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ABSTRACT

Heatstroke results from a failure to dissipate accumulated heat during exposure to hot environments, or
during strenuous physical exercise under heat stress. It is characterized by core body temperatures >
41°C, with central nervous system dysfunction. Functional morphology and thermoregulatory effectors
differences between dogs and humans may require special heatstroke protective adaptations in dogs,
however, the risk factors for developing heatstroke are similar in both. In dogs, these include hot,
especially highly humid environments, excessive physical activity, obesity, large (>15 kg) body weight,
being of certain breed (e.g., Labrador retrievers and brachycephalic breeds), upper airway obstruction
and prolonged seizures. Lack of acclimation to heat and physical fitness decreases the survival of heat
stroked dogs. At the systemic level, blood pooling within the large internal organs (e.g., spleen, liver) is a
major contributor to the development of shock and consequent intestinal ischemia, hypoxia and
endothelial hyperpermeability, commonly occurring in heatstroke patients. Evoked serious complications
include rhabdomyolysis, acute kidney injury, acute respiratory distress syndrome and ultimately, sepsis
and disseminated intravascular coagulation. The most common clinical signs in dogs include acute
collapse, tachypnea, spontaneous bleeding, shock signs and mental abnormalities, including depression,
disorientation or delirium, seizures, stupor and coma. In such dogs, presence of peripheral blood
nucleated red blood cells uniquely occurs, and is a highly sensitive diagnostic and prognostic biomarker.
Despite early, appropriate body cooling, and intensive supportive treatment, with no available specific
treatment to ameliorate the severe inflammatory and hemostatic derangements, the mortality rate is
around 50%, similar to that of human heatstroke victims. This review discusses the pathophysiology of
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canine heatstroke from a veterinarian’s point of view, integrating new and old studies and knowledge.

Most of the data on heatstroke have been derived from
experimentally induced models of heatstroke in
rodents, baboons and dogs, and from clinical studies in
humans.'"? Only a single study of naturally occurring
heat-induced illness in 42 dogs has been published until
year 2006." Since then, different aspects of this devas-
tating syndrome have been investigated in dogs with
naturally occurring heatstroke, admitted to the Hebrew
University Veterinary Teaching Hospital, and are pre-
sented in this review. This review integrates the unique
risk factors, complications, biomarkers, organ and sys-
tem damage in dogs, from the veterinary perspective.

Epidemiology

Factors predisposing to heatstroke

Heat-related illness is a major, worldwide cause of
morbidity and mortality."**" Recently, changes in

global climate and weather patterns have led to unprec-
edented deaths due to heatstroke.?>° In 2003, a pro-
longed heat wave in Western Europe has led to 45,000
deaths of people, of which a third has been attributed to
heatstroke.>****** The concept of ‘One Health’ suggests
that it would be prudent for veterinary medicine to
anticipate a similar rise in heat-related illness in domes-
tic animal species, sharing our homes and lifestyle hab-
its. The time to start developing a more complete
understanding of the pathophysiology of heatstroke in
dogs, and search for its optimal treatment is now.

Several predisposing risk factors for heatstroke in
dogs have been identified, including obesity, a high
body weight (>15 kg), being of certain breed (e.g.,
Labrador retriever), lack of acclimation to heat stress,
lack of fitness and exposure to a hot, often highly
humid environment.’** These are presented in sev-
eral examples below.
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In a study of 54 dogs diagnosed with naturally
occurring heatstroke by Bruchim et al.,the median
body weight of the dogs was 31 kg, supporting a
higher susceptibility of large breed dogs to heat
stress.’® Likewise, several large breed dogs, such as
Golden and Labrador retrievers, brachychephalic
breeds (e.g., English bulldog) and military working
dogs (mostly Belgian and Dutch shepherds) were sig-
nificantly over represented in large-scale studies of
canine heatstroke.’**>**

Brachycephalic dogs are at risk for heat related ill-
ness due to their poor ineffective evaporative ability
(i.e., stenotic nares, elongated soft palate and hypo-
plastic trachea), and their tendency to develop laryn-
geal edema.’® The over representation of military
working dogs (e.g., Belgian malinios) in past studies of
naturally occurring heatstroke is very likely due to
their frequent exposure to intensive training and work
under harsh environmental heat stress, especially if
insufficiently trained and acclimated, rather than
because of their larger body weight.*>*°

