination of both stressors (Figure. 1.4).  These results are consistent with previous 

studies using rats (Osborn et al., 1992; Spiers et al., 2005; Al-Tamimi et al., 2007). 

Spiers et al. (2005) also reported a gradual recovery of feed intake when rats were 

continuously fed the E+ diet.  However, they did not examine recovery and adaptation 

by removing them from the E+ diet followed by re exposure.  In the present study, it 

was clear that repeated intake of the E+ diet did not help the rats to maintain a higher 

feed intake when taken off the E+ diet and then returned to it again (Figure. 1.4). 

Spiers et al. (2005) suggested that this reduction in FI is not due to palatability of the 

diet.  A lack of adaptation in feed intake could have a significant economic impact if 

similar effects are seen in cattle, as reported in earlier studies (Hemken et al., 1981; 

Osborn et al., 1992) 

Body weight

A reduction in body weight occurred in the present study in response to intake of 

the E+ diet, heat stress, and the combination of both.  The greatest effect was 

observed with the combination (Figure. 1.5).  These results are consistent with 

previous results (Spiers et al., 2005; Al-Tamimi et al., 2007).  Average daily body 

weight gain is reduced in the same pattern as feed intake, however it takes 

considerably longer for weight to recover compared to feed intake.  Past studies 

reported a 63% decrease in average daily gain at thermoneutrality when rats were fed 

an endophyte-infected diet compared to those fed an uninfected diet (Neal and 

Schmidt, 1985).  Similarly, a decrease of 22 to 79% in body weight was observed in 
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cattle, when fed with endophyte-infected diet at thermoneutrality (Schmidt et al., 

1982; Stuedemann et al., 1986). 

Rats fed E+ diet in heat stress experienced a greater reduction in body weight (-

3,2 g/d) compared to control rats (-1.6 g/d).  This is in agreement with previous 

studies using rats (Roberts et al., 2002) and sheep (Gadberry et al., 2003).  Spiers et 

al. (2005) also reported a greater reduction in body weight of E+HS rats compared to 

E-HS rats.  In this earlier study, E+HS rats never reached the body weight of E-HS 

rats.

When rats were switched from the E+ to the E- diet in the heat there was an 

immediate recovery in body weight gain (2.6 g/d), but they did not reach the levels of 

control rats which had never received the E+ diet.  This is in agreement other studies 

of heat stress response in rats (Johnson and Cabanac, 1982; De Vries et al., 1993). 

Rats in Exp. 1 and Exp. 2 groups decreased their feed intake in Period 4 and, as a 

result, showed similar decreases in body weight.  This experiment shows that there is 

no significant adaptation of the body weight gain response to intake of endophyte-

infected fescue (Figure. 1.5).  Similar studies of adaptation to intake of the E+ diet in 

the heat have not been done.  

Recent genomic analysis in our laboratory has shown that genes related to protein 

catabolism and gluconeogenesis were upregulated at thermoneutrality (Settivari et al., 

2006).  Even if rats started eating more, the effect of ergopeptine alkaloids on the 

mitochondrial genes corresponding to ATP may prevent them from gaining weight 

and reaching body weights of E- rats (Settivari et al., 2006).  Similar effects in beef 

cattle could cause heavy losses to farmers and sensitizing cattle to the toxin may not 

help them improve their body weight gain.
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Core body temperature

Rats in the present study on the E+ diet exhibited both hypothermic and 

hyperthermic periods that were associated with the thermal environment. Consistent 

with previous studies (Settivari et al., 2006; Spiers et al., 2005 ), thermoneutral 

hypothermia (0.22°C reduction on the first day of exposure to E+ at TN ) was 

observed when rats in the present study were fed the E+ diet at 21˚C.  By Day 7 on 

the E+ diet the Tcore of these rats did not differ significantly from controls.  This is 

supported by previous reports which state that rats (Settivari et al., 2006) and cattle 

(Osborn et al., 1992) experiencing fescue toxicosis recover from thermoneutral 

hypothermia.

When exposed to heat stress all groups increased Tcore within 24 hours.  However, 

a greater increase was observed in rats fed the E+ diet compared to rats fed the E- 

diet.  This is in agreement with other rat studies (Settivari et al., 2006; Spiers et al., 

2005).  Likewise, there are similar increases in Tcore response to heat stress and fescue 

toxicosis in cattle and sheep (Hoveland, 1983; Osborn et al., 1992; Gadberry et al., 

2003).  In the present study, heat stressed rats showed signs of adaptation after two 

days in the heat, and returned to preheat levels.  This is in agreement with previous 

reports, which showed adaptation of rats to heat stress (Matthew, 1997).  Both heat 

loss and production avenues can be adjusted as a means to lower Tcore.  Adaptive heat 

lose mechanisms would include increased splanchnic and peripheral vasodilation for 

increased convective loss (Horowitz, 1993).  Likewise, evaporative cooling could be 

increased by increasing surface area for evaporation with limb extension, and 

spreading saliva (Schmidek et al., 1983, Hubbard et al., 1982; Gordon, 1993).  Once 

heat loss mechanisms reach their upper limits, the only additional adjustment is to 

lower heat production.  Others have proposed that reduced activity and metabolic heat 

47



production can be used by rats to lower heat production as adaptation to heat stress 

(Shido et al., 1991; Gordon, 1993).  Reduction in caloric intake as seen in the present 

study might, in turn, lower metabolic heat production which would decrease the need 

for excessive heat loss and ultimately result in a decrease in Tcore.

The increase in core body temperature of E+HS rats above E-HS rats is attributed 

to the effects of ergopeptine alkaloids on the thermoregulatory system (Spiers et al., 

1995).  The primary action is increased peripheral vasoconstriction caused by 

adrenergic and dopaminergic binding of egopeptine alkaloids (Aldrich et al., 1993; 

Oliver., 2005).  Another possible reason is the inhibition of nitric oxide activity which 

is needed for vasodilation in the heat to increase convective heat exchange (Al-

Tamimi et al., 2007).  The Tcore of E+ rats remained above that of E-HS rats until they 

were taken off E+ diet.  Previous studies have reported that rats adapted to E+ diet in 

thermoneutral and heat stress conditions (Roberts et al., 2002).

Genes corresponding to carbohydrate, lipid, and protein metabolism may be 

altered to help rats adapt to decreased caloric intake and increased Tcore (Settivari et 

al., 2006). Settivari et al. (2006) reported upregulation of genes involved in 

gluconeogenesis, which include phosphoenolpyruvate carboxykinase and fructose-1-

6-biphosphatase.  Since, gluconeogenesis helps rats derive energy from not 

carbohydrate sources like stored fat, it helps rats to maintain a normal energy balance 

inspite of lower feed intake.

In the present study, rats showed an adaptive response of Tcore when exposed to 

thermal stress in Period 4.  Previous exposure to toxin (Period 2, Figure. 1.7) helped 

the rats to maintain a lower Tcore (Figure. 1.7) compared to rats that received toxins for 

the first time.  One possible explanation from previous data in our lab, is the 

upregulation of CYP 450 genes in liver when exposed to the toxins for the first time, 
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which may help to detoxify ergot toxins on subsequent exposure.  Another new 

finding is the greater difference in Tcore observed during the day (Figure. 1.10) when 

rats were exposed to heat stress and toxin for the second time.  We do not know why 

these differences are seen during the day. Since, core body temperature shows an 

adaptive response a detailed analysis is needed to ascertain the physiology of 

adaptation and other new findings in the study. 

6. Summary

The current study shows that there is a lack of adaptation to fescue toxicosis and 

heat stress for of feed intake and body weight gain.  Core body temperature response 

to heat stress does exhibit adaptation over time.  Once rats adapt to heat stress, the 

hyperthermic response to fescue toxicosis in the heat is diminished.  Because of this 

adaptive response, it might be useful to expose animals to the toxin before peak 

summer heat to enable to provide an imporved response to fescue toxicosis and heat 

stress.  Mortality associated with this combination of stressors might also be avoided. 

Future studies should be aimed at looking at other physiological parameters and genes 

related to the adaptive responses. 
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Figure 1.3.  Timeline of the study showing E+ and E-  rats maintained in different thermal 
environments.  The time-line also shows the number of days that rats were exposed to 
each of the stressors.
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Figure 1.5.  Average body weight gain of Control, Exp. 1 and Exp. 2 
groups is shown.  Solid lines divide TN baseline, diet treatment at 
TN, HS and diet treatment, HS baseline, and return to diet treatment 
in the heat.  An asterisk (*) indicates a significant E+ effect compared 
to E- groups.  The vertical lines above and below the first and last 
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Figure 1.6.  Average hourly core body temperature of rats in the Control, Exp. 1 and 
Exp. 2 groups over the entire study period.  Solid lines divide the different periods 
that include in order thermoneutral baseline, diet treatment at thermoneutrality, heat 
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to E+ treatment.  Figure shows core body temperature of all rats during entire study 
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treatment.  An asterisk (*) indicates a significant endophyte effect compared to 
endophyte free groups.  Both of these effects are discussed in detail in the text. 
The vertical lines above and below the first and last points indicate + SE.
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Figure 1.8.  Hourly core body temperature averaged by group and averaged 
for days 11 to 14 for Control, Exp. 1, and Exp. 2 groups.  An asterisk (*) 
indicates a significant difference from previous hour of day.  The vertical 
lines above and below the first and last points indicate + SE.
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Figure 1.9. Hourly core body temperature averaged by group and averaged 
for days 16 to 21. An asterisk (*) indicates a significant difference from 
previous hour of day Control, Exp. 1, and Exp. 2 groups.  The vertical lines 
above and below the first and last points indicate + SE.
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Figure 1.10. Hourly core body temperature averaged by group and averaged 
for days 30 and 31. An asterisk (*) indicates a significant difference from 
previous hour of day Control, Exp. 1, and Exp. 2 groups.  The vertical lines 
above and below the first and last points indicate + SE.
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Figure 1.11.  Hourly core body temperature averaged by group and averaged for 
days 33 to 36 for Control, Exp. 1, and Exp. 2 groups.  An asterisk (*) indicates a 
significant difference from previous hour of day for Control, Exp. 1, and Exp. 2 
group The vertical lines above and below the first and last points indicate + SE.



CHAPTER II

EFFECT OF HEAT STRESS AND ERGOPEPTINE ALKALOIDS
ON THE IMMUNE SYSTEM OF RATS

1. Abstract

There is very limited information on the effects of heat stress and ergopeptine 

alkaloids on the immune system.  Therefore we looked at a broad immune response in 

the rat model used to study fescue toxicosis. Rats were implanted with intraperitoneal 

telemetric transmitters to measure core body temperature (Tc) and activity.  They 

were fed diets containing ergopeptine alkaloids (E+), minus alkaloids (E-), or pair-fed 

(PF to E+). Ergovaline concentration of alkaloids (E+; 32 ug ergovaline/kg BW/d) 

was measured using HPLC. Groups were further divided into temperature treatments 

of thermoneutrality (TN; 21ºC) or heat stress (HS; 33ºC).  All rats received diet 

treatments at TN for 1 week followed by 3 days of constant HS or TN treatment. On 

the fourth day, half of the rats in each treatment group received an intraperitoneal 

lipopolysaccharide (LPS) challenge (100µg/kg body weight) and the other half were 

injected with sterile saline.  Feed intake and body weight were reduced by the 

alkaloids, heat stress, and the combination of both stressors.  Likewise, the 

combination of both stressors increased Tc above other heat-stressed groups. Blood 

samples were collected at trial end and analyzed by flow cytometry and Quantikine 

ELISA kits.  The combination of stressors diminished B cells by one-half (P < 0.05), 

while neither heat stress nor endophyte had any effect.  Both TNFα and IL1β levels of 

LPS challenged rats were higher (P < 0.05) than control rats.  The levels in the E+HS 

group were highest (P < 0.05) among treatment groups.  In summary, combination of 

59



alkaloid intake and heat stress significantly affected the levels of circulating B cells, 

and ILβ, with more modest (P < 0.05) changes in T cells.  Caloric restriction (PF) 

increased NK cells, regardless of environmental conditions.  The combined effect of 

heat stress and intake of ergopeptine alkaloids associated with fescue toxicosis impact 

the immune system during short-term heat stress.  If these are observed in cattle 

model they may be susceptible to infection during periods of initial heat stress. 

 
2. Introduction

Tall fescue (Lolium arundinacea) is widely used in the Midwest as pasture grass. 

It is considerably resistant to insect attacks and thrives well under marginal, acidic, 

and poorly drained soil.  These advantages are related to its symbiotic relationship 

with the fungus Lolium arundinaceum (Malinowski et al., 2005). However, this 

relationship is the primary cause of fescue toxicosis in animals, which causes annual 

losses of over 600 million dollars in the United States (Hoveland et al., 1993). The 

toxins cause a wide range of clinically non-specific symptoms like reduced FI, body 

weight gain, and activity in animals (Stickland et al., 1995).  Other syndromes are 

fescue foot and summer slump.  A very characteristic feature of fescue toxicosis is a 

marked reduction in serum prolactin level (Mizinga et al., 1993; Thompson et al., 

2001).  This, could lead to agalactia and a compromised immune system. 

Effects of fescue toxicosis in the immune system have been variable.  Studies 

using cattle and mouse models have shown that fescue toxicosis lowers white blood 

cell count, mononuclear phagocytic activity, and serum prolactin levels.  In addition, 

it alters the lymphocyte neutrophil ratio, impacts T lymphocytes, and affects genes 

related to immune system (Saker et al., 1997; Filipov et al., 1999a; Dew et al.,1990; 

Settivari et al., 2006).  Similarly, intake of ergot alkaloids decreases eosinophil count 

and γ-globulin levels in cattle (Oliver et al., 2000), as well as increases clot formation 
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and release of acute phase proteins (Oliver et al., 2000).  A long-term study in mice at 

thermoneutrality reported an increase in spleen T-suppressor cells of rats fed 

endophyte infected diet (Dew et al., 1990).  This could suppress the cell-mediated 

response and make rats susceptible to extracellular and intracellular pathogens.  Few 

studies have attempted to differentiate the effects ergopeptine alkaloids of immune 

system under thermoneutral and heat stress conditions.  Likewise, studies to identify 

effects of fescue toxicosis, heat stress, caloric restriction and their combination on the 

immune system have not been performed.  In our study, we hypothesized that the 

combined effect of heat stress and fescue toxicosis could impact the immune system 

more than either acting alone.  We also hypothesized that short-term heat stress and 

fescue toxicosis may not allow the animal enough time to adapt to these stressors.

.
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3. Materials and Methods

 Animals and treatment diets

Male Spargue Dawley rats (n = 72; 350 to 400g BW) were implanted 

intraperitoneally, with telemetric transponders (Respironics, Bend, OR) to record core 

body temperature (Tc) and activity (Appendix 1).  They were then were allowed a 

post operative recovery period of one week, and placed in to two chambers with 

similar conditions and ambient temperature.  Dataloggers (HOBO Boxcar Prodata; 

Onset Computer Corp., Bourne, MA) were placed in each chamber to record ambient 

temperature and percent relative humidity throughout the study.  Animals were 

maintained in 12:12 day:light cycles, and percent relative humidity was maintained at 

50 ± 5%, which was similar to previous studies in our lab (Spiers et al., 2005, 

Settivari et al., 2006).  Feed and water were provided ad libitum throughtout the study 

period. Rats were fed either uninfected tall fescue seeds (E-) or infected tall fescue 

seed (E+; 32 µg EV/kg BW/d). These levels were estimated by standard protocol 

using HPLC (Rottinghaus et al 1993).  Composition of diet was similar to other 

studies in our lab (Spiers et al., 2005).  All diets were stored at 4˚C before feeding 

rats. FI (FI) and body weight were measured every day at 0900.  Pair-fed (PF) diet 

was calculated by dividing the average FI of E+ animals by the average body weight 

on that particular day.  The net value was multiplied by the body weight of each PF 

animal to calculate the amount of feed, for that day 

Rats were randomly divided into 6 treatment groups: E+ diet fed at 

thermoneutrality (E+ TN), E- diet fed at TN (E-TN), E- diet pair-fed to E+ TN at TN 

(PF to E+TN), E+diet fed 7 days at TN followed by 3 days at HS, (E+HS), E- diet fed 

7 days TN followed by 3 days at HS (E-HS), E- diet pair-fed to E+ HS at HS.(PF to 

E+ HS).  Thermoneutral and heat stress groups were housed in separate chambers. 
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Experimental design.

