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Objectives: Anaphylactic shock is associated with severe hypo-
tension. Potassium channel blockers, such as 4-aminopyridine, 
induce vasoconstriction. The objective of this study was to test the 
ability of 4-aminopyridine to restore blood pressure and increase 
survival in anaphylactic shock.
Design: Experimental study.
Setting: Physiology laboratory.
Subjects: Adult male Wistar rats.
Interventions: Rats were sensitized with ovalbumin (1 mg SC), 
and anaphylactic shock was induced by IV injection of ovalbu-
min (1 mg). Experimental groups included non-allergic rats (NA) 
(n = 6); allergic rats (Controls) (n = 6); allergic rats treated with 
4-aminopyridine (4-aminopyridine) (1 mg/kg) (n = 6); and allergic 
rats treated with epinephrine (EPI) (10 µg/kg) (n = 6). Treatments 
were administered 1 minute after induction of anaphylactic shock.
Measurements and Main Results: Mean arterial blood pressure, 
heart rate, and survival were measured for 60 minutes. Plasma 
levels of histamine, leukotriene B4, prostaglandin E2, prostaglan-
din F2, pH, and Hco3 were measured. Mean arterial blood pres-
sure was normal in the NA group; severe hypotension and high 
mortality were observed in controls; normalization of mean arterial 
blood pressure, heart rate, and increased survival were observed 
in 4-aminopyridine and EPI groups. All allergic 4-aminopyridine-
treated rats survived after the induction of anaphylactic shock. 
Histamine level was higher in controls and the 4-aminopyridine 
group but reduced in the EPI group. Prostaglandin E2 increased in 
controls and EPI group and decreased in 4-aminopyridine group; 
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prostaglandin F2 increased in controls but decreased in 4-amino-
pyridine and EPI groups. Leukotriene B4 decreased in 4-amino-
pyridine and EPI groups. Metabolic acidosis was prevented in the 
4-aminopyridine group.
Conclusions: Our data suggest that voltage-dependent K+ chan-
nel inhibition with 4-aminopyridine treatment restores blood pres-
sure and increases survival in the Wistar rat model of anaphylactic 
shock. 4-aminopyridine or related voltage-dependent K+ channel 
blockers could be a useful additional therapeutic approach to 
treatment of refractory anaphylactic shock. (Crit Care Med 2016; 
XX:00–00)
Key Words: 4-aminopyridine; anaphylactic shock; histamine; 
leukotrienes; prostaglandins; voltage-dependent K+ channel

Prevalence of allergy has increased dramatically in recent 
years (1, 2). It has been reported that 2–3% of the popu-
lation will experience anaphylaxis during their lifetime 

(3–10). Anaphylaxis is frequently managed in prehospital set-
tings or emergency departments (11–13).

Anaphylactic shock (AS) often results from an immuno-
globulin E (IgE)-mediated systemic allergic reaction and is 
characterized by vasodilation and vascular leakage, causing 
a rapid, precipitous and sustained decrease in systemic arte-
rial blood pressure (SABP) with a concomitant decrease of 
cardiac output (13–16). Anaphylaxis-induced decrease in 
SABP appears to be secondary to arterial vasodilation (14). 
Hypovolemia secondary to microcirculatory leak contrib-
utes to the onset of hypotension (17). The capillary leakage 
becomes evident within 5 minutes after AS induction (18).

Hypotension observed during AS is attributed to the 
action of released mast cell and basophile mediators. The 
principal allergic mediators released are histamine, trypt-
ase, chymase, carboxy-peptides A, prostanoids, and eico-
sanoids, predominantly leukotriene B

4
 (LTB

4
), leukotriene 

C
4
, prostaglandin E

2
 (PGE

2
), prostaglandin F

2
 (PGF

2
), and 

prostaglandin D
2
 (19, 20). These mediators act through G 

protein-coupled receptors (20, 21). Suppression of the Gq/
G11-mediated signaling pathway in the endothelium blocks 
nitric oxide (NO) production and damages the endothelial 
barrier (22). Activation of the sphingosine-1-phosphate 
receptor 2 (S1P2) inhibits Rac through G12/13 (23). S1rp2–

/– mice exhibited exaggerated vascular leakage and hypoten-
sion (23). The protective effect of S1P2 is associated with 
reduced activation of NO synthase (NOS) type 2. Evidence 
of NO involvement in AS has been reported, mostly in mice 
(23–25). In contrast, the NOS inhibitor, L-NAME, is detri-
mental in rats (26, 27).

AS-associated vasodilation secondary to allergen-induced 
mediator release could also be mediated by vascular K+ 
channels. We have previously shown that hypotension and 
survival in a rat model of AS improved significantly after 
postchallenge treatment with the K

ATP
 blocker, glyburide (28). 

