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Abstract
The loop diuretics furosemide and bumetanide are commonly used in neonatal intensive care units
(NICUs). Furosemide, due to its actions on the ubiquitous NKCC1 co-transporter and its
promotion of prostanoid production and release, also has non-diuretic effects on vascular smooth
muscle, airways, the ductus arteriosus, and theoretically the gastrointestinal tract. Loop diuretics
also affect the central nervous system through the inhibitory neurotransmitter, GABA.

Conclusion—The loop diuretics have a variety of biological effects that are potentially harmful
as well as beneficial. Care should be taken with the use of these agents since the range of their
effects may be broader than the single action sought by the prescribing physician.
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Introduction
Loop diuretics get their name from the location of their site of action in the thick ascending
limb of the loop of Henle (1). These diuretics also share a common mode of action which
results from their inhibition of the Na+-K+-2Cl− cotransporter. This cotransporter is an ion
channel which mediates the flux of Na+, K+ and Cl− from the tubular lumen across the cell
membrane into the epithelial lining cell (Figure 1). Inhibition of this cotransporter results in
a brisk diuresis. There are two isoforms of this cotransporter, NKCC1 and NKCC2. The
expression of NKCC2 is limited to the kidney while NKCC1 is widely distributed
throughout the body, and is found in cell membranes of vascular smooth cells and neurons
as well as of epithelial cells (2).

In addition to furosemide, there are three other loop diuretics available in the United States:
bumetanide, ethacrynic acid and torsemide (1). All but ethacrynic acid contain sulfa
moieties. The most commonly used loop diuretic is furosemide. Ethacrynic acid is typically
used when the patient has a sulfa allergy. Their relative diuretic potencies compared to
furosemide are bumetanide (40:1), ethacrynic acid (0.7:1) and torsemide (3:1). Bumetanide,
because of its relative potency, is most likely to be used when there is severe oliguria in
spite of furosemide treatment. Its use as an antiepileptic agent for the treatment of neonatal
seizures has also been considered (see below) (3). Furosemide is one of the most widely
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used medications in Newborn Intensive Care Units. It accounts for 10% of all medications
prescribed in this environment, its use exceeded only by vitamins and antibiotics (4, 5). Its
use increases among lower birth weight infants. Over 40% of infants with birth weights less
than 1500 g treated in the Vanderbilt Children’s Hospital NICU over the past 4 years were
treated with furosemide. It is used in the management of acute respiratory failure in newborn
infants, especially those delivered prematurely (6). It is also used in infants with chronic
lung disease who have clinical evidence of pulmonary edema accompanied by episodes of
apnea and bradycardia and increasing O2 requirement (7). Treatment of other disorders such
as congestive heart failure due to symptomatic patent ductus arteriosus often includes the
administration of a diuretic, usually furosemide (8). Some neonatologists will order
furosemide as part of a red cell transfusion to prevent any adverse effects that may occur due
to acute fluid overload (9, 10).

The beneficial effects of furosemide seen in these contexts often are attributed to the diuretic
effect of furosemide mediated through its action as an inhibitor of the Na-K+-2Cl−

cotransporter located on the luminal surface of the thick ascending limb of the loop of Henle
(1, 2). However, this cotransporter is ubiquitous, present in a wide variety of organ systems
in addition to the kidney and is involved in multiple biologic actions (2). In addition to
inhibiting the Na+-K+-2Cl− cotransporter, furosemide is also an inhibitor of the gamma-
amino-butyric acid receptor-A (GABA-A) (11–13). While classically recognized for its
action as a mediator of inhibitory neurotransmission in the central nervous system (14) the
GABA receptor, like the Na+-K+-2Cl− cotransporter, is widely distributed (15, 16), and may
mediate a direct effect on smooth muscle (16) as well as indirect signaling through neural
pathways. Given that furosemide is an inhibitor of two different “receptors”, both of which
happen to regulate ion flux, and that these transmembrane proteins are distributed
throughout multiple organ systems, it is not surprising that that this drug and other Na+-
K+-2Cl− cotransporter inhibitors such as bumetanide might have multiple biologic effects,
both diuretic and non-diuretic and both beneficial as well as adverse. This review provides a
summary of the pulmonary effects of furosemide in newborn premature infants and in
infants with chronic lung disease. We then discuss the non-diuretic effects of two of these
loop diuretics, furosemide and bumetanide. In some contexts, one or the other may have
clinical relevance. In other cases, we describe how the loop diuretics play a key role in
experimental systems even though there is no immediate clinical relevance. The overriding
aim of this review is to call attention to the myriad biological effects, potentially harmful or
beneficial, of certain diuretic agents used in the newborn intensive care unit, when the range
of effects is far broader than the single action sought by the prescribing physician.