Once FI and Tc were stabilized, baseline values for these parameters were 

collected for all animals in both rooms (HS and TN) for a period of five days. 

Following this period, rats in both chambers received their respective treatments (i.e., 

E+, E-, and PF to E+) at TN, for a period of one week.  Following this period, 

ambient temperature of one of the rooms was increased to a constant temperature of 

33˚C for rest of the study and the other chamber was continuously maintained at 21˚C 

(Figure. 2).  On the fourth day of this period at 0830, half of the rats from each 

treatment groups (n = 6) received an intraperitoneal LPS injection (100µg/kg BW) 

and other half (n = 6) received a control intraperitoneal injection of 2 mls sterile 

saline.  After 2 hours, rats were anesthetized using xylazine (13 mg/ml) and ketamine 

(87 mg/ml), at dose rate of 0.1mg/kg BW.  Blood samples were collected using 

intracardiac puncture. 

Sample preparation

Whole blood was collected in heparinized tubes and processed using the ficoll-

hypaque centrifugation method for isolation of lymphocytes (Appendix 2).  All 

analyses were done at the University of Missouri hospital, flow cytometry core 

facility).  Samples were counted by flow cytometery in the cell and immunobiology 

core facility, at the University of Missouri hospital using BD FASC calibur 

instrument. Serum was separated from whole blood for cytokine assays, using 

Quantikine IL-1 assays and Quantikine TNF α (R & D systems). 

 Statistical analysis
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All data were analyzed using Analysis of Variance ANOVA (JMP® 8; SAS 

Institute, Inc., Cary, NC).  Repeated measures ANOVA of SAS (SAS Institute,,Inc, 

Cary, NC) was used to ascertain time-related changes in FI, body weight, core body 

temperature, motor activity, and levels of lymphocytes and cytokines.  Standard least 

square model fit (JMP®, SAS Institute Inc, Cary, NC) was used for analysis of all 

parameters.  Significance was reported based on the Tukey-Kramer multiple 

comparison test (Steele and Torrie, 1981).  A P value of less than 0.05 was reported as 

significant. A linear plot analysis was performed using the mean weight all rats in a 

treatment for a particular day.

4. Results

Feed intake

Pretreatment

During pretreatment there were no significant difference in FI among treatment 

groups (Figure. 2.1).  Likewise, there was no endophyte (P > 0.20) or endophyte by 

day effects (P > 0.72).

Diet Treatment

Feed inatke of E- rats was unaffected during the initial diet treatment at TN.  Rats 

fed the E+ diet showed a significant reduction in FI on day one of diet treatment (P < 

0.0001). During diet treatment (Days 1 to 7), both day (P < 0.0001) and day by diet (P 

< 0.0001) effects were observed.  The FI of E+ and PF TO E+ rats stayed below (P < 

0.05) FI of E- rats during days 1 to 5 of diet treatment (Figure. 2.1).  Partial recovery 

in FI was observed on Days 4 to 7 (P > 0.05). However, the FI of E+ rats never 

reached that of E- rats (Figure. 2.2). 
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Heat Stress and diet treatment

The FI of all treatment groups at TN was lower than HS groups (P < 0.05; Figure. 

2.3).  However, there was no significant difference among treatment groups at TN 

from days 8 to 10. The E+ TN and PF TO E+ TN rats consumed more (P < 0.05) feed 

compared to E+ HS and PF TO E+ HS rats.  The FI of E- TN was consistently higher 

than E- HS from Days 8 to 10 (Figure. 2.3). 

Rats reduced their FI in response to endophyte, HS and a combination of both (P 

< 0.05, Figure. 2.4).  The E+ HS rats reduced FI on the first HS day by 69 % from 

Day 7 of diet treatment compared to E- HS rats which reduced their FI by 62 % (Day 

8).  The PF TO E+ group followed the same pattern of E+ HS rats as expected, but the 

effects were seen the following day, as FI was calculated based on FI of E+ HS group. 

Both diet and temperature effects were observed (P < 0.0001) during Days 8 to 10.

Rats in the short-term HS studydid not show any signs of FI recovery. 

Comparisons between E- HS and E+HS groups showed that E-HS rats consumed 

more compared to E+HS rats (P < 0.05). In contrast, rats at TN showed partial FI 

recovery. The FI of E+ TN rats was highest on Days 9 and 10, with PF TO E+ TN rats 

following this a day later. 

Body weight

Pretreatment period

There was no endophyte (P > 0.16) or endophyte by day effects (P > 0.16) on 

body weight during pretreatment period.  However, a significant day effect (P < 
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0.0001) was observed in average daily body weight gain (Figure. 2.4). This was 

expected since the rats were still within the standard growth phase for their age group.

Diet treatment

The E- treatment groups continued to grow consistently at the normal rate during 

the diet treatment phase at TN.  There was, however, a decrease in body weight in 

response to the E+ diet, with the PF to E+ group following a similar pattern a day later 

(Figure. 2.5).  Although there was no overall endophyte effect, there was a day effect 

and an endophyte by day effect (P < 0.0001). The linear slope values showed that E-

TN rats increased (P < 0.05) their body weight (+2.7 g/d) significantly above E+TN 

and PF TO E+TN rats, which lost -2.9 g/d and -1.9 g/d, respectively.

Heat Stress and diet treatment

The E- TN rats continued to increase (P < 0.05) their body weight until the end of 

study. There was gradual increase (P < 0.05) in the body weight of E+TN rats, and PF 

TO E+ animals at TN followed a similar pattern. On Days 8 to 10, body weight of 

E+TN rats was not significantly different from E-TN rats.

The body weight of rats dropped (P < 0.05) in response to HS (33˚C). As stated 

before, the effects of weight gain are observed after the drop in FI and paired fed 

effects are seen a day after E+ rats.  Considering this, the body weight of all treatment 

groups during HS at Days 9 and 10 was lower (P < 0.05) than rats maintained at TN 

(Figure. 2.6).  Thermal, thermal by day, and thermal by day by endophyte effects 

were observed (P < 0.0001). At Day 10, the body weight of E+ HS (P < 0.05) was 

lower than all other treatment groups in the study. This indicates that E+ HS could 

have a greater impact on body weight gain compared to either stressors acting alone. 
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A linear regression plot showed that the E-TN, E+TN, and PF TO E+TN rats 

gained 5.6, 0.88 and 4.83g/d, respectively, from Days 8 to 10.  The body weight of 

rats at TN was significantly (P < 0.05) greater than the body weight of all HS rats.  A 

significant reduction in body weight of all HS groups was observed.  The E+HS, E-

HS, and PF TO E+HS rats lost 20.80, 17.16, and 11.80 g/d, respectively.

The rats at TN adapted to the toxin, with the E+ TN group gaining weight 

consistantly during the last three days of study but not reaching E-TN level.  The PF 

TO E+TN rats followed a similar pattern.  Rats fed E+ at 33˚C did not show any signs 

of adaptation until Day 10 of study.  Also, E-HS rats did not exhibit a positive growth 

rate.  However, the body weight of the E-HS group was higher than the E+HS group

Core body temperature

Pretreament period

The average Tc was not significantly different among treatment groups. Diet (P > 

0.16) and diet by day (P > 0.72) effects were not observed.  The average Tc varied 

from 37.3 to 37.5˚C among treatment groups (Figure. 2.7).

Diet treatment

Rats showed significant day (P < 0.0001) and endophyte by day (P < 0.0001) 

effects in response to diet treatment.  The E- groups did not show any significant 

variation in average daily Tc and it ranged from 37.4 to 37.5˚C (i.e., similar to 

pretreatment levels).  Average daily Tc of rats was lower in E+ groups in response to 

the endophyte.  The notable decrease (P < 0.05, Figure. 2.8) in Tc was on days 4 to 7. 

On Days 6 and 7, there was a 0.17˚C decline from day one of diet treatment. During 
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diet treatment, PF TO E+ rats also had lower Tc compared to E- rats.  The Tc of these 

rats was lower on Days 5 to 7 compared to first two days of diet treatment.  However, 

these effects were not significant (P > 0.30).

Heat stress and diet treatment

Significant thermal, day, and thermal by day effects (P < 0.0001) were observed 

during the thermal treatment period.  Rats at TN did not show any significant changes 

in their Tc (P > 0.58).  The E-TN rats had slightly higher Tc than E+TN and PF TO 

E+TN.  There was, however, an increase (P < 0.05) in daily Tc of E- HS, E+ HS and 

PF TO E+ HS (Figure. 2.7).  On the first day (Day 8) of HS, E+ HS had the largest 

increase (P < 0.05) of 0.9˚C above day 7 level at TN. The E- HS group increased (P < 

0.05) 0.5˚C above Day 7 level on the first HS day (Figure. 2.8). On day 8, E+ HS, E- 

HS, and PF TO E+ were not significantly different from one another, but were 

significantly (P < 0.05) higher than TN groups.  However, on Day 10 E+ HS was 

significantly higher than E-HS and PF TO E+ TN groups (Figure. 2.9). By Day 10, 

E+ HS had increased (P < 0.05) another 0.9˚C from first HS day. 

Core body temperature of rats maintained at TN did not return to pretreatment 

levels.  However, they stabilized on Day 8 of study and did not drop any further.  On 

day 10, E+ TN Tc was 0.32 ˚C lower than its value on day one.  Similarly, PF TO E+ 

also had a lower Tc and it was 0.14˚C lower than on day one.  This shows that the 

reduction in Tc associated with the intake of ergopeptide alkaloids might be indirectly 

attributed to the reduction in caloric intake associated with fescue toxicosis.  Core 

body temperature in the HS groups continued to increase until day 10 and did not 

show signs of adaptation.  The Tc of E+HS rats on Day 10 was 0.52 ˚C above E- HS 

level, which suggests that the ability of E+HS rats to dissipate body heat is 
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compromised more compared to E-HS rats.  The PF TO E+ HS rats had a Tc that was 

similar to E- HS rats. 

Circadian changes in core body temperature

Pretreatment

Significant hour and thermal by hour effects (P < 0.0001) were observed in Tc 

patterns.  During pretreatment period, the highest Tc was observed at 2100 to 0200 

when the nocturnal rats are more active.  The lowest Tc recorded was around 0800-

0900 once the lights turn on in the chamber.  Core body temperature decreased (P < 

0.05) from 0600 to 0700 before lights were turned on and started to increase from 

1700 to 1800 before lights were turned off.  But a greater increase (P < 0.05) was 

observed after 2100.  A spike in Tc was seen in response to daily feeding time.

Diet treatment 

Diet treatment showed significant hour, endophyte by hour, and thermal by hour 

effects (P < 0.0001).  Both the E+ and PF TO E+ groups had a lower (P < 0.05) Tc 

from 0700 to 1000 compared to 2100 to 0200 during this period (Figure. 2.10). 

Likewise, the Tc for these groups stayed lower (P < 0.05) throughout the day when 

the lights were on.  However, Tc for these groups increased after the lights were 

turned off and then did not differ from E- groups. This suggests that TN hypothermia 

in E+ rats might be best documented during day when lights are turned on. A daily 

increase in Tc was documented in response to feeding, and PF rats had the greatest 

increase in Tc as they consume feed immediately.
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Heat stress and diet treatment 

Significant thermal, hour, and thermal by hour effects (P < 0.0001) were 

observed.  Heat stress increased (P < 0.05) Tc of rats in all HS groups.  However, they 

followed the same circadian pattern as TN rats (Figure. 2.11).  The only difference 

was the absence of a pronounced increase after feeding in E-HS and E+HS rats. 

Greater (P < 0.05) differences in Tc between HS and rats at TN were observed from 

2100 to 0700 when rats were active (Figure. 2.11).  Interestingly, E+ HS had a 

significantly (P < 0.05) higher Tc compared to E-HS and PF TO E+HS from 0900 to 

0200.  This suggests that difference between E+HS and E-HS is best noted at night 

when Tc increases. 

General gross motor activity

Pretreatment

During pretreatment period, gross motor activity did not show endophyte (P > 

0.32) or endophyte by day effects (P > 0.85). 

Diet treatment

During the diet treatment period, endophyte (P > 0.01) and endophyte by day (P 

> 0.92) effects were absent.  Treatment groups did not differ significantly, however 

E+ groups had a trend towards reduced acitivity (Figure. 2.12).

Thermal treatment and diet treatment

Rats showed both day (P < 0.0001) and thermal by day effects (P < 0.001) during 

days 8 to 10.  Activity of rats maintained in TN did not differ significantly among 
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treatment groups (P < 0.09).  During thermal treatment all HS rats had a slightly 

higher activity compared to rats at TN on the first day (Day 8) of HS, and then 

reduced their gross motor activity. The E- HS group had a higher activity (P < 0.05 ) 

compared to all other treatment groups on Days 8 and 9, and then reduced their 

activity on day 10 (Figure. 2.12). On Day10, E+ HS rats had the lowest activity 

followed by E+ TN rats, which suggest that activity could be a measure of sickness 

behaviour.

Circadian changes in activity

Pretreatment

A set pattern of daily activity was observed during the entire study.  Circadian 

rhythm of activity was similar to Tc (Figure. 2.14).  The large decline in activity was 

seen from 0600 to 0700 (P < 0.05) before lights were turned on, and an increase in 

activity was seen from 1700-1800 before lights were turned off.  A greater increase in 

activity was observed from 1800-1900, and the lowest activity was observed at 0800. 

A significant increase from previous hour was observed in all treatment groups at 

1000, associated with the daily feeding time.  A diet effect (P > 0.57) was not 

observed.

Diet treatment

During this period, the circadian rhythm of activity was similar to pretreatment 

levels and did not change significantly.  Hour, endophyte by hour, and thermal by 

hour effects (P < 0.0001) were observed (Figure. 2.13).  The E+ treatment did not 

have a significant effect on the circadian pattern of activity (P > 0.35).
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Heat stress and diet treatment 

There were significant thermal, hour, endophyte by hour, and thermal by hour 

effects (P < 0.0001) during HS (Figure. 2.14).  The rats maintained at TN followed a 

similar pattern observed during diet treatment.  The E+ HS rats had lower activity (P 

< 0.05) compared to E-TN from 1000 to 1100.  This is attributed to the reduced FI 

possibly due to reduced interest in eating with two stressors (i.e., HS and E+).

Lymphocytes

Lymphocytes are white blood cells which can be broadly classified into NK cells, 

T-lymphocytes, and B lymphocytes, with CD4+ (helper T) and CD8+ (cytotoxic T) 

cells being subsets of T-lymphocytes (Abbas et al., 2007).  Using flow cytometry, the 

percentage of each cell in the peripheral blood of rats was quantified.  

Natural killer cells

The NK cells play an important role in innate immune response and act against 

intracellular virus and tumor cells.  The E-TN did not differ significantly from E+TN 

group.  However, the E-TN and E+TN groups were lower (P < 0.05) than the E+HS 

group.  The E+HS group percentage was highest among all treatment groups (Figure. 

