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Abstract
Traumatic injury ranks as the number one cause of death for the under 44 year old age group and
5th leading cause of death overall (www.nationaltraumainstitute.org/home/trauma_statistics.html).
Although improved resuscitation of trauma patients has dramatically reduced immediate mortality
from hemorrhagic shock, long-term morbidity and mortality continue to be unacceptably high
during the post-resuscitation period, particularly as a result of impaired host immune responses to
subsequent challenges such as surgery or infection. Acute alcohol intoxication (AAI) is a
significant risk factor for traumatic injury; with intoxicating blood alcohol levels present in more
than 40% of injured patients (1–5). Severity of trauma, hemorrhagic shock and injury is higher in
intoxicated individuals than that of sober victims, resulting in higher mortality rates in this patient
population. Necessary invasive procedures (surgery, anesthesia) and subsequent challenges
(infection) that intoxicated trauma victims are frequently subjected to are additional stresses to an
already compromised inflammatory and neuroendocrine milieu and further contribute to their
morbidity and mortality. Thus, dissecting the dynamic imbalance produced by AAI during trauma
is of critical relevance for a significant proportion of injured victims. This review outlines how
AAI at the time of hemorrhagic shock not only prevents adequate responses to fluid resuscitation
but also impairs the ability of the host to overcome a secondary infection. Moreover, it discusses
the neuroendocrine mechanisms underlying alcohol-induced hemodynamic dysregulation and its
relevance to host defense restoration of homeostasis following injury.

Introduction
The incidence of traumatic injury in alcohol-intoxicated individuals has continued to
escalate during recent years. Center for Disease Control-derived data indicates that 15% of
Americans that consume alcohol (51% of the population) are "binge drinkers" who have
consumed five or more drinks on the same occasion at least once in the past month. This
scenario is frequently conducive to traumatic injury; which according to the National Center
for Health Statistics is responsible for the greatest number of years of potential life lost
before age 65; higher than that attributed to cancer, heart disease, and HIV. Data from the
National Center for Injury Prevention and Control as well as that derived from prospective
and retrospective studies indicate a 40% incidence of positive blood alcohol concentrations
in trauma victims, with 35% presenting with blood alcohol levels above 100 mg/dl and a
significant number (75%) of these individuals presenting evidence of chronic alcohol abuse

Address correspondence to: Patricia E. Molina, MD, PhD, LSUHSC Department of Physiology, 1901 Perdido Street, New Orleans,
LA 70112-1393, Phone: 504-568-6171, Fax: 504-568-6158, pmolin@lsuhsc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Shock. Author manuscript; available in PMC 2014 March 01.

Published in final edited form as:
Shock. 2013 March ; 39(3): . doi:10.1097/SHK.0b013e318285b86d.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.nationaltraumainstitute.org/home/trauma_statistics.html


(6, 7). The likelihood of alcohol-related emergency department visits to be injury-related is
estimated to be 1.6 times greater than that of the non-intoxicated population. In addition to
increasing the incidence of traumatic injury, alcohol intoxication also increases the severity
of the injury reflected in greater injury severity scores, as well as an increased need for
intensive care, blood transfusions and surgery (8). This contributes to worsened outcomes in
the intoxicated trauma patient including increased mortality and acute medical
complications such as respiratory failure (9).

Alcohol intoxication aggravates traumatic injury-related hemodynamic instability (10).
Alcohol-intoxicated trauma patients are more hypotensive at the time of arrival to the
emergency department compared to non-intoxicated individuals (8, 10). Furthermore,
intoxicated patients require greater 24 hr intravenous crystalloid fluid resuscitation volumes
and significantly more blood products than non-intoxicated patients (11). Low mean arterial
blood pressure (MABP) at the time of arrival into the emergency room has been reported to
be a predictor of poor patient outcome from traumatic injury and blood loss (12). Thus,
alcohol-mediated dysregulation of hemodynamic counteregulatory responses following
trauma-hemorrhage is a potentially significant mechanism contributing to the increased
morbidity and mortality seen in the alcohol-intoxicated trauma patient.

This review describes a body of work examining the impact of AAI on the neuroendocrine
and inflammatory counteregulatory responses to hemorrhagic shock. Collectively, the results
from pre-clinical experiments provide substantial evidence for a role of impaired central
modulation of the neuroendocrine system in response to hemorrhage as an important
mechanism underlying the worsened outcome from injury in the AAI host. Moreover, we
discuss how those observations can lead to development of resuscitation strategies tailored
to improving clinical outcomes in the AAI hemorrhaged host.