Diuretics in acute neonatal lung disease
There is a well-founded rationale why diuretic therapy might be beneficial in newborn
infants with lung disease such as hyaline membrane disease (HMD). Early descriptions of
HMD point out the prominence of lung congestion in this disorder (17), consistent with the
laboratory findings of increased lung water and lung blood volume in newborn premature
lambs with HMD (18). Clinical findings of HMD include peripheral edema, rales and
radiographic findings of pulmonary edema (19). Peritoneal dialysis has been reported to
reduce mortality in HMD (20), a finding that may have resulted from the removal of water
as well as toxic oxidant products as speculated by the authors. In ventilator-dependent
infants with HMD, there is a diuresis beginning 24 to 36 hours after birth which typically
precedes a significant improvement in aADO2 and the need for ventilator support (21).
Magnitude of fluid intake over the first several days after birth has been shown to increase
the risk of symptomatic PDA (22) and the risk of BPD (23).
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Clinical studies of the effect of furosemide in acute neonatal lung disease have given a
variety of results. One study documented enhanced urine output following furosemide
administration resulting in a decrease in required mean airway pressure and facilitation of
endotracheal tube extubation (24). Other studies showed either improvement (25, 26) or no
(27–29) significant improvement in gas exchange and one study reported adverse effects in
the form of volume depletion and need for vasopressor treatment (27). A systematic review
of the pooled results of 6 studies revealed a transient improvement in pulmonary function
without any long-term benefits (30). In spite of the rationale, there is no evidence that
furosemide treatment of patients with acute neonatal lung disease will reduce the risk of
symptomatic patent ductus arteriosus or chronic lung disease. However, it should be kept in
mind that most of these studies were carried out before the routine use of surfactant
replacement therapy

Diuretics in chronic neonatal lung disease
As in the premature infant with early neonatal lung disease, there is also a compelling
rationale for the use of diuretic therapy in premature infants with chronic neonatal lung
disease, also referred to as bronchopulmonary dysplasia (BPD). There are physical findings
of pulmonary rales and peripheral edema in association with radiographic evidence of
pulmonary edema, a clinical conclusion corroborated by magnetic resonance imaging (31).
Infants with chronic lung disease have increased plasma vasopressin levels with
hyponatremia, hypotonic plasma, reduced urine output and reduced free water clearance
(32).

Furosemide administration to infants with chronic lung disease results in improved lung
mechanical properties, decreased PCO2 and improved oxygenation (33–35). However, these
effects do not occur with aldactazide, a non-loop diuretic, even though it produces a
comparable diuresis (7). In addition, changes in gas exchange and lung mechanical
properties do not always correlate in time with the diuresis following furosemide (34). These
observations indicate that the beneficial effect of furosemide on lung function in BPD may
not result from its diuretic effect per se, but instead from some non-diuretic effect peculiar to
the action of this drug as an inhibitor of Na+-K+-2Cl− cotransporter. Improvement in gas
exchange and lung function may also be the result of renal production and release of
prostaglandins from the kidney or vascular endothelium (36, 37).

Vascular effects of loop diuretics
It has been known for years that the action of furosemide in the treatment of pulmonary
congestion in adults is not related to the diuretic properties of the drug. A frequently cited
report in 1973 (38) involved patients with left ventricular failure who were treated with
intravenous furosemide. Within 5 – 15 minutes left ventricular filling pressure fell
significantly and mean calf venous capacitance increased significantly. Over the same
period there was no change in urine output, heart rate, systemic blood pressure or cardiac
output.