2.15).  Pair-feeding increased NK cell percentages irrespective of environmental 

conditions.  Heat stress only (P > 0.06) and endophyte (P > 0.58) did not have any 

significant effects on NK cells.

B-lymphocytes
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The B-lymphocyte percentage of E- TN, E+TN, and PF TO E+ TN groups did 

not differ significantly.  The E+ HS percentage was the lowest and significantly (P < 

0.05) below E- HS, PF TO E+ HS, and E+TN groups (Figure. 2.16). Endophyte (P > 

0.66) and heat stress (P > 0.67) individually did not impact B cell percentages.

T-lymphocytes

Total T-lymphocyte level of E- TN, PF TO E+TN, and E+TN groups did not 

differ significantly.  The E+TN was slightly loweR (P > 0.15) than other groups at 

TN. T-lymphocyte percentage of the HS groups did not differ significantly (Figure. 

2.17). However, the E+ HS group was higher than other HS groups and significantly 

(P < 0.05) greater than the E+TN group.  There were no thermal or diet effects.

CD4+ Cells

The CD4+ cells are a subset of T-lymphocytes. These cells did not differ 

significantly among treatment groups. Diet (P > 0.22) and thermal effects (P > 0.83) 

were not observed.

CD8+ Cells

The CD8+ cells are a subset of T-lymphocytes. These cells did not differ 

significantly among treatment groups. Diet (P > 0.75) and thermal effects (P > 0.83) 

were not observed.

Core body temperature and activity in response to LPS

LPS at thermoneutrality
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Core body temperatures of all LPS-challenged rats did not differ significantly 

from LPS control rats.  However, both hour (P < 0.0007) and thermal effects (P < 

0.0001) were observed.  No LPS (P > 0.70) and LPS by hour (P > 0.81) effects were 

seen.  Core Body temperature of E- TN LPS rats showed a marginal (P > 0.036) 

increase from 0800 to 0900, but dropped by 1000 (Figure. 2.18).  The Tc of E-TN 

LPS- rats decreased 0.22˚C at 1000, following a natural circadian pattern.  Likewise, 

the Tc of E- TN LPS+ rats dropped 0.36˚C at 1000, (i.e., 2 hours after initiation of 

LPS challenge).  The largest Tc reduction occurred in the E+TN LPS+ rats with a 

0.76˚C decrease from its preinjection level at 0800.  In contrast, Tc of PF TO E+ TN 

LPS+ rats showed a non-significant increase at 1000.  Overall, there was a trend 

towards hypothermia with LPS injection at TN.

Activity followed the same trend as Tc, with all rats exhibiting lower activity at 

1000.  In contrast, LPS-challenged rats exhibited a greater but non-significant 

decrease in activity compared to LPS control rats.  There were both hour and thermal 

effects (P < 0.0001).  However, there were no LPS (P > 0.54) and LPS by hour effects 

(P > 0.41). 

LPS during heat stress

For the HS test, there was the same pattern of an initial spike from 0800 to 0900 

for all treatment groups.  There was both an hour (P < 0.0007) and a thermal effect (P 

< 0.0001).  However, LPS (P > 0.70) and LPS by hour (P > 0.81) effects were not 

seen.  Similar to the TN test, LPS control rats decreased Tc from 0900 to 1000.  Both 

E+ HS LPS+ and E-HS LPS+ groups increased Tc slightly (P > 0.81) from 0900-1000 

(Figure. 2.19).  This suggests that there is a trend towards hyperthermia with LPS in 

heat stressed rats.
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There was a trend for an increase in general activity (P > 0.42), followed by a 

decrease that was observed for the HS conditions.  The E+HS LPS+ rats had the 

lowest activity at 1000 (P > 0.15). All other rats also had a lower activity at 1000, 

following their natural circadian pattern.

Cytokine response to LPS administration

IL1β

All treatment groups at TN and under HS conditions responded with an increase 

in circulating levels of IL1β, when 100 µg/kg BW of LPS was administered 

intraperitoneally.  Two hours after LPS challenge all treatment groups that had 

received LPS had higher levels of circulating IL1β, (P < 0.05) compared to LPS 

control groups (Figure. 2.20).  A thermal effect (P < 0.03) showed that E-TN and PF 

TO E+TN had lower circulating levels of IL1β, compared to the respective groups in 

heat stress.  The E- TN, PF TO E+ TN and E+TN levels did not differ significantly. 

The E+ HS LPS+ group had the highest (P < 0.05) IL1β level after two hours of 

challenge. The IL1β concentration was lowest in PF E+ HS LPS+ rats, where it was 

significantly (P < 0.05) lower than PF TO E+ TN LPS+ and E+HS LPS+ rats. There 

was no significant difference among LPS control groups based on diet or thermal 

treatment.

TNFα 

All LPS challenged groups responded with a higher circulating level of TNFα 

compared to LPS control groups (Figure. 2.21). The E- TN, PF TO E+ TN, and E+TN 

levels did not differ significantly. Both diet (P < 0.02) and thermal effects (P < 0.02) 

were observed. The E- HS rats had the highest (P < 0.05) circulating levels of TNFα. 
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Interestingly, TNFα levels of E+ HS was lowest (P < 0.05) among treatment groups. 

The PF to E+ HS rats had slightly lower levels than the same group maintained at TN. 

The LPS control rats had levels of TNFα that were undetectable.

5. Discussion

Feed intake

In this experiment, FI was reduced by 50% on the first day of diet treatment at 

thermoneutrality.  Other studies have also reported similar decreases in FI in response 

to endophyte infected fescue (Roberts et al., 2002; Spiers et al., 2005; Al-Tamimi et 

al., 2007; Settivari et al., 2008) FI showed partial recovery on day 4, and this is 

consistent with past studies (Robert et al., 2002; Spiers et al., 2005).  Likewise, FI was 

reduced in response to heat stress and endophyte, and a greater decrease was 

documented with the combination of both.  These results are consistent with previous 

reports (Spiers et al., 2005; Al-Tamimi et al., 2007).  Rats that received ergopeptine 

alakaloids during heat stress reduced their FI by 69 % compared to rats only exposed 

to heat stress that reduced their FI by 62 % on the first day of heat stress.  These 

findings are greater than the values from previous reports.  A higher magnitude of 

reduction in FI is attributed to the higher thermal stress (33°C) used in the present 

study, compared to past studies.  Contrary to previous reports by Settivari et al (2006), 

no adaptation to FI was observed until Day 10.  This could also be related to the 

effects of higher heat stress.  Likewise, Spiers et al. (2005) did not observe any 

adaptation of FI to short-term heat stress.  However, adaptation of FI observed on 

days 9 and 10 at thermoneutrality was in agreement with previous reports from our 

laboratory (Settivari et al., 2006).  There are several theories proposed stating various 

reasons for the reduction in FI associated with fescue toxicosis.  Strickland et al. 
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(1993) related effects of fescue toxin and dopamine activation.  Dopamine activation 

may cause satiety leading to decreased FI.  Other studies have shown that alterations 

serotonin and dopamine could lead to satiety and decreased FI in rats and cattle model 

used to study fescue toxicosis (Oliver et al., 1997; 2005; Larson et al., 1999).  Al-

Tamimi et al. (2007) stated that fescue impacts 5-HT receptors causing reduction in 

FI.  There is consensus that hunger and FI are controlled by different factors. 

Therefore, fescue toxicosis could also act through more than one mechanism. 

Reduced FI is seen as a protective mechanism to avoid postprandial metabolic heat 

production.  This improves the animal’s ability to cope with the increased body 

temperature. 

Body weight

 Body weight gain was reduced in response to change in FI in the present study. 

Significant reductions in body weight were observed immediately after the rats were 

placed on the endophyte-infected diet and following the reduction in FI.  They 

continued to lose body weight until day five. The first increase in body weight was 

observed on day six.  Previously a 63% decrease in average daily gain was observed 

when rats were fed an endophyte-infected diet compared to those fed an uninfected 

diet at thermoneutrality (Neal and Schmidt., 1985).  Similar, decrease of 22 to 79% 

was also observed in cattle, when fed with endophyte infected diet at thermoneutrality 

(Schmidt et al., 1982).  The reduction in body weight gain in thermoneutrality is 

similar to past studies in our lab were rats decrease their body weight until days four 

to six in thermoneutrality and then begin to stabilize and gain body weight (Spiers et 

a., 2005; Settivari et al., 2006).  Roberts et al. (2002) reported that rats stabilized their 

body weight at day four and then began to increase their body weight when fed E+ 
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diet in thermoneutral conditions.  Such effects were not documented in the control rats 

and they gained weight continuously. The pattern of decreased body weight gain 

paralled FI, therefore we propose that reduced FI contributes to decreased FI.

Heat stress decreased average daily gain in E-, E+, and PF TO E+ treatment 

groups.  The impact of heat stress on body weight gain was greater than the effects of 

endophyte only.  A decrease in body weight gain in response to heat stress in well 

established in the rat model and this may be an effort to lower metabolism and 

decrease metabolic heat production (Johnson and Cabanac, 1982; De Vries et al., 

1993).  It has been documented that decreased metabolic heat production in summer is 

due to decreased caloric intake and lowered thyroid hormone production (Baccari et 

al., 1983).  Spiers et al. (2005) reported a 35 % reduction in daily gain from 

thermoneutrality and suggested that heat stress caused a higher reduction body weight 

and FI compared eropeptine alkaloids in thermoneutrality.  Roberts (2002) also 

observed a similar phenomenon.  Intake of ergopeptine alkaloids in the heat produced 

the highest decrease in body weight gain compared to either acting alone.  The rats 

that received both stressors lost 20.80 grams each day.  Such huge decreases in body 

weight have been reported previously using the rat model (Spiers et al., 2005; 

Settivari et al., 2006). 

Recent genomic analysis has shown that genes related to protein catabolism and 

gluconeogenesis were upregulated at thermoneutrality for rats on an endophyte-

infected diet (Settivari et al., 2006).  Settivari et al. (2006) reported upregulation 

which include phosphoenolpyruvate carboxykinase and fructose-1-6-biphosphatase. 

This might help rats consume more feed and adapt better to the toxin.  These effects 

were not seen in the rats exposed to heat stress or combination of heat stress and E+ 

diet, this might partially explain why these rats did not show any adaptation to the 
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toxin.  Likewise, FI was also lower in the rats that received ergopeptine alkaloids in 

the heat and heat stress only, this could have contributed directly to the decreased 

average daily gain.  Once rats start recovering from the reduced FI, the effect of 

ergopeptine alkaloids on the mitochondrial genes corresponding to ATP production 

may prevent them from gaining weight (Settivari et al., 2006).  This could be the 

reason, why the average daily gain of E+ rats never reached that of E- rats in 

thermoneutral and heat stress conditions.

Average core body temperature

Average daily core temperature of rats consuming the endophyte-infected fescue 

diet was lowered at thermoneutrality.  Thermoneutral hypothermia was maximal on 

days six and seven.  During this period, the pair-fed rats also had a lower core body 

temperature compared to rats consuming the uninfected fescue diet.  These findings 

are consistent with another previous report (Spiers et al., 2005).  Similarly, 

hypothermia in response to ergovaline at thermoneutrality has been documented 

previously (Zhang et al., 1994; Spiers et al., 1995). Zhang et al. (1994) suggested that 

hypothermia was due to increased peripheral heat loss and decreased metabolic heat 

production.  However, Spiers et al. (2005) showed that ergovaline has direct effects of 

thermoregulatory system, by demonstrating an immediate decrease in core body 

temperature at thermoneutral conditions.  Pair-feeding causes caloric restriction in rats 

which can lead to lower body temperature due to decreased metabolic rate and 

metabolic heat production.  Duffy et al. (1989) showed that caloric restriction can 

reduce core body temperature and related its effects to decreased metabolic rate.  He 

demonstrated that resting metabolic rate was lower in caloric restricted and starved 

rats compared to rats that that received ad libitum feed.  Similarly, Severinsen and 
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Munch, (2001) found that restriction of 25% the caloric value of the control diet 

decreased core body temperature by 0.04˚C for every 24 hours, compared to starved 

rats that decreased their core body temperature by 0.1˚C every 24 hours.  This shows 

that magnitude of caloric restriction also impacts core body temperature.  

Heat stress significantly increased core body temperatures of all groups in the 

present study compared to the same treatment groups at thermoneutrality.  Likewise, 

the core body temperature on rats fed the ergot alkaloid diet in the heat was 

significantly higher than for the other groups.  Again, these findings are in agreement 

with past studies (Spiers et al., 1995; 2005).  The increase in core body temperature is 

due to vasoconstriction of of peripheral blood vessels caused by α-2 adrenergic and 

serotonergic binding (Oliver et al., 1998; Larson et al., 1999).  The present short-term 

heat stress study did not show any adaptation of the elevated core body temperature. 

This is the first time rats are tested at 33˚C combined with fescue toxicosis and the 

increased temperature may thwart adaptive mechanisms.  Previous experiments have 

also shown a partial adaptive response to core body temperature at 32˚C to 33˚C 

when rats were tested with heat stress individually (Gordon, 1993, Horowitz and 

Meiri, 1993; Matthew, 1997,).  Splanchnic and peripheral vasodilation (Horowitz, 

1998) helps in heat loss.  Likewise, evaporative cooling, increasing surface area by 

extending limbs and spreading saliva are other ways to reduce skin and ultimately 

core.body temperature (Schmidek et al., 1983, Hubbard et al., 1982; Gordon., 1993) 

in rats.  Nitric oxide also plays an important role in vasodilation in rats, and the effects 

may be negated by the toxin.  Al-Tamimi et al (2007) showed supplementation of 

nitric oxide reduces core body temperature.  Others hypothesize that interaction with 

adrenergic and serotonergic receptors causes vasoconstriction and hampers 

thermoregulatory mechanisms in rats (Oliver, 2005). 
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General activity

General activity of rats in the present study was highly variable among treatment 

groups.  However, no significant difference was observed across treatment groups 

during pretreatment and diet treatments.  These findings are in agreement with 

previous reports (Spiers et al., 2005).  In this study, heat stress generally reduced 

activity in rats.  Spiers et al. (2005) stated that a reduced decreased activity is an 

attempt to lower core body temperature.  Others have shown that rats in the heat have 

reduced activity and decreased metabolic rate (Shido et al., 1991; Gordon, 1993) The 

rats consuming the control diet had a higher activity in the heat compared to the 

animals on the ergopeptine alkaloid infected diet in the heat.  It is possible that this 

reduced activity represents a form of sickness behaviour.  Previous research has also 

that sick rats have lowered activity compared to healthy rats, due to both the 

infections and psychological disorders associated with illness (Meerlo et al., 1996; 

Luker et al., 2000).  Therefore, we suggest that lower activity in E+ HS groups is an 

indication of sickness behaviour.  Increase in activity observed in E-HS is a new 

observation.  This could be due to high levels of heat stress, and rats might seek to 

burrow or may try to find a place away from the heat.

Circadian changes in core body temperature and activity

Higher core body temperatures were observed in rats during the night.  Rats are 

nocturnal animals, and the increase in core body temperature is attributed to their 

natural behaviour in the wild.  Scales and Kluger, (1987) reported similar changes in 

the circadian rhythm of rats.  Likewise, daily feeding time resulted in a spike in core 

body temperature.  It is suggested that feed consumption results in increased heat 
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production as a consequence of metabolic heat production in the body.  Similarly, 

activity of rats can be connected to core body temperature.  Both followed the same 

increases and decreases during a 24 hour period.  In this experiment, activity was 

highest at night when lights were turned off, and these findings are consistent with 

previous reports (Sevrinsen and Munch, 1999; Spiers et al., 2005).  Likewise, a 

significant decline in activity was recorded before lights were turned off.  Similar 

reductions have been reported (Spiers et al., 2005).