Hemodynamic counteregulatory response to injury involves
neuroendocrine and autonomic activation

Understanding of the mechanisms affected by alcohol intoxication that can interfere with the
adequate recovery from traumatic injury and hemorrhagic shock requires identification of
the principal responses that re-establish homeostasis, their mediators, and how those are
triggered by events associated with injury and shock. Immediate alterations in blood
volume, hypoxia, pain, and tissue injury trigger the firing of both sensory and motor afferent
fibers (Figure 1). These afferent signals have their first relay in the nucleus of the tractus
solitarius (NTS) and are predominantly integrated at the level of the periventricular nucleus
(PVN) of the hypothalamus. The activation of the descending efferent signals, results in
neurotransmitter and hormonal release at the target effector organs where they elicit specific
responses. Though several parallel pathways are activated by hypotension and tissue
hypoperfusion; the efferent pathways involved in cardiovascular regulation and pressor
responses to traumatic injury have been predominantly identified to be of sympatho-motor
nature (13, 14). Activation of the sympathetic nervous system (SNS) in response to blood
loss is centrally mediated through the balance of inhibitory and excitatory pathways
integrated at the hypothalamic PVN (14). SNS activation results in increased adrenal-
derived catecholamine release and increased norepinephrine turnover in peripheral organs.
In addition, blood loss stimulates effector neurons in the hypothalamus, increasing secretion
of corticotropin-releasing hormone (CRH) (15, 16), oxytocin (17) and arginine vasopressin
(AVP) (18–20). In concert, these neurotransmitters and neuropeptides, particularly AVP
(21), exert dynamic counterregulation aimed at restoring tissue perfusion and MABP.
Disruption of hormone activation, release, or target organ responsiveness to their action
results in impaired homeostatic mechanisms and delayed restoration of MABP and thus,
perfusion pressure leading to tissue hypoperfusion during AAI.
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Impact of acute alcohol intoxication on hemodynamic counteregulation to
shock

Studies from our laboratory utilizing a conscious, chronically catheterized rodent model of
binge-like alcohol consumption preceding hemorrhagic shock have shown that AAI
decreases basal MABP, exacerbates hypotension during hemorrhage, and attenuates blood
pressure recovery during fluid resuscitation (Figure 2) (22, 23). In response to a fixed-
volume hemorrhage, AAI animals are significantly more hypotensive throughout the
hemorrhage and resuscitation period. Hemodynamic deficits are observed in response to
fixed-pressure (40 mmHg) hemorrhage when examining the total volume of blood removed
from each group to achieve the target pressure. A significantly lesser amount of blood is
removed from the AAI animals to achieve a fixed-pressure of 40 mmHg. Furthermore, as
was seen with fixed-volume hemorrhage, AAI animals demonstrate an impaired response to
fluid resuscitation following fixed-pressure hemorrhage despite having lower amounts of
blood removed.

This disruption of the hemodynamic response and recovery was predicted to also lead to
alterations in the hemorrhage-induced redistribution of blood flow. Hemorrhagic shock
results in a selective redistribution of blood flow to vital organs such as the heart and brain
and away from others, particularly the splanchnic circulation (24). The impact of AAI on
end-organ blood flow has been studied using fluorescent microspheres to determine tissue
perfusion 2 hours post-resuscitation (Figure 2). We demonstrated that hemorrhagic shock in
AAI animals results in greater reduction of blood flow to the liver, kidney, small and large
intestines than that seen in non-intoxicated animals (25). These studies confirmed marked
decreases in end-organ blood flow despite fluid resuscitation.

Macro- and microcirculatory changes during trauma and hemorrhage have been implicated
in the subsequent development of sepsis and multiple organ failure (26). Thus, the greater
hypotension in the AAI animals and the associated tissue hypoperfusion would be expected
to contribute to an increased host susceptibility to infection and tissue injury during
recovery. Support for this prediction comes from the observation that circulating levels of
alanine aminotransferase (ALT) and creatinine, are significantly increased in AAI-
hemorrhaged animals (27).

The intoxicated trauma patient may be particularly vulnerable to organ injury following
traumatic injury and resulting hemorrhage and resuscitation (25). A large proportion of
acutely intoxicated trauma victims are also chronic alcohol abusers (26). Therefore,
preexisting and ongoing injury resulting chronic alcohol abuse may compound with the
effects of hypotension predisposing them to an even worsened outcome (25, 27). These
clinical findings have been confirmed in animal models which have begun to investigate the
complex mechanisms of liver injury following hypotension during alcohol intoxication (28).

Additionally, ischemia and injury following hemorrhagic shock leads to a loss of intestinal
barrier function (28). Increased intestinal permeability and the resulting enhanced
translocation of commensal and pathologic bacteria, bacterial products, and pro-
inflammatory mediators has been strongly associated with worse outcomes following
traumatic injury and blood loss (29, 30). Both clinical and animals studies have provided
evidence for a link between increased intestinal permeability and risk of complications
during recovery from trauma and hemorrhage (31–33). The incidence of commonly
associated complications including multiple organ dysfunction syndrome and acute lung
injury are reported to be increased in intoxicated trauma victims (34). Chronic alcohol is
well known to disrupt intestinal barrier function and induce gut leak (35). A detrimental
impact of AAI on injury-induced gut leak during recovery has also been demonstrated
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following burn injury (36). Potential mechanisms for the impact of alcohol on this process
following injury and hemorrhage have been delineated by other labs utilizing a variety of
models. Common mechanism identified with changes seen during AAI include increased
NO and subsequent free radical production (37) and disruption of the protective effects of
prostaglandin E2 (PGE2) (38).