This case is an example of a non-diuretic vascular effect of furosemide in which venous
relaxation occurs resulting in a favorable shift of fluid out of alveoli and into the venous
compartment. This is the same phenomenon that may also account in part for the
improvement in gas exchange and lung function sometimes seen following furosemide
treatment of NICU patients with pulmonary edema accompanying hyaline membrane
disease or BPD (24, 33). The non-diuretic vasorelaxant effects of the loop-diuretics
furosemide and bumetanide are present in humans as well as a variety of experimental
animals (39). These effects have been described in both arterial and venous vascular beds
including the pulmonary artery and vein (40). The effects are greater in veins than in
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arteries, a finding attributed to a greater density of the Na+-K+-2Cl− cotransporter in veins
than in arteries (40).

There are at least two mechanisms by which furosemide treatment results in non-diuretic
vascular relaxation. Furosemide and bumetanide are both inhibitors of NKCC1, one of two
isoforms of the Na+-K+-2Cl− cotransporter (2, 41). Inhibition of this isoform, which is
located in vascular endothelium and smooth muscle (39), results in hyperpolarization and
relaxation of the targeted smooth muscle (39). Another mechanism is vascular relaxation
that is secondary to the action of dilating prostanoids formed and released from the kidney
(36) and vascular endothelium (37) in response to furosemide (42). For reasons given below,
it is likely that the vasorelaxation due to prostanoids is considerably greater than that due to
the direct effect of the diuretic on vascular smooth muscle via inhibition of NKCC1.

Vascular relaxation due to treatment with a loop diuretic has been documented both in vivo
and in vitro. Using in vitro microvascular myography of resistance arteries from rat and
guinea pig mesentery and from human subcutaneous fat, both furosemide and bumetanide
produced a concentration-dependent relaxation that was 10X greater with bumetanide than
with furosemide and was greater in the guinea pig and rat than in the human (43). Incubation
with indomethacin or mechanical removal of the endothelium did not inhibit the loop
diuretic-induced relaxation, indicating that neither prostaglandins nor nitric oxide were
required for these actions, allowing the conclusion that the furosemide effect may have
resulted from a direct smooth muscle inhibitory effect on the Na+-K+-2Cl− cotransporter. In
another in vitro study using isolated pulmonary venous vascular rings (40), furosemide was
found to cause venous relaxation independent of prostaglandins or nitric oxide, findings
consistent with a direct inhibitory effect on the Na+-K+-2Cl− cotransporter.

In vivo venous occlusion plethysmography has been used to assess the vasodilatory effect of
furosemide on veins and arteries of hypertensive patients and healthy controls (44).
Furosemide induced venodilation in both the control and the hypertensive patients, but no
changes were detected in the arterial bed. The venous effects were shown to be nitric oxide-
dependent in that the response was blocked by the nitric oxide synthase inhibitor L-NMMA
and restored by L-arginine. Other in vivo studies have given similar results (45, 46).

Whether or not the vasorelaxation induced by a loop diuretic is due to renal release of
dilating prostaglandins or due to a direct effect on vascular smooth muscle depends on the
dose of the diuretic. The high furosemide concentrations needed for a direct effect on Na+-
K+-2Cl− cotransporter activity are reached in the renal tubule but not in the cardiovascular
system. To achieve sufficiently high vascular levels of a loop diuretic needed to cause a
direct vascular action would result in tubular levels that far exceed the threshold for renal
injury. For example, in one in vivo study (47) designed to investigate the vascular effects of
loop diuretics in the rat, the investigators used 10–80 mg/kg IV of furosemide to show direct
drug-induced vasorelaxation. This dose is 10 to 80X the dose used to treat premature infants
in the newborn intensive care unit.

Effect of furosemide on the ductus arteriosus
Persistent patent ductus arteriosus (PDA) is one vascular effect of furosemide that has
received considerable attention in the literature pertaining to neonatal disorders. The
rationale linking furosemide with persistent PDA is the increased production and release of
prostanoids from the kidney and endothelium that occurs in response to treatment with this
drug (36, 37). Consistent with this rationale, Friedman et al (48) showed that urinary
excretion of prostaglandin E increased following furosemide in 5 sick low-birth weight
infants (Figure 2A).
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In vivo dilatation of the ductus arteriosus has been shown to be induced by furosemide in the
rat (49). This study is important because it demonstrates a causal relationship between
furosemide and ductus dilatation under simulated clinical conditions with a clinical dose of
the loop diuretic (Figure 3). The response of the ductus to furosemide was partly attenuated
when given with indomethacin, implying the involvement of dilating prostanoids. However,
the incomplete effect of indomethacin on furosemide-induced ductus dilatation raises the
possibility that other factors may be involved as well.