Lymphocytes

Natural killer cells

Flow cytometric analysis showed an increase in the natural killer activity of all 

groups used in the present study, except the control group at thermoneutrality.  These 

findings are consistent with the previous findings which show that stress and caloric 

restriction increase natural killer cell percentages and activity (Biron, 1997; Shibolet 

et al., 2000; Shen et al., 2009).  The present findings suggest that rats may activate 

their immune system, in anticipation of an infection (Biron et al., 1987; Biron and 

Orange, 1996).  Rats exposed to duel stressors (i.e., heat stress and fescue toxicosis) 

had the greatest increase in NK percentages.  We hypothesize that intensity of stress 

may also influence the magnitude of NK activation and response.  This is evident 

from the increased, additive activation found in rats consuming the endophyte-

infected diet in the heat, which received the highest level of stress.  This increase 

might be a host defense mechanism to counter invading pathogens in times of extreme 

stress (Biron, 1997). 
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B-lymphocytes

 Lymphocyte percentage across treatment groups was fairly constant except for a 

significant reduction in these levels for the rats consuming the endophyte-infected diet 

in the heat.  This is in agreement with an earlier study that showed a decrease in B–

cell percentages in response to extreme stress (Dracott and Smith, 1979).  Likewise, 

previous studies have shown that both short and long-term treatment with fescue toxin 

did not affect the animals ability to mount an inflammatory or antibody response to 

these stressors (Rice et al.,1997; Filipov et al., 1999a).  Since B cells are involved in 

antibody production, we suggest that major alterations may not be found in antibody 

production for rats fed the endophyte-infected diet at thermomeutrality.  Interestingly, 

rats fed the infected diet in the heat had the lowest B-lymphocyte percentages. 

Therefore, we propose that rats ability to produce antibodies may be compromised in 

this treatment group.. 

T-lymphocytes

The T-lymphocyte percentage for animals in the present study varied across 

treatment groups.  There was a marked increase in rats receiving the endophyte-

infected diet in the heat, at the same time that they experienced a suppression in the B 

cell percentage.  Conversely, animals fed the endophyte-infected diet at 

thermoneutrality had a significantly lower percentage of T-lymphocytes than the heat 

stressed animals on the same treatment diet.  Settivari et al. (2006) reported down 

regulation of TCR beta genes in response to endophyte infected fescue.  Earlier 

reports have stated that feeding mice an endophyte-infected diet at thermoneutrality 

increased T-suppressor cell percentage at the end of fourty three days (Dew et al., 

1990).  Dew et al. (1990) suggested that this activation may decrease T-cell 
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percentage and activity, however, the total T-lymphocyte percentage was not 

measured in that study.  The increased percentage of T cells in the heat stressed rats 

consuming the endophyte-infected diet is a new finding, and it could be an initial 

response to the extreme levels of stress.  However, it is important to determine if T 

cell percentages change over a longer period of exposure. 

CD4+ and CD8+ cells

The CD4+ CD8+ percentages have been used by others in the diagnosis of 

immunosuppressive conditions like HIV (Taylor et al., 1989).  Many studies have 

reported that these percentages can change in chronic immunosuppressive diseases 

and percentages are a better prognostic indicator compared to total count (Taylor et 

al., 1989; Burcham et al., 1991, Ander Ryst et al., 1998).  In the present study, CD4+ 

and CD8+ cells did not differ significantly across treatment, because of the short 

period of stress. 

Core body temperature and activity in response to LPS

 The febrile response to LPS injection in rats is controversial and it has been 

debated for years.  In our studies, rats did not increase their core body temperature 

significantly following injection and actually showed a trend towards hypothermia at 

thermoneutrality, which is a popular and widely accepted phenomenon (Kasting et al., 

1973; Kasting and Martin, 1983; Derijk and Berkenbosch, 1994; Romanovsky et al., 

1996; Chu et al., 1997; Bison et al., 2009).  A few studies have noted that rats increase 

their core body temperature in response to heat stress and LPS (Kluger et al., 1997). 

In these studies rats were heat stressed prior to LPS and the administered LPS and 

reported an increase in core body temperature in response to LPS.  In our study rats 
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were continuously exposed to heat and we observed at most only a trend towards 

hyperthermia.  Similar findings have been reported in the past, were prior heat stress 

increased core body temperature of rats (Kluger et al 1997; Chu et al 1997).  Similar 

to our studies, Chu et al. (1997) observed a decrease in core body temperature of rats 

at thermoneutrality and an increase during heat stress immediately after an LPS 

challenge.  Some of their findings are significant, and this could be due to high LPS 

dose (15g/kg BW) compared to the 100µg/kg BW dose used in our study.  This study 

clearly shows that fever in rats may differ in relation to environmental temperature. 

Likewise, the dose and route of administration of LPS may plays a major role in 

determining the nature of response.  In a recent rat study, LPS doses (IP) from 1 to 

250µg/kg BW were used for a challenge, and animals were monitored over a period 

of 24 hours to measure core body temperature, activity, and cytokine response (Bison 

et al., 2009).  No significant change in core body temperature was noted in the present 

study for the first two hours, until a dose of 250 µg/ kg BW was used.  The same 

study reported fever after 24 hours in rats that received 125 µg/ kg BW.  In our study, 

there was a trend towards decreased activity after an hour of LPS challenge and Bison 

et al. (2009) reported significant decrease in the activity of rats 24 hours after LPS 

challenge.  There is no information available on the effects of LPS on rats fed an 

endophyte- infected diet in the heat on core body temperature and activity.  From our 

results, it is suggested that intake of an endophyte-infected diet or caloric restriction 

may have limited impact on core body temperature and activity in the rat model.

Cytokine response to LPS

Although core body temperatures did not differ significantly with an LPS 

challenge in the present study, there was a significant cytokine response.  All 
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treatment groups retained the ability to produce pro-inflammatory cytokines following 

the challenge, and this is in agreement with other studies (Rice at el., 1997; Filipov et 

al., 1999b).  The rats fed the endophyte-infected diet in the heat showed the greatest 

increase in IL1 concentration, to suggest that the increased stress experienced by these 

animals had a significant effect.  Increased pro-inflammatory response to endotoxin at 

thermoneutrality has been reported for mice and cattle on an endophyte-infected diet 

(Rice at el., 1997; Filipov et al., 1999a, Filipov et al., 1999b).  Other studies have 

shown that caloric restriction of 40% for four to seven months can significantly 

reduce the proinflammatory response (Muthukumar et al., 2000).  The results from the 

present study only showed a diminished response for rats that were pair-fed in heat 

stress chambers.  We attribute this to the lower FI of heat-stressed rats fed the 

endophyte-infected fescue compared to rats at thermoneutrality.  The animals that 

were pair-fed to this group would likely be in a starvation mode with significant 

caloric restriction.  Rats fed an endophyte-infected fescue at thermoneutrality showed 

partial recovery of FI, so the beneficial effects associated with caloric restriction may 

have been counteracted.  Both groups fed the uninfected diet and those pair-fed to 

those fed the infected diet under heat stress conditions had a lower IL1 response 

compared to those on the same diet treatment at thermoneutrality.  This same trend 

has been reported previously (Chu et al., 1997).  This is considered to be a protective 

and adaptive mechanism to survive heat stress.  Chu et al. (1997) reported increased 

survival of heat stressed rats compared to thermoneutral groups, when challenged 

with LPS.  The rats exposed to heat stress on the uninfected diet had a higher level of 

TNFα, as reported by others (Bouchama et al., 1991; Lin et al., 1997).  Interestingly, 

TNFα levels were lower in rats fed endophyte-infected diet in the heat and highest in 

rats that were subject to heat stress only.  The TNFα levels may have significantly 
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risen immediately after LPS challenge, and this triggered an increase in IL1 (Bison et 

al., 2009).  Our samples were collected s at two hours, when TNFα levels may have 

dropped.  Zuckerman and Butter, (1989) reported that TNFα levels peak 

approximately at one hour after LPS challenge and then decreases to baseline level at 

three to four hours after LPS challenge.  In contrast, IL1 levels remained higher for 24 

hours after LPS challenge.  He also reported that cortisol or dexamethasone, 

associated with the stress response, can rapidly decrease TNFα levels.  In our short-

term study, extreme stress caused by intake of the endophyte-infected diet, heat stress, 

and then the LPS injection could have triggered a massive release of cortisol, blunting 

TNFα levels rapidly.  The very high level of IL1 in E+HS was another indication that 

the rats experienced a massive stress load. 

6. Summary

The current study has provided a broad overview of the immune system short-

term response to intake of an endophyte-infected diet, heat stress, and caloric 

restriction.  The results have helped to differentiate the effects of individual stressors 

and interactions of stressors on different physiologic parameters that are associated 

with various components of the immune system.  Short-term studies revealed that the 

immune system of rats fed an endophyte infected diet during heat stress was affected 

the most.  These animals responded with a greater immune response during short-term 

stress.  This study reveals that either heat stress or endophyte alone may not 

significantly impact the immune system.  Long-term studies are now needed to 

understand the complex pattern of adaptation to fescue toxicosis during heat exposure. 
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Figure 2.  Timeline of short term study. Time line of study shows E+ , E- and PF TO E+ rats 
maintained in pretreatment, diet treatment and thermal treatment.  The timeline also shows the 
number of days that rats were placed on each of these stressors and the temperature of chambers 
during the specific treatment periods.
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Figure 2.1.  Average daily feed intake of E-, E+, and PF TO E+ rats during HS 
and TN periods.  An asterisk (*) shows the statistical significance of E+ HS and 
PF TO E+ HS compared to E-TN treatment.  The vertical lines above and below 
the first and last points indicate + SE.
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Figure 2.2.  Change in average daily feed intake of E-, E+, and PF TO E+ during 
pretreatment period (Days 1 to 7).  E- TN rats consumed 18g on day -1.  An 
asterisk (*) shows the statistical significance of E+ and PF TO E+ compared to 
E-TN rats.  The vertical lines above and below the first and last points indicate + 
SE.  The vertical lines above and below the first and last points indicate + SE.
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Figure 2.3.  Change in average daily feed intake of E-, E+, and PF TO E+ during 
thermal treatment period (Days 8 to 10).  E- TN rats consumed 18g on day 7 
.An asterisk (*) shows the statistical significance of E+ and PF TO E+ compared 
to E-TN rats.  The vertical lines above and below the first and last points indicate 
+ SE.



92

  Days

-5 -3 -1 1 3 5 7 9 11

A
ve

ra
ge

 d
ai

ly
 b

od
y 

w
ei

gh
t g

ai
n,

 g

320

340

360

380

400

420

E- TN 
E- HS 
E+ TN 
E+HS 
PF TO E+ TN 
PF TO E+HS 

*

*
            Pretrt                                      Diet trt                            Tem perature+
                                                                                                  Diet trt                                     

Figure 2.4.  Change in average daily body weight gain of E-, E+ and PF TO E+ 
rats maintained at HS and TN conditions during the entire study.  An asterisk (*) 
shows the statistical significance between E+ HS and E-TN rats.  The vertical 
lines above and below the first and last points indicate + SE.
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Figure 2.5.  Change in average daily body weight of E-, E+, and PF TO E+ 
groups during diet treatment at TN (Days 1 to 7).  An asterisk (*) shows the 
statistical significance between E+ TN and E-TN groups.  The vertical lines 
above and below the first and last points indicate + SE.
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Figure 2.6.  Change in average daily body weight of E-, E+, and PF TO E+ 
during thermal and diet treatment period (Days 8 to 10).  An asterisk (*) 
shows the statistical significance between E+ HS and E-TN rats.  The 
vertical lines above and below the first and last points indicate + SE.
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Figure 2.7.  Change in average core body temperature of E-, E+, and PF 
TO E+ rats maintained under HS and TN conditions.  An asterisk (*) 
shows the statistical significance between E+HS and E-TN rats.  The 
vertical lines above and below the first and last points indicate + SE.
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Figure 2.8.  Change in average core temperature of E-, E+, and PF TO 
E+ during the diet treatment period (Days 1 to 7).  An asterisk (*) shows 
the statistical significance of E+ TN compared to E-TN rats.  The 
vertical lines above and below the first and last points indicate + SE
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Figure 2.9.  Change in average core body temperature of E-, E+ and PF 
TO E+ during the thermal and diet treatment period (Days 8-10).  An 
asterisk (*) shows the statistical significance between heat stressed and 
thermoneutral treatment groups.  The vertical lines above and below 
the first and last points indicate + SE
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Figure 2.10.  Circadian changes in average core body temperature of E-, E+, 
and PF TO E+ during the diet treatment period (Days 1 to 7).  Vertical lines 
show periods when lights were turned on (0600) and when lights were turned 
off (1800).  An asterisk (*) shows the statistical significance from previous hour 
of day.  The vertical lines above and below the first and last points indicate + 
SE.
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Figure 2.11.  Circadian changes in average core body temperature of E-, E+, 
and PF TO E+ during the thermal and diet treatment period (Days 8 to 10). 
Vertical lines show periods when lights were turned on (0600) and when 
lights were turned off (1800).  An asterisk (*) shows the statistical 
significance between E+ HS and E-TN rats.  The vertical lines above and 
below the first and last points indicate + SE.
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Figure 2.12.  Mean gross motor activity of E-, E+, and PF TO E+ groups 
during the thermal and diet treatment period.  An asterisk (*) shows the 
statistical significance between E- HS and E-TN rats.  The vertical lines 
above and below the first and last points indicate + SE.
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Figure 2.13.  Circadian changes in gross motor activity of E-, E+, and PF TO 
E+ groups during the diet treatment period (Days 1 to 7).  Vertical lines show 
periods when lights were turned on (0600) and when lights were turned off 
(1800).  An asterisk (*) shows the significant change from previous hour of 
day.  The vertical lines above and below the first and last points indicate + SE.
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Figure 2.14.  Circadian changes in gross motor activity of E-, E+, and PF TO 
E+ groups during the thermal treatment period (Days 8 to 10).  Vertical lines 
show periods when lights were turned on (0600) and when lights were turned 
off (1800).  An asterisk (*) shows the significant difference between E+ HS 
and E- TN rats.  The vertical lines above and below the first and last points 
indicate + SE
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Figure 2.15.  Horizontal bars represent E-, E+, and PF TO E+ percentages of 
natural killer cells under HS and TN conditions.  Different letters indicate 
significant differences across treatment groups.  Heat (P > 0.06) and endophyte 
(P > 0.58) individually did not have any significant effects on NK cells
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Figure 2.16.  Horizontal bars represent E-, E+, and PF TO E+ percentages of 
B-lymphocytes cells under HS and TN conditions.  Different letters indicate 
significant differences across treatment groups.  Heat (P > 0.67) and endophyte 
(P > 0.66) individually did not have any significant effects on B-lymphocytes.
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Figure 2.17.  Horizontal bars represent E-, E+, and PF TO E+ percentages of T-
lymphocytes for rats under HS and TN conditions.  Different letters indicate 
significant differences across treatment groups.  Heat (P > 0.34) and endophyte 
(P > 0.64) individually did not have any significant effects .
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Figure 2.18.  Change in average core body temperature of E-, E+ 
and PF TO E+ in response to LPS challenge at thermoneutrality. 
The vertical lines above and below the first and last points indicate + 
SE.
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Figure 2.19.  Change in average core body temperature of E-, E+ and 
PF TO E+ in response to LPS challenge under heat stress conditions. 
The vertical lines above and below the first and last points indicate + 
SE.
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Figure 2.20.  Horizontal bars represent levels of circulating IL1β in E-, E+, and 
PF TO E+ 2 hours  after  LPS challenge  at  thermoneutrality  and under heat 
stress  conditions.  Different  letters  indicate  significant  differences  across 
treatment groups. An endophyte effect (P > 0.008) was observed, but a heat 
effect (P > 0.61) was not seen.
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Figure 2.21.  Horizontal bars represent levels of circulating TNFα in E-, E+ and PF 
TO E+ 2 hours after LPS challenge at thermoneutrality and under heat stress 
conditions.  Different letters indicate significant differences across treatment groups. 
An endophyte effect (P > 0.01) was observed, but a heat effect (P > 0.21) was not 
seen.