Obesity and an active playful character, even
under environmental heat stress conditions, likely
account for the over representation of Golden and
Labrador retrievers in our past studies, most of
which had sustained exertional heatstroke.***”**
Hereditary exercise-induced collapse (EIC), charac-
terized by episodic limb weakness, ataxia and col-
lapse, has been described in Labrador retriever dogs,
and might thus account for some heatstroke cases
in this breed.””*' It was reported that a canine
Dynamin 1 (DNM1) mutation is highly associated
with the syndrome of EIC.*> Dynamin 1 belongs to
a family of catalytic enzymes involved in synaptic
vesicle endocytosis and neurotransmission during
sustained neural stimulation, such as during exer-
cise.”>** EIC was reported in Border collie working
dogs, and in racing greyhounds.*>** Notably,
although a genetic basis in the Border collie is sus-
pected, all 13 Border collies with clinical presenta-
tion of EIC were negative for the known DNMI
mutation, as well as for the malignant hyperthermia
gene mutation, suggesting an additional mutation.*'

Another reported syndrome in dogs, potentially
predisposing them to heatstroke, is exercise induced
malignant hyperthermia in English Springer spaniels,
in which moderate exercise results in collapse, dys-
pnea, hyperthermia and hyperlactatemia.** Interest-
ingly, the caffeine/halothane test was positive in these
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dogs, indicating a role of a calcium homeostasis
defect, due to ryanodine receptor (RYR) calcium
release dysfunction, as described in humans and
Plgs 45-49

Pathogenesis
Systemic outlook

Heatstroke is a highly fatal syndrome, caused by ele-
vated core body temperature, where intrinsic and
extrinsic heat production exceeds the capability of the
heat dissipation mechanisms. In dogs it is character-
ized by core temperatures above 41°C (105.8°F), with
central nervous system dysfunction."'>*® Tt results
from exposure to a hot, often highly humid environ-
ment (classical or environmental heatstroke), due to
excessive voluntary strenuous physical exercise and/or
prolonged uncontrolled muscle tremors or seizures
(exertional heatstroke).***°!

In dogs, under normal environmental conditions,
more than 70% of the total body heat is dissipated
through radiation and convection from body surfaces.
During the initial stages of exposure to heat stress, the
cardiac output increases, as a result of splenic contrac-
tion and an increase in systemic vascular resistance
(SVR) in major internal organs (i.e., spleen, liver and
gastrointestinal tract [GIT]), redistributing blood flow
to the skin to increase heat dissipation.”*>*

As environmental temperature increases further,
approaching the body temperature, heat dissipation
by convection and radiation through the skin dimin-
ishes, and evaporation, primarily through panting,
becomes the major heat dissipation mechanism."

In dogs, the nasal turbinates provide a large surface
area for water evaporation, from the moist mucous
membranes, thereby playing an important role in heat
dissipation through panting, while hypersalivation
increases the evaporative efficiency through evapora-
tion from the oral mucous membranes and the tongue.
With high environmental temperatures and increased
relative humidity (>35%), panting becomes progres-
sively less effective for dissipating excessive body heat,
and when the relative humidity is >80%, this body
cooling mechanism in dogs is negated."* In addition,
with a progressive increase in core body temperature,
output
decreases, leading to heat dissipation failure, aggravat-

metabolic derangement ensues, cardiac

ing body heat accumulation.’>”®> When hyperther-

mia, combined with dehydration, progresses,
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cutaneous and splanchnic blood pooling results in
decreased circulating blood volume and hypoten-
sion.”>*>*%®! Tt has been suggested that one of the
mechanisms linked with splanchnic vasodilatation
involves nitric-oxide overproduction, leading to the
uncontrolled splanchnic dilation preceding vascular
collapse during heatstroke.** (For detailed discus-
sion see in Gastrointestinal lesions and bacterial trans-
location). Pooling of blood within the large internal
organs (e.g., spleen and liver) is a major contributor to
the development of shock and the consequent intesti-
nal ischemia, hypoxia and endothelial hyperperme-
ability that commonly heatstroke
patients.'>*>%* Shapiro et al.,** demonstrated in exper-
imentally-induced heatstroke mongrel dogs that the
rectal temperature should exceed 43°C for 40 minutes
for development of clinical signs of heatstroke. The
severity of the heatstroke was positively correlated to

occur in

the maximal rectal temperature, as well as to its dura-
tion.* However, our experience with highly trained
military working dogs, that although they oftentimes
sustain hyperthermia of >42°C following strenuous
physical activity, did not result in any clinical or labo-
ratory signs of heatstroke, suggesting that acclimation
is an important factor in preventing overt heatstroke
in dogs.