This effect of furosemide on the ductus arteriosus has also been documented in human
premature infants. In a randomized clinical trial (42), Green et al found convincing evidence
that furosemide increases the risk of persistent PDA in premature infants with the respiratory
distress syndrome, probably through a prostaglandin-mediated process. In this study, urinary
excretion of PGE was increased following furosemide, but not chlorothiazide, a non-loop
diuretic (Figure 2B). However furosemide does not prevent ductus closure in patients given
indomethacin (50–54). It appears that the constrictive effect of indomethacin overrides the
dilating effect of furosemide in premature infants with a persistent PDA.

The loop diuretic furosemide, but not bumetanide, dilates the ductus
arteriosus ex vivo

The studies above summarize clinical and experimental findings that are consistent with the
conclusion that furosemide, a loop diuretic, contributes to ductus relaxation. Preliminary
data shown in Figure 4 have now been obtained from in vitro and ex vivo studies that
confirm the association of furosemide with ductus relaxation and implicate the involvement
GABA signaling in this process (55).

Effect of loop diuretics on airways
Earlier in this article it was noted that premature infants with chronic lung disease showed
an improvement in lung function following intravenous furosemide treatment. This response
was thought not to be related to an effect of diuresis since the change in lung function
occurred prior to the diuresis. In addition, when a diuresis occurred following aldactazide, a
non-loop diuretic, there was no improvement in lung function.

The site and mechanism of the non-diuretic effect of furosemide on lung function is not
totally understood. There is clinical and experimental evidence that this response is a direct
relaxant effect on airway smooth muscle mediated by the inhibitory effect of furosemide on
the Na+-K+-2Cl− cotransporter located in airway smooth muscle. This possibility is
consistent with clinical studies showing beneficial effects of furosemide on abnormal lung
function when the drug is administered into the airway by nebulization. Rastogi (56) showed
significantly improved lung compliance, pulmonary resistance and tidal volume following
administration of nebulized furosemide to 8 infants with BPD requiring mechanical
ventilation. The beneficial response started as early as 30 minutes after treatment and was
not associated with diuresis. Prabhu et al (57) showed significant improvement in tidal
volume and compliance without diuresis in 13 ventilator dependent premature infants treated
with nebulized furosemide.

While the results of these clinical studies are consistent with a direct effect of furosemide on
airway smooth muscle, they do not rule out the involvement of dilating prostanoids released
from the kidneys or endothelium, or an action on airway epithelium. To address these
possibilities, Stevens et al (58) measured the response of airway (trachea, main stem
bronchi) ring segments to furosemide in fetal, newborn and adult guinea pig in vitro.
Following preconstriction, furosemide caused significant relaxation of airway smooth
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muscle at all ages, a response that was enhanced only slightly by removal of the epithelium.
These experiments ruled out renal production of dilating prostaglandins as a source of
airway smooth muscle relaxation and suggested that an epithelial source of such agents is
unlikely.

Additional evidence in support of the hypothesis that airway relaxation to furosemide is
mediated via the Na+-K+-2Cl− cotransporter is provided by Lavallee et al (59). These
investigators assessed the effect of furosemide on Na+-K+-2Cl− activity by measuring
rubidium-86 uptake and tracheal ring response to extracellular [Cl−] in epithelial-denuded
tracheal rings from newborn guinea pig. The results of this study indicate that, like in adult
guinea pig large airways (60), there is a functional, nonepithelial-dependent, furosemide-
sensitive Na-K-2Cl cotransporter in newborn guinea pig trachea.

Iwamoto et al (61) studied isolated human fetal airway and newborn mouse airways to test
the hypothesis that furosemide and bumetanide, both loop diuretics, would cause direct
relaxation of human fetal airway. They found that human airway relaxed following
furosemide after preconstriction with either acetylcholine or the inflammatory mediator
leukotriene D-4. Preconsricted newborn mouse airway relaxed following either furosemide
or bumetanide. The response was similar whether the diuretics were applied to the luminal
(epithelial) surface or abluminal (adventitial) surface. These results provide additional
evidence that there is a direct, nonepithelial-dependent effect of furosemide on airway
smooth muscle tone and are consistent with the possibility that the Na+-K+-2Cl−

cotransporter is present in the human airway smooth muscle cell and that it plays a role in
regulating airway tone (61).