K+ channels identified in the vasculature include large con-
ductance Ca2+-activated (BKCa), intermediate conductance 

Ca2+-activated, small conductance Ca2+-activated, adenosine 
triphosphate (ATP)-sensitive (K

ATP
), voltage-gated (Kv), and 

inward rectifier (see [29] for review). The two most abundant 
K+ channels of vascular smooth muscle are the Kv and BKCa 
channels (29). The Kv channel blocker 4-aminopyridine has 
been approved in Europe and the United States under the 
names dalfampridine and fampridine for the treatment of 
multiple sclerosis.

Here, we report the first study exploring the effect of 4-ami-
nopyridine administration in AS. The hypothesis tested in this 
study holds that the inhibition of voltage-dependent K+ chan-
nels with 4-aminopyridine in the Wistar rat (Charles River 
Institute, Elphinstone, UK) model of AS can improve hypoten-
sion and survival.

MATERIAL AND METHODS

Animals and Immunization Protocol
Experiments were performed using 4-week-old male Wistar 
rats (body weight of 250 ± 15 g,) housed in groups of four in 
polypropylene cages with a 12-hour light-dark cycle at 24–
26°C and ad libitum food and water. After 1-week acclimati-
zation, rats were divided among four groups of six rats each. 
Ovalbumin (1 mg) was dissolved in a suspension of aluminum 
hydroxide (Al OH, 3.5 mg) in 1 mL of 0.9% sterile normal 
saline. The ovalbumin-Al OH suspension (1 mL) was injected 
subcutaneously at subscapular sites of rats on days 0, 5, and 14. 
Naive rats received only Al OH.

Treatment Groups
The effect of 4-aminopyridine was studied in sensitized rats after 
induction of AS by IV bolus injection of ovalbumin. The four 
groups of rats were as follows: NA, non-sensitized rats receiv-
ing no treatment; controls, sensitized rats treated with normal 
saline, IV bolus, 1 minute after AS induction; 4-aminopyridine, 
sensitized rats treated with 4-aminopyridine (1 mg/kg, IV bolus) 
1 minute after shock induction; EPI, sensitized rats treated with 
epinephrine (IV bolus, 10 µg/kg at 1 and 10 min after AS induc-
tion). All groups were perfused with normal saline at 2 mL/hr IV 
throughout the experimental period following surgery.

Hemodynamic and AS Protocol
One week after the last immunization, rats (7 wk old) were 
anesthetized with pentobarbital sodium solution (62.5 mg/kg)  
administered intraperitoneally. The tracheas were surgically 
cannulated for artificial ventilation through an endotracheal 
tube attached to a constant-volume ventilator (Harvard 
Apparatus, Edenbridge, United Kingdom). The ventilator was 
set for a respiratory rate of 60 breaths/min, a tidal volume 
of 6 mL/kg body weight, and an end-expiratory pressure of 
5 cm H

2
O, at 100% inspired oxygen. Body temperature was 

maintained at 37°C by temperature-controlled thermo-blan-
ket (Harvard Apparatus, South Natick, MA). One catheter 
(PE10 tubing) was placed in the left jugular vein, connected 
to a slow injection/infusion pump (Harvard Apparatus) for 
IV treatment. Another catheter was placed in the left carotid 



Copyright © 2016 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Online Laboratory Investigation

Critical Care Medicine	 www.ccmjournal.org	 3

artery, connected to the blood pressure module of the Power-
Lab (AD Instruments, Bella Vista, NSW, Australia) system via 
a pressure transducer to measure systolic, diastolic, and mean 
arterial blood pressure (MAP) and heart rate (HR). The liga-
ture of one carotid artery widely used in the experiments in 
direct blood pressure recording has no detectable effect on 
cerebral blood flow. Normal saline (0.9%) was infused IV at 
2 mL/hr by infusion pump (Harvard Apparatus) to compen-
sate for estimated intra surgical fluid loss.

After the surgical procedures, a 30-minute stabilization period 
was allowed before measurement. The ovalbumin challenge con-
sisted in 1 mL IV of ovalbumin followed by the constant infu-
sion of normal saline. Treatment was administered IV as single 
bolus and the hemodynamic parameters (MAP and HR) were 
monitored. Measurement of hemodynamic parameters was per-

formed every 5 minutes for a 
period of 30 minutes before the 
ovalbumin challenge. After the 
stabilization period, ovalbumin 
challenge was started, and IV 
treatments were administered 60 
seconds later. The hemodynamic 
parameters were recorded for 60 
minutes at 1 minute intervals.

Blood Collection
Whole blood samples were with-
drawn from the carotid artery 
and immediately transferred to 
heparinized tubes when MAP 
fell to 25 mm Hg, defined as 
the end of the experiment, and 
corresponding to shock; or no 
later than 1 hour after ovalbu-
min injection. About 200 µL of 
the blood was used immediately 
for the determination of blood 
gas and electrolyte parameters. 
The remaining blood was cen-
trifuged at 3,000g at 4°C for 15 
minutes to separate the plasma. 
The separated plasma was stored 
in –80°C until used for further 
enzyme-linked immunosorbent 
assay (ELISA).