Chapter IV

EFFECT OF SUBCHRONIC HEAT STRESS AND ERGOPEPTINE 
ALKALOIDS ON THE IMMUNE SYSTEM OF RATS

1. Abstract

Research has shown that fescue toxicosis can impact immune function. A study 

was conducted to assess the combined impact of heat stress and ergopeptine alkaloids 

on the immune system.  Telemetric temperature transmitters were implanted 

intraperitoneally in some animals to record core temperature (Tc). Feed inatke (FI) 

and and body weight (BW) were measured daily.  Rats were fed diets containing 

ergopeptine alkaloids (E+; 32 ug Ergovaline/kg BW/d), no alkaloids (E-), or pair-fed 

(PF to E+ using an alkaloid-free diet).  Each diet group was further divided into 

temperature treatments of thermoneutrality (TN; 21ºC) or heat stress (HS; 33ºC). 

Rats received diet treatments at TN for 1 week followed by 21 days in HS or TN 

environments.  At the end of study, rats were given an intraperitoneal LPS challenge 

at dose rate of 100µg/kg BW and monitored for 2 hours.  Blood samples were 

collected at the end of study and analyzed using flow cytometry for various 

lymphocyte percentages.  Daily FI of E+ rats averaged 2 g below E- in both 

environments during the last treatment week (P < 0.05).  Moreover, Tc of E+ rats was 

more than 0.9°C above E- level at the end of the treatment period (P < 0.05).  T cell % 

of total lymphocytes in E+ HS group was lower (P < 0.05) compared to all the other 

heat stress and E-TN groups.  Caloric restriction combined with heat stress reduced 

CD4% and CD8% percentage to half that of E-HS (P < 0.05).  In summary, we noted 

several significant effects of heat stress on the T cell compartment of the immune 
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system.  Comapred to short term the total T-lymphocyte, CD4+ and CD8+ 

percentages of E+HS and PF TO E+HS rats in this study were significantly 

suppressed.  Some effects were independent of exposure to ergopeptide alkaloids, and 

none were a specific consequence of reductions in food intake associated with heat 

stress or fescue toxicosis. 

2. Introduction

Tall fescue (Lolium arudinaceum) is commonly used in the Midwest United 

States as pasture grass.  It has a symbiotic relationship with the fungus Neotyphodium 

coenophialum (Malinowski et al., 2005).  This symbiotic relationship makes the plant 

very hardy and it thrives well in marginal, acidic and poorly drained soil.  However, 

this relationship causes fescue toxicosis which results in an annual loss of over 600 

million dollars in the United States (Hoveland, 1993).  Ergopeptine alkaloids, cause a 

wide range of clinically non-specific symptoms such as reduced FI, body weight gain, 

activity, and thriftiness of the animal (Stickland et al., 1993).  Other complications are 

fescue foot, summer slump, sloughing of peripheral tissues in ear and necrosis. 

Reduced prolactin level is a sensitive indicator of fescue toxicosis. Reduction in 

prolactin may also contribute to alterations in the immune system (Porter, 1995).  The 

reproductive performance in affected in both male and female animals, embryonic 

development is also affected by the toxins (Collier et al., 2006). Cattle are mainly 

affected by the toxin (Cross et al., 2005; Oliver, 2005). However, horses (Cross et al., 

1995), rabbits (Filipov et al., 1998), sheep (Gadberry et al., 2003), rats (Spiers et al., 

2005), and mice (Varney et al., 1991) are also affected. 

 Effects of fescue toxicosis on the immune system had been studied using the 

mice and cattle model.  Studies using cattle model, have shown that long term 

exposure to endophyte infected fescue doesnot compromise the animals ability to 
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initiate production of pro-inflammatory cytokines like TNFα and IL6 (Saker et al., 

1998; Filipov et al., 1999).  Dew et al. (1997) showed that feeding mice with high 

levels of ergopeptine alkaloids, caused an increase in T-suppressor cells in 

thermoneutral conditions.  This could lead to decrease in total T-lymphocyte 

percentages.

There is evidence to show that rats adapt to core body temperature, FI and body 

weight gain during long term exposure to fescue toxicosis (Settivari et al., 2006). 

Rats receiving E+ and E- diet in the heat show adaptation to core body temperature. 

However, rats receiving E- diet adapted better than E- rats (Horowitz and Meiri, 1993; 

Matthew, 1997; Settivari et al., 2006).  Upregulation of genes related to 

gluconeogenesis, lipid metabolism, protein catabolism and hepatic detoxification 

(CYP P450 isozymes) may also contribute to long term adapation to increased FI and 

body weight gain.  There is very little information available on the adaptation to 

fescue toxin and effects on the long term effects of fescue toxicosison the immune 

system, therefore we decided to evaluate the long term effects of fescue toxin, heat 

stress and calorie restriction on the immune system.  In this study we hypothesize that 

long term exposure at higher temperatures may allow rats to adapt to effects of heat 

stress and endophyte, but not the combination of both.
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 The treatment diets, statistical analysis and sample experimental deisgn(except 

21 days in heat) are all similar to short term studies. Here they are listed again.

3. Materials and Methods

Animals and treatment diets

Male Spargue Dawley rats (n = 72; 350 to 400g BW) were implanted 

intraperitoneally, with telemetric transponders (Respironics, Bend, OR) to record core 

body temperature (Tc) and activity (Appendix 1).  They were then were allowed a 

post operative recovery period of one week, and placed in to two chambers with 

similar conditions and ambient temperature.  Dataloggers (HOBO Boxcar Prodata; 

Onset Computer Corp., Bourne, MA) were placed in each chamber to record ambient 

temperature and percent relative humidity throughout the study.  Animals were 

maintained in 12:12 day light cycles, and percent relative humidity was maintained at 

50 ± 5%, which was similar to previous studies in our lab (Spiers et al., 2005, 

Settivari et al., 2006).  Feed and water were provided ad libitum throughtout the study 

period.  Rats were fed either uninfected tall fescue seeds (E-) or infected tall fescue 

seed (E+; 32 µg EV/kg BW/d).  These levels were estimated by standard protocol 

using HPLC (Rottinghaus et al., 1993).  Composition of diet was similar to other 

studies in our lab (Spiers et al., 2005).  All diets were stored at 4˚C before feeding 

rats. FI (FI) and body weight were measured every day at 0900.  Pair-fed (PF) diet 

was calculated by dividing the average FI of E+ animals by the average body weight 

on that particular day.  The net value was multiplied by the body weight of each PF 

animal to calculate the amount of feed, for that day 

Rats were randomly divided into 6 treatment groups: E+ diet fed at 

thermoneutrality (E+ TN), E- diet fed at TN (E-TN), E- diet pair-fed to E+ TN at TN 
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(PF to E+TN), E+diet fed 7 days at TN followed by 21 days at HS, (E+HS), E- diet 

fed 7 days TN followed by 21 days at HS (E-HS), E- diet pair-fed to E+ HS at HS.(PF 

to E+ HS).  Thermoneutral and heat stress groups were housed in separate chambers. 

Experimental design.

Once FI and Tc were stabilized, baseline values for these parameters were 

collected for all animals in both rooms (HS and TN) for a period of five days. 

Following this period, rats in both chambers received their respective treatments (i.e., 

E+, E-, and PF to E+) at TN, for a period of one week.  Following this period, 

ambient temperature of one of the rooms was increased to a constant temperature of 

33˚C for rest of the study and the other chamber was continuously maintained at 21˚C 

(Figure. 3).  On the twenty second day of this period at 0830, half of the rats from 

each treatment groups (n = 6) received an intraperitoneal LPS injection (100µg/kg 

BW) and other half (n = 6) received a control intraperitoneal injection of 2 mls sterile 

saline. After 2 hours, rats were anesthetized using xylazine (13 mg/ml) and ketamine 

(87 mg/ml), at dose rate of 0.1mg/kg BW.  Blood samples were collected using 

intracardiac puncture. 

Sample preparation

Whole blood was collected in heparinized tubes and processed using the ficoll-

hypaque centrifugation method for isolation of lymphocytes (Appendix. 2).  All 

analyses were done at the University of Missouri hospital, flow cytometry core 

facility).  Samples were counted by flow cytometery in the cell and immunobiology 

core facility, at the University of Missouri hospital using BD FASC calibur 
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instrument.  Serum was separated from whole blood for cytokine assays, using 

Quantikine IL-1 assays and Quantikine TNF α (R & D systems). 

Statistical analysis

 

All data were analyzed using Analysis of Variance ANOVA (JMP® 8; SAS 

Institute, Inc., Cary, NC).  Repeated measures ANOVA of SAS (SAS Institute,,Inc, 

Cary, NC) was used to ascertain time-related changes in FI, body weight, core body 

temperature, motor activity, and levels of lymphocytes and cytokines.  Standard least 

square model fit (JMP®, SAS Institute Inc, Cary, NC) was used for analysis of all 

parameters.  Significance was reported based on the Tukey-Kramer multiple 

comparison test (Steele and Torrie, 1981).  A P value of less than 0.05 was reported as 

significant.  A linear plot analysis was performed using the mean weight of all rats in 

a treatment for a particular day.

4. Results

Feed intake

During the pretreatment period, there was no significant endophyte (P > 0.12) or 

endophyte by day effects (P > 0.86) on FI (Figure. 3.1).

Diet treatment

Rats showed a significant reduction in FI in response to endophyte (P < 0.0001). 

This response was seen within 24 hours of exposure to the endophyte.  A significant 

day effect and endophyte by day effect (P < 0.0001) were also observed.  The FI of 
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E+ and PF TO E+ rats stayed below (P < 0.05) FI of E- rats during the first four days 

of diet treatment (Figure. 3.2).  Partial recovery in FI was observed from Days 5 to 7, 

when FI was not significantly different from pretreatment levels.  However, the FI of 

E+ rats never reached that of E- rats (Figure. 3.1). 

Heat stress and diet treatment

The FI of E-TN, E+ TN and PF TO E+ TN groups were not significantly 

different from one another during this period. In contrast, there were pronounced heat 

stress effects, with endophyte, thermal, day, endophyte by day, and thermal by day 

differences (P > 0.0001).  Rats maintained at thermoneutrality had a higher FI (P < 

0.05) compared to rats exposed to HS (Figure. 3.3).  The E+ TN group stabilized their 

FI at Day 5, and then maintained this level until end of the study period.  At the end of 

the study E+TN was slightly lower than E-TN, but this dfference was not statistically 

significant.  During first 3 days of HS (Days 8 to 10), FI of all HS rats were lower (P 

< 0.05 ) compared to rats at thermoneutrality.  After the 4th day of HS (Day 11), E- HS 

had a slight increase (P < 0.05) in FI compared to its FI on the fisrt day of HS.  Their 

FI was significantly (P < 0.05) lower than E-TN until end of study, but it was not 

significantly different from E+ TN rats.  Conversely, E+HS had a lower (P < 0.05) FI 

until the last day of study.

Rats reduced their FI in response to heat stress, endophyte, and the combination 

of both.  The E+ HS rats reduced their FI by 54 % compared to E- HS rats which 

reduced their FI by 45 % on the first HS day (Day 8) compared to Day 7 of diet 

treatment.  The PF TO E+ group followed the same pattern of E+ HS rats, but the 

effects were seen the following day since FI was calculated based on FI of the E+ HS 

group.
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Rats maintained at thermoneutrality showed a pattern of adaptation to endophyte, 

with the FI of E+ TN rats increasing from Day 5 of diet treatment.  This was fairly 

consistent throughoutt the study period.  The PF TO E+ TN rats followed a similar 

pattern, but the effects were observed a day later.  In the long-term study, E+ HS rats 

(33˚C) did not show any significant signs of recovery.  The E+ HS rats FI increased 

by a small magnitude from Day 11 (i.e., Day 4 of heat treatment).  However, the FI of 

this group was consistently lower than other treatment groups.  The E-HS rats showed 

signs of recovery after Day 11, when their FI stabilized.  Although their FI did not 

consistently increase, there were no major reductions after Day 11.

Body weight

Pretreatment period

There was no endophyte (P > 0.007) or endophyte by day effects (P > 0.81) on 

body weight during this period.  However, there were significant day effects (P < 

0.0001).  The day effect was attributed to the daily body weight gain observed in rats 

under normal conditions (Figure. 3.4).

Diet treatment

Diet treatment did not result in a significant difference between body weights of 

E-, E+, and PF TO E+ rats.  Although there was no endophyte effect (P > 0.21), there 

was both day (P < 0.0001) and endophyte by day effects (P < 0.0001).  This shows 

that intake of an endophyte-infected fescue diet at thermoneutrality had a limited 

impact on growth.  The E- rats were not affected and their body weight increased (P < 

0.05) through out the treatment period.  There was a decrease in body weight in 
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response to the E+ diet, and the response of animals on the PF to E+ treatment 

followed a similar pattern (Figure. 3.5).  The body weight of E+ rats were lower than 

E- rats during the diet treatment period.  The E+ rats average daily weight gain was 

reduced compared to pretreatment levels until Day 5.  Analysis using a linear plot 

showed a significant increase in body weight of E- TN (3.2g/d) compared to E+TN 

and E-TN rats which lost 1.46g/d and 0.86g/d respectively.  These findings are similar 

to the short-term studies.

Heat stress and diet treatment

Exposure to TN conditions on the uninfected diet resulted in a continued increase 

(P < 0.05) in BW until the last day of study.  This increase began on Day 5.  However, 

the E+ TN group never reached the level of the E-TN group.  During the thermal 

treatment period, there were significant day, endophyte by day, and thermal by day 

effects.  Body weight decreased (P < 0.05) in response to HS (33˚C).  As stated 

before, the reduction in body weight gain occurs after the reduction in FI, and the 

pair-fed effects are seen a day after a change occurs for the E+ rats.  Considering this, 

the body weight reduction below TN level of all HS groups occurred after Day 9 

(Figure. 3.6).  Both E- HS and E+ HS groups had lower body weights compared to 

pretreatment and diet treatment levels until day 10 of study.  Then E-HS started to 

increase it body weight gain, but it stayed lower than (P < 0.05) E-TN until last day of 

study.  The E+ HS rats had lower body weights than E- HS until the last day of study 

(21 days in heat). 

A regression line plot showed that the E-TN, E+TN, and PF TO E+TN gained 1.9 

g/d, 0.1.3 g/d and 1.07 g/d, respectively, from Days 8 to 28.  The body weight of rats 

at TN was significantly (P < 0.05) higher than the E+HS rats over this time period.  A 
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reduction in body weight of E+ HS (-1.25 g/d) and PF TO E+ HS (-0.17 g/d) was 

observed from the first day of HSuntil the end of study.  Interestingly, E-HS gained 

weight at a slow pace of 0.79 g/d.

This study showed that E+ treatment at TN can result in recovery from weight 

loss, but even with this recovery it may never reach the E- TN level.  At the end of the 

study, there was no significant difference in the body weight of E+ TN and E-TN rats. 

The E- HS group showed signs of adaptation, by starting to gain weight on Day 10. 

This was constant until the end of study.  In contrast, E+HS rats did not show any 

trend towards weight gain until the end of the study (Day 21 in HS).  This could be 

due to the effects of reduced FI.