Not only does furosemide inhibit the Na+-K+-2Cl− cotransporter, it also inhibits the GABA-
A receptor (13, 62) which is known to act as an inhibitory neurotransmitter throughout the
central and peripheral nervous systems. The GABA-A receptor may have a role in
regulating airway muscle tone. Mizuta et al have reported that mRNA and GABA-A protein
are found in human and guinea pig airway smooth muscle and in cultured human airway
smooth muscle cells (63). They have also reported that the GABA-A agonist muscimol
relaxes the pharmacologic contraction of guinea pig tracheal rings, effects that are inhibited
by the GABA-A receptor antagonist gabazine. There is also in vivo evidence of direct
GABA-A effect on airway smooth muscle (16). After elimination of neural contributions to
airway tone in guinea pigs receiving mechanical ventilation, the GABA-A agonist muscimol
was shown to attenuate the increases in airway pressure that occur as a result of induced
increases in airway constriction. Even though the pathway is present for GABA-A to
mediate changes in airway smooth muscle tone as a result of a furosemide-induced direct
inhibition of this receptor, there is little, if any evidence that such a mechanism occurs, but if
it did, it would put furosemide in the role of bronchoconstrictor, which is at odds with
clinical findings.

Possible effects of loop diuretics on the gastrointestinal tract
Gastroesophageal reflux is one of the most nettlesome clinical problems encountered in the
newborn intensive care unit, especially among extremely low birth weight infants with
chronic lung disease. The morbidity among these patients is severe, ranging from apnea and
nutritional challenges to right heart failure and persistent pulmonary hypertension. Given the
widespread involvement of GABA-ergic neural activity in the enteric nervous system, it is
tempting to speculate that the loop diuretic furosemide, known to be a potent GABA-A
receptor inhibitor (13, 62), might have an effect, beneficial or adverse, on gastrointestinal
mobility. In an in vivo study of dogs (64), the GABA-A agonist muscimol produced a dose-
dependent inhibition of transient lower esophageal sphincter relaxations, which are regarded
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as the event causing GER. Using mouse whole stomach in vitro (15), GABA was shown to
induce gastric relaxation, an action which was antagonized by the GABA-A receptor
antagonist bicuculline. In addition, muscimol, a GABA-A receptor agonist, mimicked the
GABA effect (relaxation) which was reduced by bicuculline, a GABA-A receptor
antagonist. In another study (65), GABA induced an excitatory effect in the longitudinal
muscle of the mouse duodenum. This effect consisted of an increase in basal tone, which
was antagonized by bicuculline.

These studies illustrate that activation of the GABA-A receptors can lead to variable effects
depending on the part of the gut or the animal species studied (65). In addition, activation of
the GABA-A receptors may stimulate the enteric cholinergic excitatory and the non-
adrenergic, non-cholinergic (NANC) inhibitory motor neurons, leading to either contraction
or relaxation of the intestinal smooth muscle (65). For these reasons, it would be hazardous
to predict where in the gastrointestinal tract a loop diuretic such as furosemide might exert
an effect on motility and what that effect might be – inhibitory or excitatory.

There is little, if any, clinical evidence that furosemide has an effect on gastrointestinal
motility. Several case-control retrospective studies (66–68) have looked for associations
between GER and medication use, including caffeine, surfactant, opioid, dopamine, prenatal
and postnatal corticosteroids and bronchodilators. It would appear that even though
furosemide is a drug with manifold pharmacologic actions, it has not been critically
scrutinized as a risk factor for GER.

Effects of loop diuretics on GABA-mediated events in the central nervous
system

GABA is well known for its action as an inhibitory neurotransmitter which acts throughout
the central and peripheral nervous system. Three receptor subtypes mediate this action:
GABA-A, GABA-B and GABA-C. The most prominent GABA-receptor subtype, the
GABA-A receptor, is a ligand-gated Cl− ion channel. (14). The GABA-A receptor is
inhibited by the loop diuretic, furosemide (13, 62), but not by bumetanide.