Body hyperthermia initiates a myriad of inflamma-
tory, hemostatic and tissue damage processes of vary-
ing severity and progression rate in dogs. Activation
of the inflammatory and hemostasis cascades initiates
a systemic inflammatory response syndrome (SIRS),
often progressing to multiple organ dysfunction syn-
drome (MODS).*”%>%® Combination of the direct heat
insult, severe hypovolemic, distributive shock, meta-
bolic acidosis, neurologic dysfunction, endotoxemia
and disseminated intravascular coagulation (DIC)
result in decreased organ perfusion, tissue necrosis
and hemorrhagic diathesis, as recorded at necropsy in
fatal cases of naturally occurring heatstroke in
dogs.”**® The serious complications of heatstroke in
dogs include rhabdomyolysis, neurological damage
and dysfunction, acute kidney injury (AKI), acute
respiratory distress syndrome (ARDS), hepato-billiary
damage, sepsis, acute pancreatitis and DIC.>***7' It
seems that the main causes of death in dogs with heat-
stroke are systemic hemodynamic deterioration and
pulmonary lesions, as determined from postmortem
studies of dogs that sustaibned naturally occurring
heatstroke.*

Neurological dysfunction and abnormalities

Neurological abnormalities are invariably present in
dogs with clinical heatstroke, including coma (40%),
seizures (35%) and stupor (33%).>° Mild cases may
show milder central nervous system (CNS) signs,
such as disorientation or ‘delirium-like’ behavior.
Extreme hyperthermia leads to cerebral hypoperfu-
sion due to respiratory alkalosis and shock.”” This
metabolic derangement is combined with the direct
hyperthermic effects resulting in vascular damage,
cerebral edema, hemorrhage and multifocal vascular
thrombosis and infraction.”> Brain histopathology in
fatal heatstroke cases in dogs has recorded cerebral
edema, hemorrhage, hyperemia, and neuronal necro-
sis.>* The brain damage in heatstroke has been previ-
ously investigated in other mammals, including
humans, and has been mainly attributed to a direct
brain tissue thermal injury.”? Conversely, it has been
shown that the canine brain has intrinsic thermal
resistance, protecting it from direct thermal injury.”?
It is therefore unlikely that direct thermal brain
injury per se is the major factor in the pathogenesis
of CNS lesions and abnormalities in dogs, although it
might play a more minor part in the pathogenesis.
The CNS abnormalities in dogs with heatstroke prob-
ably occur mostly secondary to shock and multi-
organ dysfunction, including metabolic derangement,
alkalosis or acidosis, hypoxia, hypoglycemia, bleeding

and formation of microthrombi.>*”?

Muscle damage and rhabdomyolysis

Rhabdomyolysis is a prominent feature of heatstroke
in dogs, occurring during and following the heat
insult, and is exacerbated during the first 24 hrs of
hospitalization due to skeletal and cardiac muscular
hypoperfusion, resulting from hypovolemic, distribu-
tive shock and microthromboses, secondary to devel-
oping DIC.”””* Heatstroke in dogs is invariably
reflected by increased muscle leakage enzymes activ-
ity.”” The severity of this increase reflects the extent of
cellular muscular damage and the direct thermal
injury to myocardial and skeletal muscle myocytes.”*
In humans, rhabdomyolysis is confirmed through
measurement of serum and urinary myoglobin con-
centration, however, in dogs, the human-based myo-
globin immunoassays are insensitive, and currently no
myoglobin immunoassay has been validated for use in
dogs. Nevertheless, since oftentimes creatine kinase



(CK) activity is markedly increased (median 17,000 U/
L, >5 to 400-fold its upper reference limit) in dogs
presented with heatstroke, it is reasonable to assume
that rhabdomyolysis does occur in dogs with heat-
stroke, as described in humans victims of heatstroke.”*

Hemostatic derangement

Thermal endothelial cellular injury leads to diffuse
vascular damage and activation of the coagulation cas-
cade, resulting in hypercoagulability, formation of
multiple microthrombi, and subsequently, to diffuse
microvascular thrombosis.”® In addition, multi-organ
cellular necrosis further activates coagulation.®> The
terminal result is DIC, which might be initially sub-
clinical, but with time, more often progresses to overt
DIC, a major factor in the morbidity and mortality of
heatstroke patients.”””” The injured endothelium
releases tissue thromboplastin, kinines, kalikrein and
activated factor XII, thereby initiating activation of the
intrinsic coagulation and the complement cascades,
inducing SIRS and widespread, overt DIC.®>”® Hepatic
injury and dysfunction due to hypoperfusion, micro-
embolism and direct hyperthermic hepatocellular
damage may exacerbate the hemostatic derangment.””
In vitro studies have shown that high body tempera-
tures (>42°C) increase platelet aggregation and acti-
vation of the coagulation cascade and enhance
fibrinolysis.’**>7>7®”® Normalization of the body tem-
perature decrease fibrinolysis, but does not decrease
the hypercoagulable state, which occurs due to activa-
tion of the coagulation cascade or the increased plate-
let aggregation.”” In a retrospective study of 54 dogs
with naturally-occurring heatstroke, 50% were diag-
nosed with DIC during the disease course.’® In nec-
ropsy of fatal cases,
invariably showed severe bleeding and widespread