Core body temperature

Pretreament period

The average core body temperature was not significantly different among 

treatment groups prior to treatment.  Endophyte (P > 0.58) and endophyte by day 

effects (P > 00.47) were not seen.  The average core body temperature varied from 

37.4˚C to 37.6˚C among treatment groups (Figure. 3.7).

Diet treatment

In response to diet treatment, there were significant day (P < 0.0001) and 

endophyte by day effects (P < 0.0001).  The groups that consumed the uninfected 

fescue diet did not show any significant variation in core body temperature, and it 

ranged from 37.4˚C to 37.6˚C (i.e., similar to pretreatment levels).  Average daily 

core temperature of rats consuming the infected fescue was lower in response to 
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endophyte.  This trend towards hypothermia was minimal, and resulted in only a 

0.1˚C reduction which was not physiological relevant.  On these days, the core body 

temperature of E+ rats was lower than pretreatment E+ core body temperatures 

(Figure. 3.8).  During diet treatment, the PF TO E+ rats also had lower body 

temperatures compared to E- rats. 

Heat stress and diet treatment

There were thermal, day, thermal by day, and endophyte by day effects (P < 

0.0001) during HS period.  The Tc of E- TN, E+TN and PF to E+ TN rats did not 

differ significantly.  The E+TN and PF TO E+ TN rats were slightly lower than E-TN 

rats, but this difference was not statistically significant.  In contrast, the E- HS, E+ 

HS, and PF TO E+ HS rats had a dramatic increase (P < 0.05) in Tc on the first HS 

day (Day 8) compared to TN rats.  The E+ HS group had the greatest Tc increase (P < 

0.05) (i.e., 0.98˚C above Day 7 level at TN) compared all other treatment groups, 

including E-HS, which increased 0.65˚C above Day 7 (P < 0.05), and PF TO E+HS 

groups in the first day of HS. (Figure. 3.9).  Both E-HS and PF TO E+ rats showed 

signs of adaptation after three HS days, when Tc was reduced and stabilized at a level 

lower than that of E+HS.  The Tc of PF rats was lower compared to E- HS rats.  The 

E+ HS rats showed no signs of adaptation at 33˚C, with Tc on the last day of study 

being similar to that of first HS day (Figure. 3.10).  During the entire HS period, Tc of 

E+HS rats ranged from 38.2 to 38.9˚C compared to E- HS which ranged from 37.9 to 

38.3˚C.  This suggests that E+ HS rats may never be able to adapt to the combined 

effects of this level of HS and intake of ergopeptine alkaloids found in endophyte-

infected fescue.
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Circadian changes in core body temperature

Pretreatment

Both an endophyte effect (P < 0.58) and endophyte by hour (P < 0.12) interaction 

were absent during the pretreatment period.  The highest Tc was observed during 

2100 to 0200 and lowest was recorded around 0800 to 0900.  There was a decrease in 

Tc (P < 0.05) from 0600 to 0700, before lights were turned on, and an increase from 

1700 to 1800 before lights were turned off.  The greater Tc increase (P < 0.05) from 

evening level was observed after 2100.  In addition, there was a spike in Tc in 

response to daily feeding.

Diet treatment 

All treatment groups exhibited circadian changes in TC.  Diet treatment showed 

significant endophyte by hour (P < 0.0001) and thermal by hour effects (P < 0.0011). 

Both the E+ and PF TO E+ groups had a lower Tc (P < 0.05) from 0700 to 1000 

compared to 2100 to 0200 (Figure. 3.11).  Likewise, their Tc stayed lower during the 

day from 1100-1700, when the lights were turned on.  However, their Tc increased 

after lights were turned off and it did not differ from E- treatment groups.  This 

suggests that TN hypothermia in E+ rats might be best documented during the day 

when lights are turned on.  A daily increase in Tc was documented in response to 

feeding, and the PF rats had the greatest increase in Tc as they consume feed 

immediately.

Heat stress and diet treatment 

121



Significant diet, thermal, hour, diet by hour, and thermal by hour effects (P < 

0.0001) were observed in this phase of the experiment.  Heat stress increased Tc (P < 

0.05) of rats, and all HS groups followed the same circadian pattern as TN rats.  The 

only appreciable difference was the absence of a pronounced Tc increase after feeding 

in E-HS and E+HS rats.  Greater (P < 0.05) differences in Tc between HS and TN rats 

were observed from 2100 to 0500 when rats were most active (Figure. 3.12).  This 

suggests that the difference between HS and TN rats is greatest at night when the rat 

Tc increases (Figure. 3.12). 

General gross motor activity

Pretreatment

Gross motor activity did not differ significantly among treatment groups during 

the pre-treatment period.  No endophyte (P > 0.84) or endophyte by day effects(P > 

0.12) were observed.

Diet treatment

There was no endophyte (P > 0.94) or endophyte by day effects (P > 0.39) on 

average daily activity.  A non-significant decrease in activity was observed in E+ rats 

after diet treatment (Figure. 3.13). 

Heat stress and diet treatment

Significant day (P < 0.0001) and thermal by day effects (P < 0.0001) were 

observed in response to HS.  The E-TN, E+TN, and PF TO E+TN rats daily activity 

did not differ significantly.  All HS rats had a slightly higher activity compared to TN 
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rats on the first 2 days of HS (Days 8 and 9), and then reduced their gross motor 

activity.  Both E-HS and PF TO E+HS groups had the greatest activities on Days 8 

and 9.  A marked reduction in activity was seen in E+HS rats during the last two 

weeks of HS (Figure. 3.13).  This reduction was significantly (P < 0.05) lower than 

first 2 HS days.  Reduced activity could be an indication of sickness behaviour in 

these rats.

Circadian changes in activity

Pretreatment

A set pattern of activity was observed during the entire study. Circadian rhythm 

of activity was similar to that of Tc.  The greatest decrease in activity was seen from 

0600 to 0700 (P < 0.05) before lights were turned on, and the increase in activity was 

seen from 1700 to 1800 before lights were turned off.  A greater increase in activity 

was observed from 1800 to 1900.  The lowest activity was observed at 0800.  A 

significant increase in activity was observed in all treatment groups at 1000 

corresponding to the daily feeding time.  A diet effect (P > 0.57) was not observed 

during this period.

Diet treatment

During this period, the circadian rhythm for activity was similar to pretreatment 

levels and did not change significantly (Figure. 3.14).  There were hour, endophyte by 

hour, and thermal by hour effects (P < 0.0001).  However, there was no endophyte 

only significant effect on the circadian pattern of activity (P > 0.35).

 

123



Heat stress and diet treatment 

There were significant hour, endophyte by hour, and thermal by hour effects 

(P < 0.0001) in response to thermal stress.  The TN rats followed a similar pattern 

observed during diet treatment.  The E+ HS rats had lower activity compared to the E-

TN rats from 1900 to 2100.  The PF TO E+HS rats demonstrated a greatest (P < 0.05) 

increase in activity during daily feeding time (Figure. 3.15).

Lymphocytes

Natural killer cells

Natural killer cells are cells of the innate immune response that act against 

intracellular virus and tumor cells.  The E-TN, PF TO E+TN, and E+TN groups in the 

present study did not differ significantly.  However, a thermal effect was observed (P 

< 0.0024).  All HS rats had a higher NK cell percentage compared to the same 

treatment under thermoneutral conditions.  The PF TO E+ HS group showed a marked 

increase (P < 0.05) in NK Cell percentage compared to all TN groups (Figure. 3.16). 

The E+ HS and E- HS groups had greater values than their respective TN groups. 

This shows that stress caused by caloric restriction, HS, and combination of 

endophyte and HS increases NK cell percentages to anticipate infections. 

B-lymphocytes

The B-lymphocytes are cells that help in antibody production. Diet (P < 0.16) and 

thermal effects (P < 0.14) were not observed.  The B-lymphocyte percentages in the 

PF TO E+ HS and E+HS groups were lower compared to the other treatment groups. 

However, this reduction was not statistically significant.
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T-lymphocytes

Total T- lymphocyte percentages varied in response to the endophyte diet and 

heat treatment. The E-TN, E+TN, and PF TO E+ TN treatments did not differ 

significantly.  However, the T-lymphocyte percentage of the E+ HS group was lower 

(P < 0.05) than for E-TN, E+TN, and PF TO E+ HS groups (Figure. 3.17).  The E- HS 

and PF TO E+ HS groups did not differ significantly from their TN counterparts. 

CD4+ cells

The CD4+ cells are a subclass of T-lymphocytes.  They are commonly referred 

as helper-T cells.  The E-TN, E+TN, and PF TO E+ TN treatment groups did not 

differ significantly from each other.  The CD4+ percentage in the PF TO E+ HS group 

was the lowest, and it was significantly lower than (P < 0.05) the E+ TN, PF TO 

E+TN, and E-HS groups (Figure. 3.18).  The E+ TN and E+ HS groups did not vary 

significantly from one another.  However, there was a marked decrease in the E+HS 

treatment group.

CD8+ cells

The CD8+ cells are a subclass of T-lymphocytes.  These cells are also called as 

cytotoxic T cells. The E-TN, E+TN, and PF TO E+ TN treatment groups did not 

differ significantly from one another (Figure. 3.19).  The CD4+ percentage in the PF 

TO E+ HS group was lowest, and it was significantly lower than (P < 0.05) all other 

treatment groups.  Other HS groups did not show significant changes.

LPS administration
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LPS at thermoneutrality

Core body temperatures of all LPS-challenged rats did not differ significantly 

across treatment groups.  Both hour (P < 0.0217) and thermal by hour effects (P < 

0.0126) were observed.  However, there were no LPS (P > 0.19) and LPS by hour (P 

> 0.09) effects.  The Tc of E- TN LPS rats showed a marginal decrease of 0.5˚C from 

0800 to 1000 (Figure. 2.20), following a natural circadian pattern.  The E- TN LPS+ 

rats had a non-significant decrease of Tc 0.7˚C at 1000(i.e., 2 hours after LPS 

challenge).  The PF TO E+ TN LPS+ rats showed a nonsignificant decrease at 1000. 

The E+TN LPS+ rats also had a Tc decrease of 0.6˚C from its level at 0800.  A trend 

towards hypothermia was noted under TN conditions for all LPS challenged groups 

(Figure 3.20).

Activity followed the same trend as Tc, with all groups having a lower activity at 

1000.  However, the LPS-challenged rats exhibited a greater decrease in activity 

compared to the LPS-control rats.  Both hour and thermal effects were observed (P < 

0.0001).  However, there were no LPS (P > 0.24) or LPS by hour effects (P > 0.14). 

LPS at heat stress

In the HS environment, there was the same pattern on an initial Tc spike from 

0800 to 0900 for all treatment groups.  Both hour (P < 0.0217) and thermal effects (P 

< 0.0126) were observed.  However, there were no LPS (P > 0.19) or LPS by hour (P 

> 0.09) effects.  Similar to the TN response, the LPS control rats decreased Tc from 

0800 to 0100.  Both E+ HS LPS+ and E-HS LPS+ groups increased their Tc slightly 

from 0900-1000, but it was not statistically significant.  This suggests that there is a 

trend towards hyperthermia in HS rats (Figure. 3.21).
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There was a general trend toward an increase in activity, followed by a decrease 

under HS conditions.  The E+HS LPS+ rats had the lowest activity at 1000, but this 

decrease was not significant.  All other rats also had a lower activity at 1000 

following their natural circadian pattern.

IL1β

Rats maintained under TN and HS conditions responded with an increase in 

circulating levels of IL1β when 100 µg/kg BW of LPS was administered 

intraperitoneally.  Two hours after LPS challenge all treatment groups that received 

the LPS injection had higher (P < 0.05) levels of circulating IL1β compared to the 

LPS control groups (Figure. 3.22).  The values for E- TN, E+TN, and PF TO E+ TN 

rats did not vary significantly from one another.  In addition, a significant thermal 

effect (P < 0.0331) was observed.  The IL1β values for all HS treatments were higher 

than their respective TN groups.  The IL1β value for PF TO E+ HS rats was 

significantly (P < 0.05) higher than for E-TN and PF TO E+ TN groups.  There was 

not significant different between E-HS and E+HS rats.

    

TNFα

Rats that received LPS challenge responded with an increase in serum TNFα 

level.  In contrast, control rats had below detectable levels of TNFα.  Both significant 

endophyte (P < 0.0300) and thermal effects (P < 0.0181) were noted.  The E- TN, 

E+TN, and PF TO E+ TN rats were not significantly different from one another 

(Figure. 3.23).  Similar to IL1β, all HS groups had higher circulating levels of TNFα 

compared to the same TN groups.  The E+ HS group was significantly higher (P < 
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0.05) than all TN treatment groups and the PF TO E+ HS group.  Pair-fed groups had 

the lowest circulating levels of TNFα under TN and HS conditions.

5. Discussion

Feed intake

In this final trial, FI was reduced by 40 % on the first day of diet treatment.  This 

is in agreement with other studies which have reported more than a 50% reduction in 

FI on the first day of diet treatment at thermoneutrality (Roberts et al., 2002; Spiers et 

al., 2005; Settivari et al., 2008).  FI of rats in the present study showed a partial 

recovery on Day 4.  Again, this is consistent with past studies were a recover in FI 

was observed on day 4 of exposure to the E+ diet (Robert et al.,2002; Spiers et al., 

2005).  

The present study showed that both heat stress and intake of endophyte-infected 

tall fescue independently reduces FI.  In addition, the combination of both results in 

an even greater reduction.  These results are consistent with previous reports from this 

laboratory (Spiers et al., 2005; Al-Tamimi et al., 2007).  The E+ HS rats reduced their 

FI by 63 % compared to E- HS rats which reduced their FI by 50 % on the first day of 

heat stress (Settivari et al., 2006).  Reduction in FI in response to heat stress has been 

reported previously (Johnson and Cabanac, 1982; Johnson and Stack, 1989 and 

DeVries et al., 1993).  Reduced FI may be due to decreased duration, frequency and 

quantity of FI (Johnson and Cabanac, 1982; Johnson and Stack, 1989).  Al-Tamimi et 

al. (2007) stated that a decreased FI is an adaptive mechanism to lower post prandial 

heat production. 

The E+HS had a lower feedintake until the last day of study and never reached 

the levels of E-HS rats.  This is in agreement inprevious reports (Settivari et al., 
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2006).  Similar, decreases in FI of E+ HS rats above the levels of E-HS has been 

reported in the past in cattle (Aldrich et al., 1993) and sheep (Gadberry et al., 2003). 

These findings show that heat stress may negate the adaptive response in rats to E+ 

diet.  Reduction in FI for the present study was higher than the values of previous 

reports.  This reduction is attributed to higher thermal stress (33°C), compared to past 

studies.  Long-term studies (Spiers et al., 2005; Settivari et al., 2006) showed that 

E+TN and E-HS may recover partially from their reduced FI.  However, their FI 

never fully returns to the level of the control E- TN rat.  There are several theories 

proposed stating various reasons for the reduction in FI.  Strickland et al. (1993) 

related effects of fescue toxin and dopamine activation.  Dopamine receptor activation 

may cause satiety, leading to decreased FI.  Other studies have shown that serotonin 

receptors could be activated causing satiety in rats (Oliver, 2005).  Al- Tamimi et al. 

(2007) stated that toxins associated with endophyte-infected fescue impacts 5-HT 

receptors causing a reduction in FI.  There is consensus that hunger and FI are 

goverened by different factors, therefore fescue toxicosis could also act through more 

than one mechanism.  Likewise, Spiers et al. (2005) ruled out the possibility that 

reduced FI is due to palatability of the diet.  Reduced FI is seen as a protective 

mechanism to avoid postprandial metabolic heat production.  This possibly gives the 

animal the ability to cope with increased core body temperature. 