At the level of the intestinal epithelial cell, injury and increased inflammatory products lead
to production and activation of NOS and subsequent NO production (33, 35). NO has been
demonstrated to directly disrupt barrier function in intestinal epithelial cell monolayers in
vitro (28). NO can also combine with other free radicals from neutrophils and other
inflammatory cells leading to modification, namely carbonylation and thiolation, of
structural and junctional proteins and loss of barrier function (35). Alcohol intoxication
increases NO content in plasma and tissues (39–41). Thus, one can identify a role for the
AAI-induced increase in NO that may exacerbate the effects of hemorrhage and provide a
potential mechanism by which AAI can worsen gut leak following injury and hemorrhage.

An additional mechanism of increased intestinal injury during AAI could be a decrease in
gut mucosal protective factors, namely PGE2. PGE2 is continuously produced by
cyclooxygenase, which is constituently expressed in the lamina propria of the small intestine
(42, 43). Under normal conditions, PGE2 serves to regulate motility, secretion, and growth
and repair in the gut (44). PGE2 also plays a critical role in the response to and repair from
injury and has been shown to be important in the response to infection, colitis, and following
radiation injury (45). Furthermore, cyclooxygenase -2 is rapidly induced following shock
states (37). Pharmacologic inhibition of cyclooxygenase during HS, and thus production of
PGE2leads to worsened gut injury as well as enhanced hepatic injury (46). Using an Ussing
chamber to examine barrier integrity ex vivo following ischemia/reperfusion in swine, PGE2
application was demonstrated to recover of barrier function lost following cyclooxygenase
inhibition (47, 48). These studies suggest a significant protective role for PGE2 in the
maintenance and recovery of intestinal barrier function following injury including shock or
ischemia. In vitro studies on the effects of alcohol on intestinal epithelial cell function and
morphology have also demonstrated a significant protective role for PGE2 in the
development of AAI-induced barrier dysfunction (49). Pretreatment of intestinal epithelial
cells with PGE2 prevents the change in cellular morphology and loss of barrier function
observed following alcohol exposure (50, 51).

Disruption of intestinal barrier function was found in our model of hemorrhage as reflected
by increased FITC-labeled dextran translocation during the early recovery period (Figure 2).
This finding was associated with increased intestinal NO content and a decrease in PGE2
content. Thus, alcohol- induced hemodynamic dysregulation during trauma-hemorrhage
results in inadequate tissue perfusion and during the resuscitation period leading to enhanced
susceptibility to tissue injury.

Impact of acute alcohol intoxication on host defense responses during
traumatic injury

While the vital function of autonomic and neuroendocrine pathways activated by traumatic
injury is to restore cardiovascular stability following blood loss and during fluid
resuscitation, these pathways also exert immunomodulatory effects on host response during
recovery (52). The post-injury period has been shown to be characterized by a significant
biphasic modulation of host defense mechanisms resulting in an early pro-inflammatory
response often followed by a protracted immunosuppressive period. A dysregulated pattern
of post-injury pro- and anti-inflammatory responses has been identified to be a main
contributor to infection, sepsis, multiple organ failure and death resulting from traumatic
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injury (52). Several lines of evidence indicate that the mechanisms underlying hemodynamic
counteregulation to trauma-hemorrhage are closely intertwined with those involved in
modulating host defense mechanisms. Alcohol intoxication has been shown to impact
multiple aspects of host defense (53) and to produce marked dysregulation of host defense
mechanisms during the post-injury period (Figure 2). Several studies have shown that acute
alcohol exposure results in suppressed pro-inflammatory cytokine release in response to an
inflammatory challenge (54–58); decreased neutrophil recruitment and phagocytic function
(56, 59); impaired chemotaxis (60); and oxidative burst capacity (61). Moreover, we
demonstrated that even 24 hours post-hemorrhagic shock alcohol-intoxicated animals had a
marked suppression in neutrophil responsiveness to an inflammatory challenge (62). The
lack of change in the magnitude of IL-10 production suggests a preferential suppression of
inflammatory cytokine release that may contribute to enhanced susceptibility to infection
during the recovery period.

Contrasting findings were observed at the tissue level, where alcohol intoxication enhanced
the pro-inflammatory milieu at completion of hemorrhage and fluid resuscitation (22). The
relevance of the combined tissue inflammation and immune cell hyporesponsiveness was
demonstrated by worsened outcomes following infection with Klebsiella pneumonia during
the post-injury recovery period (61). AAI animals demonstrated an overall impairment in
pulmonary bacterial clearance and resolution of tissue inflammation following infection
contributing to a greater mortality. Thus, alcohol intoxication markedly impairs
hemodynamic recovery following traumatic injury, decreases tissue perfusion, enhances
tissue injury, and in addition dysregulates host defense mechanisms leading to increased
susceptibility to a second-hit infectious challenge. Hence, dissecting the mechanisms
responsible for impaired restoration of hemodynamic homeostasis in the alcohol-intoxicated
host is of critical relevance.