microscopic examination

microthromboses and characteristic of hemorrhagic
diathesis.”® As DIC may become clinically overt only
hours to days after the initial thermal insult, dogs with
heatstroke should be monitored closely for hemostatic
abnormalities and clinical signs of DIC (i.e., petechiae,
ecchymoses, melena, hematochezia and hematuria)
for at least 24 to 48 hours after the thermal insult had
occurred.”” In a recent study of dogs with naturally
occurring heatstroke, in which serial monitoring of
hemostatic analytes was done over the first 36 hours
of hospitalization, the results of hemostatic tests at
presentation to the hospital were not associated with
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death. However, prolonged prothrombin time (PT)
and activated partial thromboplastin time (aPTT) at
12 to 24 hours post-presentation to the hospital, a
lower total protein C activity at 12 hrs post-presenta-
tion and hyperfibrinogenemia at 24 hrs post-presenta-
tion were significantly associated with death (Fig. 1).
These results exemplify the importance of intensive
serial monitoring of hemostasis during hospitaliza-
tion, which allow for timely therapeutic intervention.
Increased D-dimer concentration and decreased anti-
thrombin activity were common at all time-points, in
dogs with heatstroke, but both these abnormalities
were unassociated with death (Fig. 1).”

Acute kidney injury

AKI in dogs occurs secondary to numerous and vari-
able conditions, but whatever its cause is, it is invari-
ably associated with
parenchymal injury.*® The pathogenesis of heatstroke-
associated AKI is likely multifactorial. Such factors
include direct renal thermal injury, decreased renal

sudden onset of renal

perfusion due to hypovolemic, distributive shock and
dehydration, endotoxemia, myoglobulinemia second-
ary to rhabdomyolysis, release of cytokines and vaso-
active mediators and microthromboses, associated
with DIC.***"* Kidney injury may be mild and go
unnoticed, especially at presentation for veterinary
care, but often, overt failure of the kidneys to meet the
excretory, metabolic and endocrine body demands
ensues.®” In dogs with naturally-occurring heatstroke,
the occurrence of AKI at any time-point during hospi-
talization, as well as recording of a serum creatinine
concentration >1.5 mg/dL (the upper reference limit
is 1/3 mg/dL) at 12 and at 24 hours post-presentation,
are independent risk factors for death (Table 1).**7>%’
However, early AKI, which is invariably present early
in dogs with naturally-occurring heatstroke, is often
unapparent when dogs are presented, when using the
routine available kidney function tests (i.e., serum cre-
atinine), because such tests, being renal functional
ones, lack sensitivity and specificity for diagnosing
AKI before dysfunction has already developed.®’
However, novel, recently investigated biomarkers of
kidney injury have been developed in humans, and
are being increasingly investigated and used in
dogs.***> Such markers, most of which are measured
in the urine, detect AKI hours to days before serum
creatinine increases above its upper reference limit. In
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Figure 1. Trends of hemostatic analytes during hospitalization of 30 dogs with naturally-occurring heatstroke. The survivors (n = 18) are
depicted by solid black line, while the non-survivors by solid gray lines. *, significant difference between the survivors and the non survi-
vors; PT, prothrombin time; aPTT, activated partial thromboplastin time. Data are presented as mean +SD. (From Bruchim et al. JVECCS
2016).3” © Wiley-Blackwell. Reproduced by permission of Wiley-Blackwell. Permission to reuse must be obtained from the rightsholder.

a recent study, we have prospectively assessed kidney
injury urinary biomarkers in dogs with naturally
occurring heatstroke, including, urinary neutrophil
gelatinase-associated lipocalin (NGAL), urinary reti-
nol-binding protein and urinary C-reactive protein
(CRP).* This study has shown that AKI occurs invari-
ably in dogs with heatstroke, and that the urinary con-
centrations of all these three biomarkers were
significantly higher among dogs with heatstroke, com-
pared to healthy controls.*” These novel biomarkers
were increased even in dogs in which serum creatinine
concentration was within its reference interval. The
study also confirmed that both a renal tubular damage
and a glomerular damage coexist in dogs with natu-
rally-occurring heatstroke.*

Acute respiratory distress syndrome

Thermal and biochemical injury to the pulmonary
endothelium may lead to acute non-cardiogenic pul-
monary edema, also known as ARDS.”**® Histopatho-
logic pulmonary lesions in fatal heatstroke cases in
dogs include infarcts, marked alveolar hemorrhage or
edema.”® Therefore, positive pressure ventilation is
indicated, both for suffering

cases from

hypoventilation (e.g., due to cerebral edema) as well as
for those with primary pulmonary failure due to inad-
equate diffusion, oxygenation and perfusion (e.g., pul-
monary thromboembolism).