Although GABA is best known as an inhibitory neurotransmitter, it actually can go both
ways, either inhibitory or excitatory, depending on intraneuronal [Cl−] (69, 70).
Intraneuronal [Cl−] is modulated by two isoforms of the cation-Cl− cotransporter family.
These two isoforms are NKCC1, an isoform of the Na+-K+-2Cl− cotransporter, and KCC2,
an isoform of the K+-Cl− cotransporter. NKCC1 transports Cl− (along with Na+ and K+) into
the neuron which increases [Cl−] leading to depolarization (excitatory state) upon the
opening of Cl− channels, such as GABA-A receptors. KCC2 transports Cl− (along with K+)
out of the neuron which decreases [Cl−] leading to hyperpolarization (inhibitory state) with
Cl− channel opening, as illustrated in Figure 5.

Whether a neuron responds to GABA activation of the Cl− channel in an excitatory or
inhibitory fashion depends on the relative expression of KCC2 versus NKCC1. A high
expression of KCC2 along with a low expression of NKCC1 would result in an inhibitory
response to GABA, while a high expression of NKCC1 coupled with a low expression of
KCC2 would result in an excitatory response to GABA (70, 71).

The so-called “GABA switch” is a developmental phenomenon whereby GABA-A receptor
(a Cl− channel) activation excites immature neurons, unlike in mature neurons, where
GABA-A receptor activation is inhibitory. GABA acts as an excitatory neurotransmitter in
immature neurons, a process enabled by the developmental upregulation of NKCC1 (a Cl−

importer) and late onset expression of KCC2 (Cl− exporter) (72). As neurons mature the
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process is reversed, so that KCC2 increases and NKCC1 decreases, resulting in GABA
taking on the classic role of an inhibitory neurotransmitter where upon ligand-gated channel
opening, Cl− flows down its concentration gradient into the cell (See Figure 6).

One effect of the GABA switch is that the excitatory state thereby imposed on the immature
developing brain is thought to increase the risk of neonatal seizures as a result of an
upregulated expression of NKCC1 (70). If so, these results would provide evidence
supporting the idea that the NKCC1 inhibitor bumetanide should be useful in the treatment
of neonatal seizures.

There are several lines of evidence in support of this idea. The NKCC1-specific blocker
bumetanide has been shown to suppress epileptiform activity in immature brain slices in
vitro and to attenuate electrographic seizures in neonatal rats in vivo (70). Changes in Cl−

transporter expression have been observed to contribute to epileptiform activity in humans
(73). In post partum d 6–17 mice, bumetanide has been shown to inhibit the generation of
inter-ictal seizures and prevent their transformation to ictal seizures, indicating the role of
excitatory GABA in epilepsies (74). Alteration of Cl− transport by bumetanide has been
reported to augment the anticonvulsant effect of phenobarbital in adult rats in vitro. (75).
Continuous electroencephalography of a neonate with intractable multifocal seizures showed
significant reductions in seizure duration and frequency after treatment with bumetanide,
indicating that this drug may exert antiepileptic effects in human neonates (3).

While this is a novel and refreshing idea about the pathophysiology and potential treatment
of neonatal seizures, there are troublesome issues that arise related to switching GABA from
an excitatory to inhibitory neurotransmitter in the developing brain. In a comprehensive
array of in vitro and in vivo studies in mice ranging from embryonic to postnatal ages, Wang
et al (76) demonstrated that blocking NKCC1 with bumetanide during cortical development
revealed a crucial period for the development of certain synapses and that disruption of
GABA signaling during this window resulted in permanent decreases in excitatory synaptic
transmission and sensorimotor deficits, a common feature found in schizophrenia. In
addition, these investigators showed that bumetanide also disrupts the morphology of
cortical neurons and causes significant behavioral and developmental abnormalities.

Like bumetanide, furosemide also inhibits NKCC1 in the brain (77) and has anticonvulsant
action (78). However this action is thought to be associated with interference of neuronal
excitability unrelated to NKCC1 inhibition (78). Not only does furosemide inhibit NKCC1
in the brain (77), this loop diuretic, but not bumetanide, has also been shown to modulate
uniquely a GABA-A receptor subtype found in the cerebellum (11, 12). These known
actions of furosemide, GABA-A inhibition, NKCC1 inhibition, and interference with
neuronal excitability have the potential to add up to a triple threat to the brain, especially in
the case of a developing newborn infant.