Mechanisms of acute alcohol intoxication mediated hemodynamic
instability

Several possibilities could account for the greater hypotension and impaired hemodynamic
stability observed in the alcohol-intoxicated hemorrhaged host including and alcohol-
mediated decrease in blood volume, an impaired responsiveness to vasopressors released in
response to blood loss, or a disrupted neuroendocrine response to blood loss and
hypotension.

Several investigators suggest a significant suppression of AVP release by AAI alone that
could have contributed to a decreased blood volume during the period of alcohol infusion
(63, 64). The potential contribution of an alcohol-mediated decrease in circulating blood
volume at the time of hemorrhage was examined using an indicator dilution technique.
Results from those studies demonstrated that alcohol-induced basal hypotension and
impaired hemodynamic counteregulation were not associated with a decrease in circulating
blood volume prior to hemorrhage. Moreover, the impact of alcohol intoxication on vascular
responsiveness was examined utilizing both in vitro and in vivo techniques. Studies using
isolated vessels (aortic and mesenteric arterioles) demonstrated that neither alcohol,
hemorrhage alone, or their combination impair vascular reactivity to pressors (65). Results
from those studies showed that second messenger signaling in response to changes in
membrane potential is intact, as reflected by preserved KCl-mediated contraction in vessels
isolated from both control and alcohol-intoxicated animals. Moreover, receptor-mediated
contraction, tested with the alpha-adrenergic agonist phenylephrine also was shown to be
unaffected by alcohol. These findings suggested that impaired vascular responsiveness to
pressor agents such as adrenergic agonists was not the underlying mechanism for greater
hypotension or blunted recovery of blood pressure in AAI animals. This conclusion is
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further supported by similar findings from in vivo studies showing that AAI did not impair
the vascular responsiveness to intravenous administration of AVP during fluid resuscitation.
Taken together, these studies suggest that circulating blood volume and vascular
responsiveness to counter-regulatory hormones are not significant contributors to the AAI-
induced impairment in hemodynamic stability.

In contrast, blunted neuroendocrine activation was identified as an important mechanism for
disregulation of hemodynamic counteregulation. Our studies demonstrated that alcohol
intoxication at the time of injury results in significantly attenuated release of the counter-
regulatory hormones and potent vasoconstrictors AVP, epinephrine and norepinephrine in
response to fixed-pressure hemorrhage (Figure 3) (22). Additionally, when examining the
neuroendocrine response to a fixed-volume hemorrhage, AAI was shown to result in an
inappropriate neuroendocrine response for the exacerbated hypotension produced by a given
blood loss. These findings provided evidence for the role of disruption of the counter-
regulatory neuroendocrine response to blood loss in the intoxicated host. We predicted that
these effects were the result of impairment in central neuroendocrine activation. Further
investigations focused on potential mechanisms of this disruption and strategies to overcome
the detrimental impact of AAI.

Acute alcohol intoxication disrupts central AVP controlling mechanisms
Pharmacologic central cholinergic stimulation had previously been demonstrated to lead to
activation of descending sympathetic pathways in non-intoxicated animals (66). This
activation was evidenced by increases in circulating levels of counter-regulatory hormones
such as AVP and epinephrine as well as enhanced blood pressure following a range of
cardiovascular challenges (67, 68). As had been reported in other models,
intracerebroventricular (ICV) administration of choline, a pre-cursor of acetylcholine,
produced an immediate activation of the SNS as evidenced by an increase in MABP and a
rise in plasma epinephrine, norepinephrine, and AVP within five minutes of injection in
dextrose control animals (69). While we confirmed that SNS activation could be achieved
with this approach, ICV choline did not reverse the hemorrhage-induced hypotension or
produce a sustained increase in vasoactive hormone release throughout the duration of
hemorrhage in AAI animals. We speculated that this was due to the short duration of action
of choline. Subsequent studies utilized central administration of the acetylcholinesterase
inhibitor neostigmine to produce a sustained increase in acetylcholine and subsequent
central sympathetic stimulation. Our results showed marked improvement in hemodynamic
compensation and outcome from hemorrhagic shock in neostigmine-treated AAI rodents
(70).

Further support for the ability to restore the neuroendocrine response was provided by
studies utilizing the peripherally administered acetylcholinesterase inhibitor physostigmine
at the time of resuscitation. Beneficial effects of intravenous administration of
physostigmine in the non-intoxicated host following hemorrhage have been reported by
others (71). Whether phsyostigmine could restore neuroendocrine activation in the
intoxicated host was not known. As was observed with central cholinergic activation,
physostigmine improved hemodynamic recovery and this was associated with attenuation of
the rise in the makers of liver and renal damage (alanine aminotransferase and blood urea
nitrogen) in AAI animals (27).