Myocardial damage and cardiac arrhythmia

Several extra-cardiac mechanisms were proposed as
contributing processes to myocardial damage and
development of cardiac arrhythmias in heatstroke, in
both humans and animals, including myocardial
hypoperfusion and injury, lactic acidosis, hypoxemia,
electrolyte imbalance and possibly, direct thermal
injury.** Serum cardiac troponins I and T concen-
trations are increased in naturally occurring exertional
and environmental heatstroke in both human patients
and dogs, as well as in rats induced with heat-
stroke.®>%79%9! 1 the latter, cardiac troponin concen-
tration accurately predicted the severity of the
heatstroke.”” Necropsy findings in dogs with fatal nat-
urally occurring heatstroke invariably showed mild to
severe subendocardial, myocardial and epicardial
hemorrhages and hyperemia,”® suggesting that DIC
has a pivotal role in the pathogenesis of heatstroke-

associated cardiac arrhythmias. Antiarrhythmic



therapy should be considered, depending on the sever-
ity of the arrhythmia, especially if the patient has
related clinical signs.

Gastrointestinal tract lesions and bacterial
translocation

In humans with naturally occurring heatstroke, as well
as in animal experimentallyinduced with heatstroke,
markedly increased core body temperatures are associ-
ated with blood flow redistribution, characterized by
cutaneous vasodilatation, with concurrent decreased
GIT blood flow.">** This splanchnic vasoconstriction
may cause intestinal ischemia, and limits the local vas-
cular heat exchange, thereby promoting intestinal tis-
sue hyperthermia and, in-turn, excessive reactive
oxygen species production and circulatory intestinal
barrier dysfunction.”****> Overproduction of nitric
oxide (NO), yielded by NO synthase (NOS), an
important factor controlling the required splanchnic
blood flow for normal stress tolerance, may contribute
to the uncontrolled splanchnic dilatation that precedes
the vascular collapse seen in heatstroke patients.®”
These structural and functional changes increase
intestinal permeability, thereby facilitating intestinal
luminal bacterial and endotoxin translocation into the
bloodstream, which are normally harmless when con-
tained within the intestinal lumen.®>* These vicious
processes subsequently worsen the SIRS condition in
heatstroke, potentially progressing to sepsis, MODS
and death.®***** Gastrointestinal bacterial transloca-
tion has not been confirmed to date in dogs with natu-
rally-occurring heatstroke; however given the massive
hemorrhagic diarrhea and hematemesis that rapidly
ensue in dogs with severe heatstroke,”® it is reasonable
to assume that it is an important contributing factor
to SIRS, sepsis and MODS and death in such cases.

Clinical signs upon presentation

8 delirium, stupor, coma and seizures).’® The median
systolic and diastolic blood pressures upon presenta-
tion to medical care in 30 dogs with naturally occur-
ring  heatstroke mostly  unremarkable
(>90 mmHg and >60 mmHg, respectively).” This is
in contrast to hypotension, documented in both

were

experimental animal models of heatstroke and in
human patients.®”*> The absence of hypotension in
dogs with naturally occurring heatstroke is probably
because such cases are often presented for care in a
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state of compensatory shock. The neurohormonal
compensatory mechanisms to maintain blood pres-
sure react fast, and therefore hypotension at presenta-
tion is uncommon.”

Diagnosis

In contrast to heatstroke in humans, where its diagno-
sis is more often clear based on the anamnesis, in dogs
with naturally-occurring heatstroke, the history may
be vague. Dogs owners may be unaware of any partic-
ular extraordinary event of a heat insult. In fact, dogs
may collapse acutely during playful activities. In dogs
kept in open premises, under harsh environmental
heat stress, with limited access to water and shade, the
owners may discover the animal collapsed, with no
knowledge of the heat insult. Therefore, although the
diagnosis of heatstroke in dogs should always be based
on the history obtained from their owners, heatstroke
should never be disregarded or excluded in absence of
a clear history of physical exertion or exposure to heat
stress.”® he following categories: 1) Evidence of rhab-
domyolysis and muscle damage, including increased
activity of CK, aspartate transaminase (AST) and ala-
nine transaminase (ALT), and possibly, presence of
myoglobinuria; 2) Hematologic abnormalities; meta-
rubricytosis (i.e., increased counts of nucleated red
blood cells [nRBCs]) in examination of stained blood
smears, in absence of anemia and polychromasia (i.e.,
pathologic metarubricytosis); increased hematocrit
(resulting from hemoconcentration, secondary to
splenic contraction, compensatory shock and dehy-
dration; 3) hepatobilliary damage. This is evident by
increased activity of serum alkaline phosphatase
(ALP), ALT, AST and y-glutamyl transpeptidase
(GGT) activities.