What oxytocin and bumetanide have in common in regard to asphyxial
brain injury during the perinatal period

In studies using fetal and neonatal rat hippocampal slices, Tyzio et al (79) showed that the
GABA switch phenomenon may be an important mechanism that serves to protect the brain
from asphyxial injury during the intrapartum period. The transition from fetal to neonatal
conditions during this period is associated with an increased risk of asphyxia. Since
increased metabolic demand and neuronal activity characterize the GABA excitatory state
(80), temporary relief from these energy demands would allow the fetus to tolerate an
asphyxial insult that otherwise would cause significant brain damage.
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These investigators made the pertinent observation that GABA activity in fact does switch
temporarily from excitatory to inhibitory in rats during the intrapartum period, about 1–2
hours before birth. This finding supports their hypothesis that an excitatory to inhibitory
switch in GABA signaling reduces neuronal activity and metabolic demand, thus helping to
protect fetal neurons from hypoxic insults.

Since the observed GABA switch was associated temporally with parturition, it was thought
that maternal hormones released during labor and delivery might be the trigger for the
switch. Suspecting that oxytocin might be such a hormone, these investigators looked for
and found abundant oxytocin receptor immunoreactivity in the hippocampus and neocortex
during the perinatal period. Next, exposure of brain slices to oxytocin was observed to
suppress GABA-mediated excitation, an effect completely prevented by a selective oxytocin
receptor antagonist. Using an electrophysiological marker of neuronal death, control rat
fetuses were shown to undergo neuronal death at 55.6 minutes after perfusion of an anoxic-
aglycemic solution. In vivo treatment of the mother or the fetus with oxytocin receptor
antagonists decreased the time of neuronal survival in vitro to 44.1 minutes, an effect that
was blocked by bumetanide.

Since the loop diuretic bumetanide restores survival time of neurons that have been denied
the respite of GABA inhibitory signaling, it raises the possibility that pharmacologic
inhibition of the Na+-K+-2Cl− cotransporter might be considered a therapeutic strategy when
birth of a fetus occurs without the protection of a maternal oxytocin surge. The irony here is
that bumetanide, when given as an antiepileptic agent, is associated with neurobehavioral
abnormalities (76), but in this experimental context, it can protect against neuronal damage,
Additional in vitro and in vivo studies are necessary to explore these mechanisms.

Summary
In addition to enhancing urine output, the loop diuretics furosemide and bumetanide have a
variety of non-diuretic effects. This review brings together reports showing how these agents
might affect vascular beds, airways, the ductus arteriosus, the brain, and possibly the
gastrointestinal tract. These effects and their mediators are shown in the Table.
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Abbreviations

NICUs Neonatal intensive care units

Na+-K+-2Cl− Sodium potassium chloride cotransporter

NKCC1/2 Sodium potassium chloride cotransporter isoform 1/2

K+-Cl− Potassium chloride cotransporter

KCC2 Potassium chloride cotransporter isoform

[Cl−] Chloride ion concentration
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GABA Gamma-amino-butyric acid