The relevance of the neuroendocrine system was confirmed by studies demonstrating that
the pressor response produced by ICV neostigmine is primarily mediated through enhanced
AVP release. Moreover, the pressor response appears to be triggered through Central
Nervous System (CNS) nicotinic receptors. Combined, these studies provided strong
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evidence that alcohol exerts its detrimental effects on hemodynamic counterregulation to
severe blood loss through central cholinergic-mediated sympathetic nervous system
activation. In addition, they identified a defective triggering signal for AVP release in the
alcohol-intoxicated host. The observation that enhancing central nervous system cholinergic
activity restores the neuroendocrine response to hemorrhagic shock in AAI suggested that
alcohol interferes with the central signaling mechanisms regulating AVP release during
hemorrhagic shock (69).

AVP: A Critical Counter-regulatory Hormone during Shock
AVP is a peptide hormone secreted from the posterior pituitary that plays a central role in
water homeostasis and blood pressure regulation by exerting a pressor and anti-diuretic
effect (72). AVP exerts its effects by binding to two distinct primary G protein-coupled
receptors, the V1 receptor expressed in the vasculature and the V2 receptor expressed in the
basolateral membrane of the principal cells in the collecting duct of the kidney resulting in
vasoconstriction and increased water reabsorption, respectively (72). Both the increase in
vascular resistance and water reabsorption ultimately contribute to restoration of MABP, an
essential response in maintaining tissue perfusion to vital organs following hemorrhagic
shock.

Two lines of evidence have provided strong support for the important role of AVP in
restoration of MABP following hemorrhagic shock. Administration of an AVP V1 receptor
antagonist during hemorrhage significantly attenuates the restoration of blood pressure
during the resuscitation period (73). Studies from our laboratory have demonstrated the
importance of AVP in blood pressure recovery during fluid resuscitation with hypertonic
saline (25). The immediate pressor effect of hypertonic saline resuscitation was
demonstrated to be mediated by an increase in circulating concentration of AVP. Peripheral
antagonism of the V1a receptor, the receptor responsible for the pressor effects of AVP,
prevented the early blood pressure recovery to hemorrhage achieved with hypertonic saline
resuscitation without affecting the blood pressure response to hemorrhage achieved with
traditional lactated Ringer’s resuscitation providing additionally evidence supporting the
importance of AVP to blood pressure recovery during hemorrhagic shock.

In addition, clinical case reports and animal studies have demonstrated that exogenous AVP
administration plays an important role in blood pressure recovery following hemorrhagic
shock (74, 75). Exogenous AVP administration to hypotensive patients not only restores
vascular tone, but also significantly improves MABP in subjects unresponsive to fluid
resuscitation or other vasopressors following severe blood loss (75). Additional benefits of
AVP include increased vascular reactivity, decreased acidosis and decreased resuscitation
volume necessary to maintain a target MABP (76–78). Yang et al. demonstrated that AVP
administration following hemorrhagic shock increases vascular reactivity and increases the
pressor effect and contractile responses of superior mesenteric arteries to other vasopressors
such as norepinephrine (78). Furthermore, following prolonged hemorrhagic shock,
resuscitation with AVP has been shown to improve MABP and significantly reduce the
volume of resuscitation fluid necessary to maintain MABP, suggesting that AVP improves
cardiovascular function and the delayed progression to cardiovascular collapse (77). SNS
activation and subsequent release of epinephrine and norepinephrine are important in the
restoration of MABP following hemorrhagic shock; however, after prolonged hypotension,
patients may become unresponsive to fluid replacement and catecholamines such as
epinephrine (75). During the late phases of hemorrhagic shock, compensatory mechanisms
and aggressive fluid resuscitation strategies fail, making additional strategies to restore
MABP and tissue perfusion critical. Moreover, catecholamine administration has been
shown to have untoward effects such as cardiac arrhythmias and metabolic acidosis (79).
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When compared to epinephrine as a vasopressor following hemorrhage, AVP produces a
more sustained increase in MABP and improved survival compared to untreated animals
(76). Taken together, the results from these studies indicate that AVP is a critical counter-
regulatory hormone in response to blood loss. Therefore, subsequent focused on determining
the central signaling mechanisms involved in the impaired release of AVP in response to
hemorrhage during AAI.

Mechanisms of the impaired AVP release during hemorrhage in AAI
AVP release is regulated by a number of different mediators including angiotensin (ANG) II
and nitric oxide (NO) (80–86). ANG II acts both peripherally and centrally to restore blood
pressure during hypovolemia. Peripherally, ANG II binds to the primary angiotensin (AT1)
receptor, resulting in constriction of the vasculature (85). Centrally produced ANG II
stimulates AVP release by binding to AT1 receptors in the PVN and SON (82, 83). This is
particularly important during hemorrhage as demonstrated by a greater decrease in MABP
and markedly attenuated AVP concentrations during hemorrhage following central
administration of Losartan, an AT1 receptor antagonist (81).