Due to the thermal injury and advanced shock with
hypoperfusion and ischemic muscle damage, virtually
all dogs with heatstroke, whether exertional or envi-
ronmental, show increased serum muscle enzymes
activity, often much higher than their upper reference
limits. In 40 dogs with naturally occurring heatstroke,
median CK activity at presentation to the hospital was
17,000 U/L, with a maximal value of 345,000 U/L
(The upper reference limit is 400 U/L). Nevertheless,
serum CK activity was not found to be significantly
higher among more the severely affected animals (i.e.,
non-survivors) compared to the milder cases (i.e.,

survivors).””
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Marked pathologic metarubricytosis (termed nor-
moblasthemia in human medicine) is a rather specific
phenomenon in canine heatstroke, and should point
to heatstroke when a history of the heat insult is
unclear.** This pathologic metarubricytosis occurs in
absence of anemia or polychromasia, mostly in face of
increased hematocrit, red blood cell count and hemo-
globin concentration.”® Therefore, presence of nRBCs
in the peripheral blood, combined with increased
serum muscle enzyme activity (i.e., CK) is an impor-
tant tool to diagnose heatstroke in cases in which his-
tory is vague and when the dogs are normothermic or
hypothermic at presentation.>*

Prognosis

Several significant risk factors for death were identified
in dogs with heatstroke, including obesity, prolonged
(>90 min) time-lag from the occurrence of the heat
insult to presentation for veterinary care, hypoglyce-
mia (glucose <47 mg/dL) at presentation, azotemia
(serum creatinine concentration >1.5 mg/dL) at
24 hours post presentation, and occurrence of DIC,
AKI, ventricular arrhythmia, seizures and abnormal
mental status (Table 1)."> Pathologic metarubricytosis
at presentation to the hospital was significantly more
intense (i.e., the nRBC count was higher) in non-sur-
viving dogs compared to the survivors of heatstroke,
and was an excellent prognostic marker for prediction
of secondary complications as well as survival (Fig. 2).

Although several risk factors for death have been
identified in dogs with naturally-occurring heatstroke,
it is often difficult to accurately use these as single
prognostic markers in individual cases.”® We have
therefore recently developed a novel severity scoring
system, using a stepwise regression model, for dogs
with heatstroke, to improve the prediction of compli-
cations and the overall outcome (i.e., survival vs.
death), when such dogs are presented for veterinary
care. Individual parameters that were significantly
associated with the outcome were included and used
in the final severity score model, including the PT,
aPTT and hemoglobin concentration, as well as the
occurrence of petechiae (pin-point body surface bleed-
ing), AKI, shock, DIC and seizures.”® The receiver
operator (ROC) area under the curve (AUC) of the
final predictive score for predicting the final outcome
of heatstroke in dogs was 0.92 (95% confidence inter-
val 0.86-0.99), with an optimal cutoff point of 35.0,

P<0.001
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Figure 2. The relative nucleated red blood cell count (nRBC) in 41
dogs with naturally occurring heatstroke upon admission to the
hospital. Non-survivors had significantly (P = 0.001) higher nRBCs
compared to the survivors (median 55 nRBC/100 leukocytes vs.
median 5 nRBC/100 leukocytes, respectively). (From Aroch et al.
2009).>* © Wiley-Blackwell. Reproduced by permission of Wiley-
Blackwell. Permission to reuse must be obtained from the
rightsholder.

corresponding to sensitivity and specificity of 93%
and 86%, respectively (Fig. 3).”*

Novel molecular and biochemical biomarkers
in canine heatstroke

Heat shock protein 72 (HSP72)

The heat shock response, or the stress response, is a
highly conserved cellular adaptive, rapid molecular
cytoprotective mechanism, protecting cells and tissues
from excessive heat and other noxious stimuli, such as
hypoxia, inflammation and ischemic reperfusion inju-
ries, and involves heat shock proteins (HSPs) produc-
tion, of which HSP72 is considered a most sensitive
one.>*?**® Serum HSP72 (eHSP72) has recently
been evaluated as a potential biomarker of heat toler-
ance in experimental heatstroke in monkeys and in
clinical heatstroke cases in humans.***”*>* In mon-
keys experimentally induced with heatstroke, eHSP72
concentration positively correlated hepatic, myocar-
dial and skeletal muscle necrosis, and was lower in the
survivors than in the non-survivors.”” In human exer-
tional heatstroke patients, immediately after a 14-km
running event, occurrence of early heatstroke-associ-
ate neurological signs (e.g., confusion) was associated
with eHSP72 72:99.100
Recently, we have shown that the dynamics of

increased concentration.