GABA-A/B/C gamma-amino-butyric acid receptor-A/B/C

HMD hyaline membrane disease

PDA Patent ductus arteriosus

BPD bronchopulmonary dysplasia

aADO2 Alveolar/Arterial difference in oxygen tension

PCO2 Partial pressure of carbon dioxide

L-NMMA L-NG monomethyl Arginine

GERD Gastroesophageal reflux disease
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Figure 1.
NaCl reabsorption in thick ascending limb and mechanism of diuretic action of Na+-K+-2Cl
symport(cotransporter) inhibitors. Numbers in parentheses indicate stoichiometry.
Designated voltages are the potential differences across the indicated membrane or cell. The
mechanisms illustrated here apply to the medullary, cortical, and postmacular segments of
the thick ascending limb. S, symporter; CH, ion channel; BL, basolateral membrane; LM,
luminal membrane. From Brunton LL, Chabner BA, Knollmann GC: Goodman & Gilman’s
The Pharmacological basis of Therapeutics, 12 Edition: www.accessmedicine.com. With
permission.
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Figure 2.
Figure 2A. Changes of urinary excretion of prostaglandin E in five sick low-birth-weight
infants before (C) and after (F) the administration of furosemide, and in two sick low-birth-
weight infants before (C) and after (I) administration of indomethacin. From Friedman Z,
Demers LM, Marks KH, Uhrmann S, Maisels MJ. J Pediatr 1978;93:512–5. With
permission.
Figure 2B. Rates of urinary prostaglandin excretion (PGE) in furosemide-treated (solid
circles) and chlorothiazide-treated (open circles) subjects. Asterisks denote p<0.01
compared with the control value. From Green TP, Thompson TR, Johnson DE, Lock JE. N
Engl J Med 1983;308:743–8. With permission
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Figure 3.
The neonatal thorax cut along the frontal plane, at the level of the ductus arteriosus (DA). A,
The constricted DA in a 60-min-old rat (control). B, The constricted, thick-walled DA in a
120-min-old rat (control). C, The dilated DA in a 120-min-old rat that was s.c. injected with
furosemide (1 mg/kg) 60 min after birth. AoA, aortic arch; DA, ductus arteriosus; LPA, left
pulmonary artery; LSVC, left superior vena cava; RPA, right pulmonary artery. From
Toyoshima K, Momma K, Nakanishi T. Pediatr Res 2010;67:173–6. With permission.

Cotton et al. Page 17

Acta Paediatr. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Dilation of the ex vivo ductus arteriosus by loop diuretics. The surgically isolated ductus
arteriosus of term gestation fetal mice was mounted on 150 μm cannulae and studied by
pressure myography {Reese, 2009 1224 /id}. Exposure to increasing doses of furosemide
produced concentration-dependent relaxation of the ductus arteriosus (not shown), whereas
exposure to bumetanide had little effect on ductus tone. At the highest concentration (10−3

M), furosemide, which inhibits the GABA-A chloride channel and both of the NKCC
isoforms, induced approximately 25% increase in ductus diameter compared to resting
baseline tone (p<0.01) and significantly greater than bumetanide (p<0.01). Bumetanide, an
NKCC1-specific inhibitor, had no significant effect on ductus diameter compared to
baseline.
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Figure 5.
Two secondary active cation-Cl− cotransporters expressed in GABA-responsive neurons.
NKCC1 is an isoform of the Na+-K+-2Cl− cotransporter and KCC2 is an isoform of the K+-
Cl− cotransporter; [Cl−]i is intracellular Cl− concentration. From Delpire E (2000). Cation-
Chloride Cotransporters in Neuronal Communication. News Physiol Sci 15, 309–312, with
permission.
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Figure 6.
Developmental regulation of chloride homeostasis in neurons. Immature neurons and DRGs
express primarily the Na+-K+-2Cl− cotransporter NKCC1 and to a lesser extent the K+-Cl−

cotransporter KCC2. This results in a high intracellular concentration of Cl− so that GABA-
A receptor activation causes Cl− efflux and a depolarization. In mature CNS neurons, the
expression of NKCC1 decreases and the expression of KCC1 increases. This results in a low
intracellular Cl− concentration so that GABA-A receptor activation causes a Cl− influx and a
hyperpolarization. The font size of the lettering for the transporters depicts their relative
importance, and the relative font size for Cl− depicts the gradient across the membrane.
From Stein V & Nicoll RA (2003). GABA generates excitement. Neuron 37, 375–378, with
permission.
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Table

A Representative Reference to Each Study Showing a Non-diuretic Effect of a Loop Diuretic and the Mediator
Involved (except prostanoids).

Effects Furosemide Bumetanide NKCC1 GABA

BPD Engelhardt (33)

Vascular Dormans (39) Pickkers (43) Dormans (39)

PDA Green (42) Suarez (55)

Airway Iwamoto (61) Iwamoto (61) Lavallee (59) Gleason (16)

GI Rotondo (15)

Anti-Epileptic Dzhala (70) Dzhala (70)

Anti-Epileptic Gutschmidt (78)

Other CNS Wang (76) Wang (76) Wang (76)

Other CNS Korpi (12) Korpi (12)

Other CNS Payne (77) Payne (77) Payne (77)

Intrapartum Tyzio (79) Tyzio (79) Tyzio (79)
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