NO is a gas produced from the conversion of L-arginine to L-citrulline by the enzyme nitric
oxide synthase (NOS) (87, 88). NO is produced in the CNS where it functions as an
important signaling molecule regulating neuroendocrine function in the hypothalamus (86,
89). All three isoforms of NOS are present in the magnocellular neurons in the PVN and
SON of the hypothalamus, the primary sites of AVP production (86). AVP is produced in
both magnocellular and parvocellular neurons; however, NO exerts inhibitory effects on the
magnocellular neurons, but stimulates parvocellular neuronal activity in hypothalamic slice
preparations (89–91). Similarly, patch clamp recordings from magnocellular and
parvocellular neurons show that administration of the NO donor, N-acetyl-S-nitroso-D-
penicillamine (SNAP), inhibits the activity of magnocellular neurons while it produces
reversible membrane depolarization in parvocellular neurons (89–91). The contribution of
NO to regulation of AVP release has been confirmed in in vivo studies by Kadekaro and
others, which show that central administration of nitro-L-arginine-methylester (L-NAME), a
NOS inhibitor, produces a significant increase in plasma AVP as well as a significant
pressor effect under baseline conditions in normovolumic rats (92). However, during
hemorrhage L-NAME does not further increase AVP release suggesting that NO inhibits the
release of AVP under normovolumic and iso-osmotic conditions and this inhibitory tone is
removed during hemorrhage (92). Additionally, using whole-cell patch clamp recordings,
Ludwig and others first demonstrated that the NO-mediated inhibition of AVP neuronal
activity is the result of increased GABA-ergic synaptic activity (89). Alcohol intoxication
has been reported to result in increased NO in plasma, anterior pituitary, and PVN of the
hypothalamus as well as increased nitric oxide synthase activity in the anterior pituitary and
PVN identifying a potential mechanism of the blunted AVP response to hemorrhage during
AAI (74). Thus, we predicted that increased NO production in the PVN and SON during
AAI and hemorrhage may attenuate AVP release directly through inhibition of AVP-
producing magnocellular neuronal activity or indirectly via NO-mediated inhibition of
noradrenergic activation or stimulation of GABA-ergic activation regulating the PVN.

Our studies demonstrated that the blunted AVP release following hemorrhagic shock in AAI
animals is associated with a significant increase in PVN NO content; suggesting excess NO
tone as a potential mechanism for suppressed AVP release (94). The inhibitory role of PVN
NO in the alcohol-induced inhibition of AVP release during hemorrhage was confirmed by
the results of studies that used central administration of the NOS inhibitor L-NAME. The
significant reduction in PVN NOS activity and NO content increased the blood volume
removed necessary to achieve the target hypotension in AAI hemorrhaged animals (94).
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Thus, NOS inhibition enhanced the hemodynamic compensatory response in AAI animals,
reflected as well by restoration of circulating AVP and ANG II levels following
hemorrhage. These findings confirmed that AAI-enhanced central nitric oxide production
inhibits AVP release during hemorrhage.

Strategies to sensitize control mechanisms of AVP release following shock
in AAI

Release of AVP is triggered not only by decreased blood volume, but more importantly by
hyperosmolality. In contrast to the attenuated release of AVP in response to blood loss, our
studies show that alcohol intoxication does not impair AVP release in response to an
osmotic challenge elicited by intravenous hypertonic (7%) saline (HTS) administration (94).
Furthermore, HTS administration was associated with decreased PVN NO content in
intoxicated animals, suggesting the possibility that fluid resuscitation with HTS could
reduce PVN NO content and restore the AVP response to blood loss in AAI rodents (Figure
3).

Indeed, subsequent studies examining resuscitation with HTS demonstrated enhanced
MABP recovery and elevated circulating levels of AVP in AAI animals (25). The pressor
response to HTS was found to be the result of circulating AVP, and specifically through
AVP’s actions at the V1 receptor. Treatment with an AVP V1 antagonist abolished the
pressor response to HTS without impairing blood pressure recovery in animals resuscitated
with lactate Ringer’s. As predicted, the enhanced levels of circulating AVP following
resuscitation with HTS are associated with decreased PVN NO content. Thus, increased
resuscitation fluid osmolarity sensitizes the AVP response to blood loss improving outcome
from hemorrhagic shock in the alcohol-intoxicated host.