Body weight

Body weight gain in the present study was altered in response to change in FI as 

a result of heat stress or intake of ergopeptine alkaloids associated with endophyte-

infected tall fescue.  Body weight was reduced 24 hours following intake of the 

endophyte-infected diet, but this was not significant.  Rats continued to lose body 
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weight until Day 5 on the diet, with the first increase on Day 6.  Similar, adaptation to 

body weight gain has been observed previously from day 4 to 6 (Spiers et al., 2005, 

Settivari et al., 2006). 

It is interesting to note that at thermoneutrality the body weight of the E+ and PF 

TO E+ rats were very similar.  This is evidence to suggest that the effect of 

ergopeptine alkaloids on body weight gain is no more than the effect on FI.  Farm 

animals that consume endophyte-infected tall fescue follow a similar pattern of body 

weight gain (Osborn et al., 1992; Gadberry et al., 2003).  In the present study, rats fed 

the E+ diet started gaining weight from Day 6 and this continued until the last day of 

study. 

Heat stress decreased average daily gain in E-, E+, and PF TO E+ treatment 

groups.  The impact of heat stress on body weight gain was greater than the effect of 

endophyte alone.  These results were consistent with previous results from our lab 

(Spiers et al., 2005; Al-Tamimi et al., 2007).  In contrast to E+TN, E+ HS did not 

show a continuous pattern of increased body weight gain until the last day of study. 

Previous research reports a 63% decrease in average daily gain of E+ rats compared to 

E- rats at thermoneutrality after 24 hours of exposure (Neal and Schmidt., 1985).  The 

greatest difference in body weight of E+ and E- rats has been noted on Day 3 of 

treatment (Spiers et al., 2005). 

Control rats in the heat also reduced the average daily body weight and this is in 

agreement with previous studies by other research groups (Johnson and Cabanac., 

1982; De Vries et al., 1993).  Decreased FI could have contributed to decreased daily 

weight gain in E-HS rats.  Decreased metabolic heat production in summer is 

achieved due to decreased caloric intake and lowered thyroid hormone production, 

which helps heat stressed animals adapt to hyperthermia (Baccari et al., 1983). 
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Recent genomic analysis has shown that genes related to protein catabolism and 

gluconeogenesis are upregulated at thermoneutrality for rats on the E+ diet in 

thermoneutral conditions (Settivari et al., 2006).  However, long term E+HS produced 

down regulation of genes related carbohydrate (transmembrane protein 123, 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 and solute carrier family 37 

member 4), lipid (acetyl-coenzyme a acyltransferase 2, acyl-coenzyme a oxidase and 

protein (eukaryotic translation elongation factor 2, and heterogeneous nuclear 

ribonucleoprotein 3) metabolism (Settivari et al., 2006)  More confounding is the fact 

that even if rats started recovering from reduced FI, the effect of ergopeptine alkaloids 

on the mitochondrial genes relating to ATP production may prevent them from 

gaining weight (Settivari et al.,2006).  This suggests that endophyte may impact 

bodyweight gain by more than one avenue.  However, these effects are not significant 

unless combined with heat stress.

Average core body temperature

Average daily core temperature in the present study was lower for rats fed the 

endophyte-infected fescue diet at thermoneutrality. Likewise, the pair-fed rats at 

thermoneutrality had a lower core body temperature compared to E- rats.  These 

findings are consistent with previous reports (Spiers et al., 2005; Settivari et al., 

2006).  Hypothermia in response to ergovaline at thermoneutrality has also been 

documented previously (Zhang et al., 1994; Spiers et al., 1995).  The fact that pair-

feeding, which causes caloric restriction, also leads to a lower core body temperature 

(Yoda et al., 2000) shows that reduced caloric intake could be a possible reason for 

the hypothermia seen in E+ rats at thermoneutrality.  Although the core body 

temperature of E+ rats at thermoneutrality was significantly lower than the 
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pretreatment E+ level it was not significantly different  across treatment groups during 

diet treatment.  These findings suggest than the E+ diet by itself may not cause a 

harmful shift in core body temperature at thermoneutrality. 

Exposure to heat stress (33°C) in the present study significantly increased core 

body temperatures of E- HS, E+ HS, and PF TO E+ HS rats compared to the same 

treatment groups at thermoneutrality.  Likewise, the E+HS group was significantly 

higher than either the E- HS or PF TO E+ HS rats for the duration of heat exposure. 

These findings are partially in agreement with past studies at 31°C (Spiers et al., 

1995; 2005).  The E+ HS rats in the current study did not show any signs of lowering 

their core body temperature for the duration of the study.  Any reduction observed 

was only transient, and was followed by an increase in core body temperature.  This is 

different from lower heat stress levels where a certain degree of adaptation was seen 

in the E+ HS rats (Settivari et al., 2006).  Oliver, (2005) reported that binding of α-

adrenergic receptors, hampers vasodilation and heat loss mechanism in rats.  This 

might explain why the E+HS could never reduce their Tc as they were continuously 

exposed to the the toxin.  Al-Tamimi et al. (2007) showed that inihition nitric oxide 

could also prevent vasodilation leading to hyperthermia, which a common symptom 

fescue toxicosis. 

Previous experiments have also shown a heat adaptive response for core body 

temperature.  Rats exposed to 32˚C to 33˚C for 2 weeks, showed adaptation from 

Day3 and then their Tc began to decline (Horowitz and Meiri, 1993; Matthew, 1997). 

During heat stress, splanchnic and peripheral vasodilation (Horowitz, 1998) aid in 

heat loss from the body.  Similarly, evaporative cooling, extending limbs to increase 

surface area, and spreading saliva are other ways to reduce core body temperature 

(Schmidek et al., 1983; Hubbard et al., 1982; Gordon, 1993).
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. 

General activity

General activity was highly variable among treatment groups in the present 

study.   No significant difference was observed across different treatment groups 

during pretreatment and diet treatment periods.  These findings are in agreement with 

previous reports by Spiers et al. (2005). In the present study, heat stress reduced 

activity of rats.  The PF TO E+ HS group had the highest activity during heat stress. 

We hypothesized that the relatively small quantity of feed given to these rats kept 

them extremely hungry, and this hunger could have driven them to explore for more 

food.  The E+HS group had lowest activity at the end of study.  This could be an 

indication of sickness behaviour as suggested by Spiers et al. (2005) due to the fescue 

toxicosis.  Similar to our short-term studies, increased activity was observed in E-HS 

for the first two days.  But this gradually reduced and at the end of the study this 

activity was considerably lower than other treatment groups.  Al-Tamimi et al. (2007) 

also observed reduced activity in response to heat stress in long-term studies.

.

Lymphocytes

Natural killer cells

Natural Killer cells play a major role in innate antiviral defense (Biron, 1997).  In 

the short term study the highest percentage was observed in E+HS rats, the paired-fed 

rats also had an increase in NK cell percentages.  In the current study there was a 

marked increase in the NK cell percentage of PF TO E+ HS rats compared to other 

heat stressed and thermoneutral groups, suggesting that a higher magnitude of caloric 

restriction can trigger an increase in NK percentages and activity (Shen et al., 2009). 
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It is important to note that a significantly lower CD8+ percentage in the PF TO E+ HS 

group, may have maintained NK cell percentages at a higher level.  There is an 

inverse relationship between MHC 1(which interacts with CD8+) and NK cell 

percentages (Biron, 1997).  If one is increased it decreases the other, therefore we 

suggest that lower levels of CD8+ (which interacts with MHC I) in PF TO E+ HS r 

ats may have contributed to the increase in NK cell percentages (Abbas et al., 2007). 

The same effects were not observed in PF TO E+ TN rats, as the magnitude of caloric 

restriction was very low compared to PF TO E+ HS rats.  It was interesting to note 

that NK cell percentage was higher in all heat stressed groups compared to 

thermoneutral treatments.  This suggests that heat stress may also contribute to 

increased NK cell percentages (Biron, 1997).

B-lymphocytes

Lymphocyte percentages across treatment in the present study were fairly 

constant, except for a reduction in the pair-fed treatment groups.  In the current long-

term study, B cell percentages were lower in the pair-fed treatment group exposed to 

heat stress compared to thermoneutral groups.  Past studies have shown that both 

short- and long-term heat stress and intake of fescue toxin do not affect an animal’s 

ability to mount an inflammatory or antibody response in response to pathogens (Rice 

et al., 1997; Filipov at al., 1999b).  Our results are in agreement with these reports. 

Compared to our short-term study which showed a lower percentage in E+HS rats B 

cell percentages of E+ HS rats recovered in the long-term.  An earlier report also 

noted that B-lymphocyte percentages improve 4 to 7 days after exposure to acute 

stress heat stress (Dracott and Smith, 1979).  Heat stress and endophyte individually 

did not affect B cell percentages in the present study.  This suggests that this antibody 
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response may not be affected by individual exposure to heat stress or feeding animals 

an endophyte-infected diet at thermoneutrality (Rice et al., 1997; Filipov et al., 

1999b).

T-lymphocytes

T cell percentage varied across treatment groups in the present study, with the E+ 

group having the lowest percentage of T cells after long-term heat stress.  The E+ TN 

was only slightly lower than the level found in E- TN rats.  Settivari et al. (2006) 

reported a down regulation in TCR beta of rats exposed to E+ diet in 

thermoneutrality.  Earlier reports have stated that feeding mice an E+ diet increased 

T-suppressor cell percentage at the end of 43 days (Dew et al., 1990).  However, they 

did not report the total T-lymphocyte percentages.  Compared to our short-term 

studies, the E+ HS rats had lower T-lymphocyte percentages.  It is possible that the 

activation of T-suppressor cells could have reduced the percentage of total T-

lymphocytes.  All treatment groups in the current study, except E+ HS treatment 

group, stabilized within a normal range for T-lymphocytes.  This indicates that T-cell 

dependent, cell-mediated immunity could be compromised in these animals.  The cell-

mediated immunity of E+HS could have been compromised more than the other 

groups due to the lower levels of T-lymphoctes and CD8+ cells.  This reduction might 

make these animals susceptible to intracellular and extracellular pathogens.

CD4+ and CD8+ cells

Both CD4+ and CD 8+ percentages have been used in diagnosis of 

immunosuppressive conditions like HIV. (Taylor et al., 1989; Burcham et al., 1991) 

Many differences in these areas were observed across treatment groups in our long-
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term study.  Several studies have reported that these percentages can change in 

chronic immunosuppressive diseases, and estimating total percentages are a better 

prognostic indicator than total cell count (Taylor et al., 1989; Burcham et al., 1991; 

An der Ryst et al., 1998).  The CD4+ percentages were the lowest for the PF TO E+ 

HS rats.  This suggests that caloric restriction in the heat may impact the T-cell 

-mediated response in rats.  Ana et al. (2004) reported an increase in difference of 

CD4+ CD8+ rats when subjected to caloric restriction.  Identical to our findings, 

others using the mice model have reported a significant depletion of CD4+ and CD8+ 

cells in response to caloric restriction (Poetschke et al., 2000).  These effects were 

observed at more than 40% caloric restriction at thermoneutrality.  Conversely, PF TO 

E+ TN rats in the current long-term study received less caloric restriction, and 

therefore changes in the PF TO E+ group were not seen.  Alterations in CD4+ and 

CD8+ percentages may compromise the rats ability to mount an immune response 

against both intracellular and extracelluar pathogens. 

The E+ HS rats in the present study also had a marked reduction in CD8+ cells, 

in contrast to the E- HS rats which had a higher percentage.  These changes suggest 

that intake of the E+diet in the heat may compromise the animals ability to mount an 

adequate cell-mediated response to intracellular pathogens, which are mainly 

counteracted by CD8+ cells.  Most of the changes observed are in the T-cell lineages. 

Therefore, we propose that long-term caloric restriction and intake of the E+ diet in 

the heat may compromise the long-term adaptive, cell-mediated immune response.

Cytokine response to LPS

Although core body temperatures did not differ significantly in response to LPS 

injection in the present study, there was a significant cytokine response. All treatment 
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groups, including the rats that received endophyte diet, retained the ability to produce 

pro-inflammatory cytokines in response to LPS. This is in agreement with other 

studies (Rice at el., 1997; Filipov et al., 1999b).  The E+ HS group showed the highest 

TNFα response, which might be associated with the increased amount of stress 

experienced by these animals.  Increased pro-inflammatory response to endotoxin at 

thermoneutrality has been reported in mice and cattle fed E+ diet (Rice at el., 1997; 

Filipov et al., 1999a).  Studies have shown that caloric restriction can reduce the 

proinflammatory response (Muthukumar et al., 2000).  These studies examined TNFα 

level in pair-fed animals in thermoneutrality and showed a decreased activation in 

pairfed animals.  The IL1β and TNFα levels in the E-HS group were marginally 

higher than for the E-TN group, suggesting that heat stress can increase the 

proinflammatory response in rats. Similar results have been reported in the past using 

the rat model (Bouchama et al., 1991; Lin et al., 1997).  The marked increase noted in 

TNFα level of E+HS rats and the moderate increase in E+TN rats revealed that these 

animals did not lose their ability to mount a proinflammatory response even after 

consuming an endophyte-infected diet for many days.  This is consistent with a 

previous report using mice (Filipov et al., 1999a).  However, it is important to note 

that an increased response may also be harmful to tissue and cell functions.  In the 

long term study rats had a higher level of TNFα compared to all other treatment 

groups, this might cause an increased inflammatory condition in the body, 

predisposing the animal to shock and sepsis
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Figure 3.1.  Average daily feed intake of E-, E+, and PF TO E+ rats under HS and 
TN conditions.  An asterisk (*) shows the statistical significance between E+ HS 
and E- TN groups.  The vertical lines above and below the first and last points 
indicate + SE.
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Figure 3.2.  Change in average daily feed intake of E-, E+, and PF TO E+ during 
diet treatment period (Days 1 to7).  E- TN rats consumed 18g on day -1..An 
asterisk (*) shows the statistical significance between E+ HS and E- TN groups. 
The vertical lines above and below the first and last points indicate + SE.
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Figure 3.3.  Change in average daily feed intake of E-, E+, and PF TO E+ during 
heat stress and diet treatment period (Days 8 to 28).  E- TN rats consumed 18g 
on day 7.  An asterisk (*) shows the statistical significance between E+ HS and 
E- TN groups.  The vertical lines above and below the first and last points 
indicate + SE.
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Figure 3.4.  Average daily body weight gain of E-, E+, and PF TO E+ rats 
maintained under HS and TN conditions.  An asterisk (*) shows the statistical 
significance between E+HS and E-TN rats.  The vertical lines above and below 
the first and last points indicate + SE.
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Figure 3.5.  Change in average daily body weight intake of E-, E+ and PF TO E+ 
during diet treatment period (Days 1 to 7).  Asterisk (*) shows the statistical 
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Figure 3.6.  Change in average daily body weight of E-, E+, and PF TO E+ 
during HS and diet treatment period (Days 8 to 28).  An asterisk (*) shows 
the statistical significance between E+HS and E-TN rats.  The vertical lines 
above and below the first and last points indicate + SE.
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Figure 3.7.  Average daily core body temperature of E-, E+, and PF TO E+ 
rats maintained under HS and TN conditions during entire study period.  An 
asterisk (*) shows the statistical significance between E+HS and E-TN rats. 
The vertical lines above and below the first and last points indicate + 1 SE.
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Figure 3.8.  Change in average daily core body temperature of E-, E+, and 
PF TO E+ during diet treatment.  An asterisk (*) shows the statistical 
significance between E+TN and E-TN rats.  The vertical lines above and 

