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Abstract
BIIB 513 and EMD 85131 are selective inhibitors of the Na+/H+ exchanger-1 (NHE-1) that are
benzoylguanidine derivatives of the clinically employed diuretic amiloride. Prior studies have
suggested a role for NHE-1 activity in platelet activation and aggregation using amiloride or its
non-benzoylguanidines derivatives. However, the concentrations employed in these prior studies
were at levels known to exert effects on other ion transport systems besides the NHE-1. Therefore,
the purpose of this study was to examine the effects of more selective NHE-1 inhibitors, BIIB 513
and EMD 85131, on platelet aggregation and in vivo cyclic flow following arterial injury. BIIB
513 and EMD 85131 effects on ex vivo canine and human platelet aggregation in response to
various agents was monitored via platelet aggregation. For analysis of in vivo thrombus formation,
a femoral artery crush injury model was employed and a flow meter was used to monitor the effect
of BIIB 513 on cyclic blood flow. Treatment of either canine or human platelets with up to 1 mM
of BIIB 513 had no effect on aggregation induced by platelet activating factor (PAF), thrombin
receptor activator peptide (TRAP), or adenosine diphosphate (ADP). Additionally, the structurally
related compound EMD 85131 at up to 1 mM failed to inhibit TRAP induced platelet aggregation.
In vivo administration of up to 9 mg/kg of BIIB 513 intravenously failed to affect cyclic flow in a
canine model of femoral artery injury. These data demonstrate that the specific and selective
NHE-1 inhibitors BIIB 513 or EMD 85131 have no effect on ex vivo platelet aggregation or in
vivo cyclic flow following arterial injury.
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Introduction
The role of the Na+/H+ exchanger-1 (NHE-1) in platelet activation and aggregation
previously has been studied using the clinically employed diuretic amiloride or its
derivatives [2, 9, 17, 21–23]. We previously reported the characterization of benzamide-N-
(aminoiminomethyl)-4-[4-(2-furanylcarbonyl)-1-piperazinyl]-3-(methylsulfonyl)
methanesulfonate (BIIB 513) and 2-methyl-5-methylsulfonyl-1-(1-pyrrollyl)-benzoyl-
guanidine (EMD 85131), both specific and selective benzoylguanidine inhibitors of the
NHE isoform 1 (NHE-1), compounds that confer marked cardioprotection in vivo, as
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measured by a reduction in arrhythmias and myocardial infarct size [3–8]. While early
studies suggested that inhibition of NHE activity with amiloride or non-benzoylguanidine
derivatives blocked platelet aggregation induced by a variety of agents [21] including
thrombin [9, 17, 22], ADP [2], serotonin [23], PAF [1, 23, 24], and collagen [23], these
studies employed amiloride or amiloride derivatives at concentrations significantly higher
than that required to inhibit NHE-1 activity and known to exert effects on other ion transport
systems besides NHE [11, 18]. Given the known contribution of platelets and their products
to myocardial infarction, and the previous literature suggesting the involvement of NHE-1
activity in platelet activation and aggregation, the purpose of this study was to examine the
effects of specific and selective NHE-1 inhibitors on ex vivo platelet aggregation and in vivo
cyclic flow following arterial injury. The results of this study demonstrate that the selective
and specific inhibitors of NHE-1, BIIB 513 and EMD 85131, have no effect on ex vivo
platelet aggregation or in vivo cyclic flow following arterial injury.

Materials and methods
Test compounds

Benzamide-N-(aminoiminomethyl)-4-[4-(2-furanylcarbonyl) 1-piperazinyl]-3-
(methylsulfonyl) methanesulfonate (BIIB 513) and 2-methyl-5-methylsulfonyl-1-(1-
pyrrollyl)-benzoyl-guanidine (EMD 85131) were provided by Boehringer Ingelheim and
Merck KGaA respectively. Both have been previously characterized as selective and
specific inhibitors of NHE-1 [3–8].