TEMPERATURE (&) 363

Model A Model B

Sensiivity
°
8
Sensitivity

FE T S S T
050 075

1-Specificity

050 07 028

1-Specificity

Model C Model D

T « o i
= I
—

Sensiivity
o
H
Sensitivity

P T e e Rrs anip e pauliny ppt pea g
025 050 075

1-Soecificitv 1-Specificity

7P A S

100

Probability of survival

S

T .
40
Final predicitive score

0 10 20 30

50

Figure 3. A novel severity scoring system for dogs with heatstroke upon admission to the hospital; In the left side, 4 receiver operator
(ROC) analyses curves for 4 models done evaluate the performance of the proposed scoring system in 30 dogs with naturally occurring
heatstroke upon admission to the hospital. The area under the ROC curve (AUC) for the final predictive score using model A as a predic-
tor of the outcome (i.e., survival vs. death) was 0.92 (95% confidence interval (0.86-0.99), with an optimal cutoff point of 35.0, corre-
sponding to sensitivity and specificity of 93% and 86%, respectively. In the right side, the graph depicts the probability of survival
against the predictive score upon admission to the hospital. The probability of survival is 50% with a predictive score of 35.0. * Receiver
Operator Characteristic- implies for the best sensitivity and specificity at various threshold points. (From Segev et al. JVECCS 2016).%®
© Wiley-Blackwell. Reproduced by permission of Wiley-Blackwell. Permission to reuse must be obtained from the rightsholder.

eHSP72 U-shape profiles during hospitalization are
predictive of survival in dogs with naturally-occurring
heatstroke, and positively correlated the severity of
their hemostatic derangement and lactic acidosis.”” In
the survivors group, eHSP72 had recovered 24 hrs
post the heatstroke event, while in the non-survivor
dogs, no recovery of eHSP72 concentration was noted.
The increase of eHSP72 at the 24-hr time point might
have been associated with enhanced immunological
activity and protection.”” There was a positive correla-
tion between the eHSP72 profile and the occurrence
of acidosis.”” eHSP72 concentration is known to
increase in human patients with AKI, and its urinary
concentration (uUHSP72) is a sensitive marker of AKI,
and a death-associated complication also in heat-
stroke.'”"  Our preliminary results showed that
uHSP72 is increased in dogs with AKI as well (Fig. 4),
and therefore, might also serve as an early, useful and
specific biomarker of AKI of various etiologies, includ-
ing heatstroke.'*

Serum histones

Histones are highly conserved alkaline, positively
charged proteins, serving as the basic unit structure
block of chromatin, namely the nucleosome. Histone
deficiency leads to genomic DNA disorganization and

ineffective structure.'®>'** There are five different his-
tones, divided into core (H2A, H2B, H3, and H4) and
linker (H1 and H5) histones.'> Emerging studies indi-
cate that histones leak from damaged and activated
cells into the extracellular space, exhibiting toxic,
proinflammatory and procoagulant properties.'®’
Studies in animals and humans suggest that the
dynamics of serum histones concentration over time
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Figure 4. Urine heat shock protein 72 (uHSP72) concentrations in
6 survivors (S) and 6 non-survivors (NS) dogs sustaining acute
kidney injury (AKI). The uHSP72/urine creatinine ratio was signifi-
cantly (P > 0.001) higher among the non-survivors compared to
the survivors; serum creatinine did not differ among the groups.
(From Bruchim et al. Vet J 2017)." © Elsevier. Reproduced by
permission of Elsevier. Permission to reuse must be obtained
from the rightsholder.
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Figure 5. Median total serum histones concentration at presenta-
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naturally-occurring heatstroke and 7 healthy control dogs.
Median total serum histones are significantly (P = 0.043)
increased in all dogs with naturally occurring heatstroke com-
pared the 7 healthy controls. Median total serum histones in the
non-survivors was significantly (P = 0.049) higher compared to
survivors of heatstroke (21.3 ng/ml vs. 8.5 ng/ml, respectively).
(From Bruchim et al. Cell Stress & Chaperon 2017).'% © Springer.
Reproduced by permission of Springer. Permission to reuse must
be obtained from the rightsholder.