below the first and last points indicate + 1 SE.
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Figure 3.9.  Change in core body temperature of E-, E+, and PF TO E+ 
during first three days of HS and diet treatment period (Days 8 to 10).  An 
asterisk (*) shows the statistical significance between E+HS and E-TN rats. 
The vertical lines above and below the first and last points indicate + 1 SE.
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Figure 3.10.  Change in core body temperature of E-, E+, and PF TO E+ of rats 
maintained under HS and TN conditions (Days 8 to 28).  An asterisk (*) shows 
the statistical significance between E+HS and E-TN rats.  The vertical lines 
above and below the first and last points indicate + 1 SE.
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Figure 3.11.  Circadian changes in core body temperature of E-, E+, and PF 
TO E+ rats during diet treatment period (Days 1 to 7).  Vertical lines show 
periods when lights were turned on (0600) and when lights were turned off 
(1800).  An asterisk (*) shows the statistical significant difference from 
previous hour of day.  The vertical lines above and below the first and last 
points indicate + 1 SE.
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Figure 3.12.  Circadian changes in core body temperature of E-, E+, and PF 
TO E+ rats maintained under HS and TN conditions (Days 8 to 28).  Vertical 
lines show periods when lights were turned on (0600) and when lights were 
turned off (1800).  An asterisk (*) shows the statistical significance between 
E+HS and E-TN rats during 24 hour period.  The vertical lines above and 
below the first and last points indicate + 1 SE.
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Figure 3.13.  Average daily activity of E-, E+, and PF TO E+ rats maintained 
under HS and TN conditions.  An asterisk (*) shows the statistical significance 
between E+HS and E-TN rats.  The vertical lines above and below the first and 
last points indicate + 1 SE.
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Figure 3.14.  Circadian changes in average daily activity of E-, E+, and PF TO 
E+ rats during diet treatment period (Days 1 to 7).  Vertical lines show periods 
when lights were turned on (0600) and when lights were turned off (1800).  An 
asterisk (*) shows the statistical significant difference from previous hour of 
day.  The vertical lines above and below the first and last points indicate + 1 SE.
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Figure 3.15.  Circadian changes in average daily activity of E-, E+, and PF TO 
E+ rats maintained under HS and TN conditions (Days 8 to 28).  Vertical lines 
show periods when lights were turned on (0600) and when lights were turned 
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Figure 3.16.  Horizontal bars represent E-, E+, and PF TO E+ percentages of 
natural killer Cells maintained under TN and HS conditions.  The vertical lines 
above each bar indicates + 1 SE.  A heat stress effect (P > 0.002) was observed, 
but an endophyte (P > 0.52) effect was not seen.
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Figure 3.17.  Horizontal bars represent E-, E+, and PF TO E+ 
percentages of T-lymphocytes maintained at TN and HS 
conditions.  Different letters above each bar indicate significance 
across treatment groups.  The vertical lines above each bar 
indicates + 1 SE.  A heat stress effect (P > 0.04) was observed, 
but an endophyte (P > 0.33) effect was not seen.
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Figure 3.18.  Horizontal bars represent E-, E+, and PF TO E+ percentages of 
CD4+ cells maintained under TN and HS conditions.  Different letters above 
each bar indicate significance across treatment groups.  The vertical lines above 
each bar indicates + 1 SE.  An endophyte effect (P > 0.03) was observed, but a 
heat effect (P > 0.59) effect was not seen.
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Figure 3.19.  Horizontal bars represent E-, E+, and PF TO E+ percentages of 
CD8+ cells maintained under TN and HS conditions.  Different letters above 
each bar indicate significance across treatment groups.  The vertical lines above 
each bar indicates + 1 SE.  A heat stress effect (P > 0.09) and endophyte effect 
(P > 0.29) was not observed.
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Figure 3.20.  Average core body temperature of E-, E+, and PF TO E+ rats 
in response to LPS at thermoneutrality.  The vertical lines above and below 
each point indicates + 1 SE.
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Figure 3.21.  Average core body temperature of E-, E+, and PF TO E+ rats 
in response to LPS under heat stress conditions.  The vertical lines above 
and below each point indicates + 1 SE.
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Figure 3.22.  Horizontal bars represent levels of circulating IL1β in E-, E+, 
and PF TO E+ 2 hours after LPS challenge at TN and under HS 
conditions.  Different letters above each bar indicate significance across 
treatment groups.  The vertical lines above each bar indicates + 1 SE.  A 
heat effect (P > 0.03) was observed, but a endophyte effect (P > 0.66) was 
not seen.
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Figure 3.23.  Horizontal bars represent levels of circulating TNFα in E-, E+ 
and PF TO E+ 2 hours after LPS challenge at TN and under HS conditions. 
Different letters above each bar indicate significance across treatment 
groups.  The vertical lines above each bar indicates + 1 SE.  A heat effect (P 
> 0.01) and endophyte effect (p > 0.03) was observed.



6. Summary

The current study was designed to examine a portion of the immune system 

response to fescue toxicosis, and the potentially compounding effects of heat stress 

and caloric restriction on this activity.  The results differentiate the effects of these 

individual stressors, as well as their interactive actions on different physiological 

parameters and specific components of the immune system.  

In the short-term study,  rats decreased their feed intake and body weight gain, 

and increased their core body temperature in response to heat stress and a combination 

of heat stress and endophyte infected diet (Table. 1.2). These variables did not change 

until the end of the study.

In the long-term study, rats exposed to heat stress and either fed an endophyte-

free diet or pair-fed showed signs of adaptation.  After three days in the heat, these 

rats increased their feed intake and body weight gain.  Their core body temperature 

was also reduced at this time and stabilized slightly above the thermoneutral level.  In 

contrast, rats receiving the endophyte-infected diet in the heat had a lower feed intake 

and body weight gain until the last day of study, and did not show an adaptive 

response comparable to other treatment groups in the heat (Table. 1.3).  Likewise, 

their core body temperature was higher than other treatment groups in the heat and did 

not show signs of adaptation.   This shows that the combination of these stressors 

hampers adaptation of core body temperature.  If similar effects are experienced by 

farm animals, economic losses may occur during summer months.  Our first study has 

shown that sensitizing rats to ergopeptine alkaloids, improves the response to a 

combination of heat stress and fescue toxicosis.  The same approach might be used for 

farm animals before exposure to summer heat and endophyte-infected pastures to 

improve heat tolerance under these conditions.
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The immune responses to short-term heat stress included an initial increase in T-

lymphocytes of heat-stressed rats on the endophyte-infected diet.  However, there was 

a significant suppression of T-lymphocytes in the long-term study (Table. 1.3).  This 

might indicate an impairment in cell-mediated immunity, making the animal 

susceptible to intracellular and extracellular pathogens.  During short-term heat stress, 

the B-lymphocyte percentages of heat-stressed rats on the endophyte-infected diet had 

the lowest percentage among all the treatment groups.  This could reduce their ability 

to produce antibodies, making them susceptible to extracellular pathogens. In the 

long-term study, B-lymphocyte percentage did not differ across treatment groups, 

suggesting that long-term exposure to heat stress on an endophyte-infected diet may 

not affect antibody production.

Cytokine response was maximal in heat-stressed rats on the endophyte-infected 

diet for both short- and long-term studies.  Heat-stressed rats  on the endophyte- free 

diet also experienced an increased cytokine release.  This response shows that intake 

of ergopeptine alkaloids and heat stress does not attenuate the pro-inflammatory 

response.  In contrast, these stressors may produce an increase in the levels of 

circulating pro-inflammatory cytokines in response to infection.  However, an 

increased stimulation of the pro-inflammatory response may also be harmful to host 

tissues.  This study only examined blood samples at one point following 

lipopolysaccharide injection, and could have missed some of the rise or fall in 

response.  Thus, blood samples collected at different time points in future studies 

might provide a better understanding of the pro-inflammatory response which is a 

dynamic process.  

Caloric restriction during short-term heat stress did not produce significant 

changes in lymphocyte percentages.  However, long-term caloric restriction reduced 
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CD4+ and CD8+ cells, possibly making the animal susceptible to both intracellular 

and extracellular pathogens.  The lower levels of pro-inflammatory cytokines in pair-

fed rats was seen as a positive adaptive mechanism to reduce chronic inflammatory 

response.  Caloric restriction also helped rats adapt better to heat stress and maintain a 

lower core body temperature compared to rats that received the  ad libitum 

endophyte-free diet in the heat.  We suggest that caloric restriction individually has 

the above mentioned positive effects when the animal is subjected to heat stress. 

However, the additive, synergistic, or antagonistic effects of caloric restriction in rats 

fed the endophyte-infected diet in the heat are very hard to speculate, since this is the 

first time that the effects of caloric restriction and fescue toxicosis on the immune 

system of rats has been studied.

Overall, the combination of heat stress and intake of the endophyte-infected diet 

had maximal impact on core body temperature and immune system in short- and long-

term studies.  Although B-lymphocyte percentage recovered, a significant suppression 

of T-lymphocyte was observed in the long-term study.  This could compromise the 

animals cell- mediated adaptive immunity and make it susceptible to intracellular and 

extracellular pathogens.  The changes observed in the pair-fed group suggested that 

caloric restriction also contributes to changes in T-lymphocyte lineages.  Therefore, 

we conclude that it is the combination of ergopeptine alkaloids, heat stress, and 

caloric restriction that has the greatest impact on the immune system and 

thermoregulatory ability. 
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                                                              SHORT-TERM

TC FI B T CD4+

E-HS ↑ ↓ - - -

E+HS ↑↑ ↓↓ ↓ ↑ -

PFTOE+HS ↑ ↓ - - -
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                                                                 LONG-TERM

TC FI B T CD4+

E-HS - ↓ - - -

E+HS ↑↑ ↓↓ - ↓↓ -

PFTOE+HS - ↓ - - ↓

Table 1.3.  The arrows indicate significant increase or decrease when compared to the E-TN group 
(P<0.05). Double arrows indicate a stronger response compared to other treatment groups.
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Appendix 1

Implanting Minimitters in rats

Surgical instruments were autoclaved.Temperature transponders were sterilized 

using zephiran chloride and rinsed with sterile saline prior to use.  Animals will be 

anesthetized with isoflurane or rat cocktail (83mg/ml Ketamine/ml Xylazine@ 

0.1ml/100gBW, IM) and hair will be clipped from the incision site (ventral midline or 

abdominal flank) and removed with topical application of depilatory cream and site 

cleaned with alcohol and betadine three times.  Ointment in the eyes is not needed as 

its only a short procedure.

The incision was made through the ventral midline just large enough to insert the 

transponder , approximately 12mm.  Then transponder was sutured to the body wall to 

prevent migration in to the inguinal canal.  The peritoneum was closed with Vedco 

Supra Sorb absorbable 4-0 suture and skin closed with Vedco Supra Sorb absorbable 

4-0 suture using simple interrupted pattern.

Following surgical placement of transmitters, rats recieved Buprenex 

(Buprenorphine- 0.1 to 0.05mg/kg) subcutaneously.  Additional Buprenex can be 

adiministered if necessary.  All animals were kept warm on heating pads and 

monitored for return to sternal recumbency then moved to housing cages where core 

body temperature and activity were  monitored continuously.  Animals will not be 

tested for the first week after surgery.
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Appendix 2

Materials

Materials:

1. DPBS (Dulbcecco’s phosphate buffered saline )  Cat no # 1760420

2. RPMI- Invitrogen   Cat no  # 22400-089

3. Histopaque- Sigma Aldrich Cat no  # 10771

4. Pipette tips (fischer brand)- 1-200µl Cat no #21-197-8k ,0.5-1 µl Cat no# 02-581-5. 

5. 1000µl Cat no # 21-197-8s. 

6. Microiltre tubes- Fisher brand   Cat no # 502GRD-SC-FCS

7. Fc block (rat)- BD biosciences- Cat no- 550270

 8. NK/B/T cocktail-  BD biosciences- Cat no- 558495

9. ELISA Kits TNFα  R&D Systems Cat no #  RTA00

10. IL1 β  cat no # R&D Systems Cat no # RLB00

11. Pipettes  and LPS material 

12. Syringes and needles for blood collection 

13. Heparinised tubes 

14. Polystyrene tubes for flow  -  BD falcon Fischer Cat no # 352052 

15. Cell strainer for flow BD falcon  Fischer Cat no # 08771-23

16. Microscope or cell counter

17. Mcmaster slide and cover slips

18. APC control – anti - rat CD4 – e biosciences Cat no # 17-0040-80

19. PE control – anti - rat CD8 - e biosciences Cat no # 12-0084-80

20. FITC control – anti-rat CD 90 - e biosciences Cat no # 11-0900-81
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Isolation of rat peripheral blood lymphocytes (PBL) 

Add room temperature PBS to the tube containing heparized or EDTA whole rat 

blood to make a 50% blood-50%PBS mixture, then mix gently by inversion.

Carefully overlay 4 to 7 mL of diluted blood onto 3 mL of room temperature Ficoll-

Hypaque (d= 1.007) in a 15 ml conical bottom centrifuge tube. (It is critical that the 

blood, PBS, and Ficoll be at room temperature. Be very slow and don’t pipette very 

fast) 

Centrifuge at 1500rpm (300 X g) at 25oC for 40 mins (Program 3 – Dr. F. centrifuge)

The red blood cells should pellet at the bottom of the tube and the lymphocytes should 

be seen as a whitish band at the interface. (Press bulb outside before inserting transfer 

pipette)

Carefully remove the tubes from the centrifuge and using a plastic disposable pipette 

collect the lymphocytes from the interface. Try to collect no more than 1-1.5 mls.

Place the lymphocytes in a 15-ml conical centrifuge tube and dilute with ~13 mls of 

ice-cold RPMI+10% FBS.

Centrifuge at 2200rpm(1000G) for 5 mins. Repeat this washing procedure.
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Resuspend the final pellet in cold RPMI+10% FBS using the same volume as the 

original blood sample that you started with prior to dilution.

Count an aliquot of cells with trypan blue to determine cell number and viability. The 

cells are now ready to use. Place tubes with cells on ice! 

Antibody labeling and Fc Block

Transfer 1 x 106 PBL into a 12*75 mm polystyrene test tube (appropriate for flow 

cytometry –BD Falcon # 352052), keeping cells on ice.

Centrifuge at 1700rpm (400G) for 5 mins)

Using an aspirator, suck supernatant

Add 2µl /tube CD32 (Fc Block) +50 µl PBS; mix by vortexing vigorously for 5 sec.

Incubate 30 minutes on ice;

Repeat ; Centrifuge at 1700rpm (400G) for 5 mins).Using an aspirator, suck 

supernatant
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Add 20 µl rat cocktail (NK/T/B or CD4/CD8) + 30 µl PBS (vortex). 

Control tubes- 1 µl PE anti-CD8 +50 µl PBS (Vortex),1µl APC Anti-rat CD4 +50 µl 

PBS (Vortex), 1µl FITC Anti-rat CD 90+50 µl PBS (Vortex),

Incubate 30 minutes on ice (protect from light)

Repeat Centrifuge at 1700rpm (400G) for 5 mins).Using an aspirator, suck 

supernatant

 Add 500 µl of PBS in each tube; cap & vortex; store in refrigerator; protect from 

light.

Prior to taking sample to flow lab, pass them through a mini-filtration device (cat. # 

BD falcon 08771-23) to remove any clumped cells that will clod the flow cytometer. 

Run samples within 24 hrs.
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 Appendix 3

Treatment groups Thermoneutral (n) Heat stress (n)

E-LPS- 6 6

E-LPS+ 6 6

E+LPS- 6 6

E+LPS+ 6 6

PF TO E+ LPS- 6 6

PF TO E+ LPS+ 6 6
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Appendix 4
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Results of flow cytometry were R1 refers to the gate around 
lymphocytes. Then samples were separated in to T, B and NK cells 
using four quadrant model.  The figure also shows forward and side 
scatter and the location of the lymphocytes in relation to forward 
and side scatter.
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