Canine and human platelet aggregation studies
Informed consent was obtained prior to human blood collection and the study was approved
by the Committee on Human Research at the Blood Center of Southeastern Wisconsin. The
investigation involving dogs also conformed to the Guidelines for the Care and Use of
Laboratory Animals of the National Institutes of Health, and was approved by the
Institutional Animal Care and Use Committee at the Medical College of Wisconsin.

Whole canine blood was collected from a femoral vein catheter into sodium citrate. Human
blood was collected by venipuncture into sodium citrate. Blood was centrifuged at 2009g for
15 min and the platelet rich plasma (PRP) supernatant was transferred to a new tube. Platelet
poor plasma was prepared by centrifuging 1 ml of PRP at 2,0009g for 1 min. Platelets were
counted using a hemocytometer and adjusted to 3 × 108/ll with platelet poor plasma. Platelet
aggregation was monitored using a whole blood aggregometer (Chronolog Corp., Haverston,
PA, Model 560-VS). The NHE-1 exchange inhibitor BIIB 513 was diluted in DMSO and
added at concentrations from 100 lM to 1 mM. Final DMSO concentration did not exceed
0.5%. PRP was incubated with the designated concentration of BIIB 513 or EMD 85131 for
5 min at 37°C prior to induction of aggregation. Aggregation was induced by the addition of
the following substances to yield the designated final concentrations: TRAP (0.07 lM), ADP
(1.4 × 10 −5 M), or platelet activating factor (2 lg/ml).

In vivo cyclic flow protocol
Adult mongrel dogs (n = 2) were subjected to an experimental preparation similar to that
referenced earlier [3–8]. For analysis of cyclic flow, the left femoral artery also was isolated
and the endothelium damaged by gently squeezing the vessel three times with a hemostat
followed by placement of a plastic constrictor around the site of injury. A calibrated
electromagnetic flow probe (Statham SP 7515, Gould-Statham) was placed around the
vessel distal to the constrictor site and a flow meter (Statham 2202) was used to monitor
blood flow. Hemodynamics, heart rate and femoral blood flow were monitored and recorded
by a polygraph (Model 7, Grass Instrument) throughout the experiment. This protocol
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triggers the development of cyclic variations in blood flow caused by repeated spontaneous
accumulation and dislodgment of platelet-rich thrombi at the site of vessel injury and
stenosis [26]. Once spontaneous cyclic variation in blood flow was established, femoral
blood flow was monitored for 3 h. A cyclic variation in blood flow was specifically defined
in this study as a slow decrease followed by an abrupt increase in femoral blood flow with
an amplitude of [50% of the poststenotic blood flow value. Each dog served as its own
control. After monitoring the cyclic variations in blood flow for at least 30 min, 9.0 mg/kg
of BIIB 513 was infused intravenously and the cyclic variations in blood flow were
monitored an additional 3 h.

Results
Treatment of canine platelets with up to 1 mM of the selective NHE-1 inhibitor, BIIB 513,
had no effect on aggregation induced by either platelet activating factor (Fig. 1) or ADP
(data not shown). Up to 1 mM of BIIB 513 had no effects on human platelet aggregation
induced by platelet activating factor (PAF), thrombin receptor activator peptide (TRAP), or
adenosine diphosphate (ADP) (Fig. 2a). Similarly, 1 mM EMD 85131 had no effects on
human platelet aggregation induced by TRAP (Fig. 2b) In vivo administration of up to 9 mg/
kg of BIIB 513 intravenously failed to affect cyclic flow in a canine model of femoral artery
injury or induce thrombosis (Fig. 3).