Targeted resuscitation strategies for hemorrhagic shock in the acute
alcohol intoxicated host

Enhanced MABP recovery does not always directly improve tissue perfusion. Indeed, in a
previous study we demonstrated that despite improved MABP during fluid resuscitation,
delayed peripheral neostigmine administration markers of organ injury in the intoxicated
host (95). Additional studies have indicated selective redistribution of blood flow following
pressor use during shock states that may exacerbate organ injury (96, 97). This was of
importance as the pressor effects of HTS in our model are mainly due to increased
circulating levels of AVP. While AVP has been consistently reported to increase blood
pressure, its effects on end-organ and tissue perfusion have been more varied. For example,
AVP decreases brain and renal perfusion following cardiogenic shock (96). The increase in
mean arterial pressures, therefore, may be at the expense of tissue perfusion. HTS
resuscitation, however, has been associated with more rapid return of tissue perfusion and
oxygenation in non-intoxicated animals. If these benefits would be prevented by AAI was
unknown. Our studies demonstrated that HTS resuscitation improves blood flow to certain
vital organs following hemorrhagic shock in AAI rodents (Figure 3). The persistence of this
effect 2 hours after the administration of a bolus of HTS suggests that while the elevation in
MABP compared to Lactated Ringers (LR) was transient, the microvascular benefit extends
well into the recovery period.

It is also possible that HTS contributes to attenuation of organ injury independent of effects
on tissue blood flow and/or redistribution. HTS has been reported to decrease inflammation
and neutrophil influx following hemorrhagic shock in the non-intoxicated host resulting in
lessened organ damage and dysfunction when compared to LR resuscitation. Enhanced
neutrophil influx and sequestration have been strongly implicated in the increased incidence
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and severity of hepatic, pulmonary, and gut injury following injury or hemorrhage during
AAI (36, 98). Neutrophil influx and the resulting tissue injury following injury and HS are
tissue and time-dependent (99). Increased intestinal neutrophil influx has been observed
following burn injury during acute alcohol intoxication (36). Furthermore, in addition to the
increased chemotaxis, AAI suppresses neutrophil apoptosis potentially leading to increased
time for neutrophil-induced tissue damage (100). Neutrophil depletion by anti-rat neutrophil
antiserum ameliorates the injury and resulting gut leak induced by AAI and burn injury (36).
In addition to intestinal injury, infiltrating neutrophils have been implicated in the
production of lung and hepatic injury (30, 98). In a study of hemorrhagic shock following
chronic alcohol administration, increased chemokine production, adhesion molecule
expression, and the resulting neutrophil recruitment and sequestration were strongly
implicated in the worsened hepatic injury in alcohol-treated animals (98, 101). Thus, the
attenuated neutrophil influx observed following HTS resuscitation may serve as a new target
for resuscitation strategies aimed at limiting adverse secondary outcomes such as infection
and organ injury.

Furthermore, improvement in organ function following HTS resuscitation was demonstrated
by prevention of the rise in markers of hepatic injury including alanine aminotransferase in
AAI animals. HTS also led to decreased oxidative stress measured by protein carbonylation
in the gut, attenuated depletion of gut prostaglandin E2and decreased NO content in AAI
animals. These changes were associated with functional improvements as reflected by
attenuation in gut leak at 24 hours post-hemorrhagic shock. The observed negative
correlation between PGE2 levels and gut leak suggests that even a small increase in PGE2
could have led to significant protective effects.

These findings provide additional support to the idea that improved splanchnic tissue
perfusion is central to protection from tissue injury following hemorrhagic shock. In
particular, our findings show marked ability for hypertonic saline to improve splanchnic
circulation. Studies from Hauser’s labortory have also shown that resuscitation with
hypertonic saline ameliorates hemorrhage-induced gut and lung injury; further supporting
the correlation between gut and lung injury (102). The significant impact of improved
splanchnic circulation and tissue perfusion to overall outcome from hemorrhagic shock is
also supported by studies from Chaudry’s laboratory showing estradiol-mediated
improvement of intestinal blood flow (103). Moreover, similar findings have been reported
by Deitch’s group, where castrated and flutamide-treated male rats were significantly
protected against trauma hemorrhagic shock-induced gut injury and in turn, mesenteric
lymph of these animals had a decreased capacity of producing distant organ injury (104).

Clinical trials with HTS have failed to demonstrate benefit over traditional crystalloid
resuscitation when using 28-day mortality as an outcome (105). Although no benefit has
been found on 28-day mortality, the primary outcome measure for these trials, HTS does
limit the incidence of negative secondary outcomes such as need for dialysis and renal
failure. Additionally, smaller clinical studies demonstrate that the immnomodulatory effects
of HTS observed in animals studies can be replicated in humans (106). Random and blinded
assignment to different resuscitation protocols in these studies was necessary to investigate
the global impact of fluid choice. However, this approach does not address the proposed
strategy of applying HTS selectively to the intoxicated host or other subpopulations. In the
non-intoxicated trauma victim, HTS may not provide additional benefit as counterregulatory
responses to injury and blood loss are already at maximal or optimal levels. In contrast, the
impaired hemodynamic and neuroendocrine responses to HS during AAI may be corrected
or enhanced by HTS resuscitation and lead to improved outcomes. Furthermore, the non-
hemodynamic effects of HTS may be as important if not more important than enhanced
hemodynamic stability in the intoxicated host. Thus, taken together our findings and reports
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in the literature suggest that the alcohol-intoxicated trauma-hemorrhage victim may be
particularly benefited by HTS.