during the disease course serve as a potential bio-
marker of disease severity, stress and the overall out-
come, and as a potential novel therapeutic target in
several inflammatory diseases.'”>'°*'”” We have
recently, evaluated serum histone concentration in a
preliminary study in 16 dogs with naturally occurring
heatstroke and in 7 healthy control dogs.'”® Total
serum histone concentration was markedly increased
in the dogs with heatstroke compared to the healthy
controls, and among the dogs with heatstroke, it was
significantly higher in the non-survivors compared to
survivors (Fig. 5).'° The dogs with heatstroke, which

showed markedly increased total serum histone con-
centration also showed concurrent severe hemostatic
derangement, suggesting that serum histones play a
role in the inflammatory and hemostatic derange-
ments. Nevertheless, this suggestion should be
accepted cautiously, since the cohort size was limited,
and no direct cause and effect was proven between
serum histone concentration and inflammation or
hemostatic derangement. Therefore, larger scale stud-
ies are warranted, with investigation of other concur-
rent markers of inflammation. Based on this recent
preliminary study, total serum histone concentration
has diagnostic, prognostic and therapeutic potentials
in canine heatstroke. It is noteworthy that histones
may become an attractive therapeutic target, as they
can be pharmacologically targeted and manipulated by
specific antibodies, activated protein C, albumin or
heparin.'®’

Preconditioning against heatstroke

Two endogenous adaptive mechanisms are directly
invoked to combat heat stress: physical fitness, heat
acclimation and the rapid heat shock response.’"*
Heat acclimation induces adaptive physiological and
behavioral changes, improving the individual’s ability
to cope with extreme environmental heat.’* Accli-
mation is a time-dependent process, leading to a
dynamic expansion of the body temperature regula-
tory range due to left and right shifts in the tempera-
ture threshold for heat dissipation and thermal injury,
respectively.”> The heat shock response is a rapid
molecular cytoprotective mechanism, involving heat
shock protein (HSPs) production.'” When subjected
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Figure 6. 1, Physical Performance Test; — pre-PPT; — immediately post PPT; — 45 min post PPT. eHSP72 in serum of the studied dogs
under basal conditions, at the end of the PPT and 45 min post-PPT; Figure 6a- the first year of the study. Figure 6b- the second year of
the study; Figure 6¢- the third year of the study. Each box represents Median (range); *, significant increase in eHSP72 immediately
post-PPT at the second and third PPTs; **- significant increase in the basal eHSP72 at the second and third PPTs. (From Bruchim et al.
JAP 2014).3% © American Physiological Society. Reproduced by permission of American Physiological Society. Permission to reuse must

be obtained from the rightsholder.



to sub-lethal heat stress, the body enhances HSPs tran-
scription and synthesis, to increase HSP72 cellular
reserves, thereby providing cytoprotection.”® The cor-
relation between eHSP72, heat acclimation and physi-
cal performance in military working dogs has been
recently prospectively evaluated.”® During the study, 3
consecutive physical performance tests (PPTs) were
performed, over a 2-year training period. eHSP72 con-
centration and lymphocyte HSP72, and its corre-
sponding mRNA level, were measured before and
after each PPT. The results showed that together with
the profound enhancement of aerobic power and
physical performance, HSP72 mRNA was induced,
and progressively increased, and there was also a sig-
nificant rise in basal and peak eHSP72 post-PPT con-
centrations (Fig. 6).°° As we learn from studies on
military working dogs, the majority of heatstroke
events among such dogs have occurred during their
first year of training (immediately after importation
from Northern Europe, which characterized by cool
temperature, to Israel, which is characterized by
intense heat stress during summer), indicating a role
of acclimation and adequate training in their adapta-
tion to heat stress.”**®

Conclusions

Heatstroke in dogs is a life-threatening condition,
resulting in serious secondary complications such as
rhabdomyolysis, cardiac arrhythmia, DIC, AKI and
ARDS, and has a high mortality rate, despite appropri-
ate intensive, supportive and symptomatic treatment.
Despite differences in the species-specific evaporative
cooling effector and splenic function in dogs, similar-
ity exists in heatstroke-induced derangements between
dogs and other mammals. Hence, the knowledge
gained in dogs with heatstroke, both in experimental
models and in naturally occurring cases, may serve as
an additional guide of the pathogenesis, diagnosis,
prognostication and therapy of heatstroke in general.
Early admission, diagnosis and intensive treatment,
along with prompt whole body cooling by dog owners
and caregivers are important for survival. The diagno-
sis of canine heatstroke should not rely exclusively on
presence of hyperthermia or neurological abnormali-
ties upon admission, but should rather be based on
the combination of the history, clinical signs and labo-
ratory results. Treatment and monitoring of heat-
stroke should be intensive and prolonged, since most
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of its complications often have delayed onsets, and
most are serious risk factors for death.
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