Discussion
Previous studies using less specific and less selective inhibitors of NHE-1 have
demonstrated that inhibition of NHE results in an attenuation of platelet aggregation in
response to various agents including thrombin [9, 17, 22], ADP [2], serotonin [23], PAF [1,
23, 24], and collagen [23]. However, the concentrations employed in these studies were
significantly higher than those required to inhibit NHE-1 activity. The current study
employed a specific and selective inhibitors of NHE-1, BIIB 513 and EMD 85131 (Fig. 1),
to determine if NHE-1 activity is involved in platelet aggregation. Prior work has
demonstrated that the specific and selective NHE-1 inhibitors cariporide [12, 15], eniporide
[14, 15], zoniporide [13], T-162559 [15] and KR-32570 [16] inhibit platelet NHE-1 activity.
Furthermore, the structural analogue BIIB722, which contain a 3-methylfluoronyl group in
place of the 3-methylsulfonyl group in BIIB 513, also has been shown to inhibit platelet
NHE-1 activity as measured by the platelet swelling assay [27]. However, to date, no
evaluation of the effect of specific NHE-1 inhibitors on ex vivo platelet aggregation or in
vivo platelet aggregation or thrombosis has been reported. We have demonstrated that ex
vivo treatment of canine platelets (Fig. 1) and human platelets (Fig. 2), with up to 1 mM of
BIIB 513 or EMD 85131 had no effect on platelet aggregation stimulated by a variety of
agents (TRAP, PAF, ADP). Furthermore, there was no inhibition of ex vivo aggregation
observed in platelets isolated from animals treated with up to 9 mg/kg of BIIB 513 (data not
shown). Finally, in a canine model of in vivo thrombosis induced by femoral artery injury,
no effect on the frequency or duration of variations in flow was observed in animals treated
with up to 9 mg/kg of BIIB 513 (Fig. 3).

The current data contradict several reports using less specific inhibitors of NHE-1 which
suggested that inhibition of NHE activity affects platelet aggregation [1, 2, 9, 17, 21–24].
Review of the concentrations of drugs employed in these previous studies revealed that
between 0.5 and 1 mM of amiloride was required to inhibit platelet aggregation. Amiloride
and its derivatives have nonspecific effects at these concentrations [11, 18]. One study has
demonstrated that the amiloride derivative EIPA at low concentrations has no effect on
platelet aggregation [10]. Alternatively, at higher concentrations of these nonselective
compounds the Na+/Ca2+ exchanger (NCX) may be inhibited. Indeed, inhibition of NCX
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activity with 30,40-dichlorobenzamil or bepridil have been shown to inhibit platelet
aggregation induced by ADP, collagen, epinephrine and thrombin, suggesting a direct role
for NCX activity in the regulation of platelet aggregation [19, 20]. Furthermore, KB-R7943,
a specific NCX inhibitor, inhibits aggregation of rabbit and human platelets induced by the
combination of adrenaline plus 5-HT [25]. Future studies are needed to examine the effect of
inhibition of the Na+/Ca2+ exchanger on platelet aggregation ex vivo and in vivo.

The current report demonstrates that treatment with the selective inhibitors of NHE-1, BIIB
513 or EMD 85131, does not affect ex vivo platelet aggregation or in vivo cyclic flow
following arterial injury. Therefore, direct effect on platelets can be excluded as contributing
to the previously reported antiarrhythmic activity and myocardial protection observed in
vivo with BIIB 513-or EMD 85131 mediated NHE-1 inhibition [3–8].

Abbreviations

NHE Sodium/hydrogen exchanger

NCX Sodium/calcium exchanger

PAF Platelet activating factor

ADP Adenosine diphosphate
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Fig. 1.
Effect of NHE-1 inhibition on canine platelet aggregation. Canine platelets were isolated
and stimulated with platelet activating factor as outlined in “Materials and methods.”
Aggregation curves are shown. 1, 4 = control; 2, 3 = BIIB 513 1 mM
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Fig. 2.
Effect of NHE-1 inhibition on human platelet aggregation. Human platelets were isolated
and stimulated with a TRAP, b platelet activating factor, or c ADP in the presence of BIIB
513 or d TRAP in the presence of EMD 85131 as outlined in “Materials and methods.”
Aggregation curves are shown. a–c 1, 4 = control; 2, 3 = BIIB 513 1 mM. d 1, 4 = control; 2,
3 = EMD 85131 1 mM
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