Summary and conclusion
AAI is a significant risk factor for trauma and subsequent blood loss. In addition to the
increased incidence of injury, alcohol leads to a dysregulation of the hemodynamic,
neuroendocrine, inflammatory, and immune responses to hemorrhage. This disruption of the
normal neuroendocrine counteregulatory response impairs hemodynamic stability and
recovery contributing to compromised tissue perfusion and increased end-organ injury. We
have demonstrated that this impaired counteregulatory response results from the blunted
central neuroendocrine and autonomic activation. Furthermore, we identified an important
role for elevated levels of NO in the PVN. Strategies to decrease PVN NO content utilizing
both pharmacologic inhibition as well as selected fluid resuscitation with HTS confirmed
both the significant role of PVN NO content in the impaired responses and demonstrated
potential therapeutic avenues for further exploration. Importantly, resuscitation with HTS
not only improved the hemodynamic recovery, but improved tissue perfusion leading to
decreased organ damage. The impact of HTS on other outcome measures including response
to infection following hemorrhage during intoxication certainly warrant future studies and
may hold great promise for targeted strategies to limit negative secondary outcomes in this
vulnerable population.
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Abbreviations used throughout the manuscript

AAI Acute Alcohol Intoxication

MABP Mean Arterial Blood Pressure

NTS Nucleus of the Tractus Solitarius

PVN Paraventricular nucleus

CRH Corticotropin-Releasing Hormone

AVP Arginine Vasopressin

ALT Alanine Aminotransferase

ICV Intracerebroventricular

SNS Sympathetic Nervous System

CNS Central Nervous System

ANG II Angiotensin II

NO Nitric Oxide

NOS Nitric Oxide Synthase

HTS Hypertonic Saline

LR Lactated Ringers
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PGE2 Prostaglandin E2
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Figure 1. Counteregulatory response to hemorrhagic shock in AAI
Alterations in blood volume and tissue injury trigger afferent signals that are predominantly
integrated at the level of the PVN of the hypothalamus. The activation of the descending
efferent signals including the SNS and the HPA results in neurotransmitter and hormone
release (i.e., AVP, angiotensin, epinephrine, norepinephrine, and glucocorticoids) that
orchestrate a counteregulatory response characterized by increased blood pressure, heart
rate, cardiac output, blood flow redistribution, substrate mobilization, modulation of host
defense, and substrate mobilization. AAI alters the counteregulatory response at multiple
levels shown by the check mark next to each of the specific components. The underlying
mechanisms affected by AAI (indicated by the boxes) are primarily due to disruption of the
central mechanisms involved in triggering AVP release and SNS activation. ACTH,
adrenocorticotropin hormone; AVP, arginine vasopressin; SNS, sympathetic nervous
system; RAS, renin angiotensin system; BP, blood pressure; HR, heart rate; CO, cardiac
output; HPA, hypothalamo-pituitary axis; PVN, periventricular nucleus.
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Figure 2. Alcohol intoxication impairs hemodynamic counteregulatory response to hemorrhagic
shock and disrupts the integrity of host defense mechanisms in the trauma/hemorrhage host
Alcohol intoxicated rodents present with lower blood pressure at time of injury, have
decreased tolerance to blood loss, and have impaired blood pressure recovery during fluid
resuscitation. The accentuated hypotension leads to tissue hypoperfusion, which enhances
susceptibility to tissue injury reflected in greater elevation in circulating alanine ALT and
creatinine levels as well as increased intestinal permeability. Moreover, it is associated with
increased tissue inflammation and neutrophil recruitment and activation, suppressed
phagocytic and oxidative burst activity in circulating mononuclear cells, and early
suppression followed by late (5 days post injury) exacerbation of inflammatory response.
These alterations in host defense mechanisms are directly related to the inability of the host
to effectively resolve a bacterial infection during the post-injury period. ALT, alanine
aminotransferase.
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Figure 3. Alcohol intoxication disrupts neuroendocrine compensatory mechanisms in response to
blood loss
AAI upregulates PVN NO expression exerting an inhibitory tone on AVP release and
attenuation of epinephrine, norepinephrine, and angiotensin II release in response to blood
loss. Increased resuscitation fluid osmolarity sensitizes the AVP response to blood loss,
improves hemodynamic recovery in the AAI host, This modulation of neuroendocrine
response was associated with marked improvement in restoration of blood pressure,
improved tissue perfusion, and attenuated end organ injury reflected in decreased gut leak.
AAI, acute alcohol intoxication; AVP, arginine vasopressin; NO, nitric oxide, PVN,
periventricular nucleus.
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