Determination of Plasma 
Concentration of Histamine, 
PGE

2, PGF2, LTB4

Plasma samples from treated or 
untreated animals either from 
naive or sensitized groups were 
used for ELISA measurements 
of concentrations of histamine, 
LTB

4
, PGE

2
, and PGF

2
 (Cayman 

Chemical, Ann Arbor, MI).

Figure 1. Design of the experiment. Rats were sensitized with 
ovalbumin (OVA) by three ID injections on day 0 (D0), day 5 (D5), and 
day 14 (D14). On day 21 (D21), rats were prepared for hemodynamic 
study by recording mean arterial blood pressure (MAP) and heart 
rate (HR) through a carotid artery catheter placed after anesthesia. 
Anaphylactic shock was induced by an IV bolus of OVA administered via 
jugular vein catheter. Hemodynamic parameters (MAP and HR) were 
recorded every minute for 30 min, and then every 5 min for 30 additional 
minutes. Total duration of the experiment post-4-aminopyridine 
administration was 60 min. NMDA= N-methyl-d-aspartate receptor.

Figure 2. Time course of mean arterial blood pressure (MAP, mm Hg) (A) and heart rate (HR, beats/min) (B) 
after IV bolus of ovalbumin (OVA) in non-allergic rats (NA, ♦) and allergic rats (controls, ■). MAP and HR were 
recorded every minute until 30 min post-OVA injection, then every 5 min until the end of the experiment (at 
60 min). Each point represents the mean (± sem) of six rats. The difference between NA and control rats was 
significant (p < 0.0005, two-way analysis of variance).
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Measurement of Blood Gas
Arterial blood collected anaerobically as described above 
(0.5 mL) was rapidly subjected to analysis of blood gases. Paco

2
, 

Pao
2
, bicarbonates (Hco

3
–), and pH were measured using the 

Osmetech OPTI Sensor Cassette, Type “E-Ca,” BP7560, in 
the OPTI CC-TS device (Osmetech, Critical Care division, 
Roswell, GA), as suggested by the manufacturer, with recali-
bration using a standard reference cassette (level 1: BP7536 and 
level 3: BP7543) each day before assay of test samples, or after 
every on/off cycle.

Statistical Analysis
Results are expressed as the mean ± sem. Statistical significance 
was measured using two-way analysis of variance (ANOVA) 

(e.g., naive × treatment; time as a repeated measure when 
needed) and Bonferroni comparisons of MAP and HR experi-
ments. In other experiments, one-way ANOVA with Newman-
Keuls comparisons was used to measure statistical significance. 
p value less than 0.05 was considered significant (SPSS 9.0 
Advanced Models software, Chicago, IL). Group survival por-
trayed by Kaplan-Meier curves was compared by log rank test.

RESULTS
Rats were sensitized with ovalbumin administered at 0, 5, 
and 14 days prior to hemodynamic assessment. On day 21, 
animals were prepared for surgical intervention and induc-
tion of AS with one IV bolus of 1 mg of ovalbumin. Figure 1 

summarizes the design of the 
experimentation.

Evolution of MAP and HR 
After Induction of AS With 
Ovalbumin
MAP and HR were monitored 
in NA and controls (Fig. 2). All 
treatment groups’ data were 
compared statistically with 
NA and controls at all time 
points until 60 minutes. In 
NA, MAP and HR were stable 
and unchanged throughout 
the 60 minutes duration of the 
experiment. In controls, MAP 
decreased by 66% within 5 min-
utes post ovalbumin challenge, 
and by 87% within 30 minutes 
(Fig.  2). This hypotension was 
significantly greater in controls 
when compared with NA at 
all time points from 5 minutes 
onward (p < 0.0001), as was the 
difference in the fall in MAP 
between controls and 4-ami-
nopyridine group (p  <  0.0001) 
(Fig. 3). In the 4-aminopyridine 
group, MAP post ovalbumin 
injection decreased by 29% at 
5 minutes (vs 66% in controls), 
24% at 30 minutes (vs 87% in 
controls), and 22% at 60 min-
utes (vs 100% in controls). After 
an initial decline in MAP in the 
4-aminopyridine group, MAP 
stabilized, then slowly returned 
to match MAP values of NA. 
This rise of MAP in the 4-ami-
nopyridine group was significant 
when compared with controls  
(p < 0.0001). Epinephrine-treated  

Figure 3. Effect on mean arterial blood pressure (MAP, mm Hg) (A) and heart rate (HR, beats/min) (B) of 
4-aminopyridine (AP, ×) or of epinephrine (EPI, ▲) administered 1 min after induction of anaphylactic shock with 
IV ovalbumin (OVA). MAP and HR were recorded every minute until 30 min post-OVA injection, then every 5 min 
until the end of the experiment at 60 min. 4-AP and EPI groups were compared to non-allergic rats (NA, ♦) and 
allergic rats (control groups, ■). Each point represents the mean (± sem) of six rats. The difference between 
4-AP and EPI and NA and control rats was significant (p < 0.0005, two-way analysis of variance).
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group followed the same pattern as the 4-aminopyridine group 
but with MAP values consistently lower than those of the 4-ami-
nopyridine group. Thus, at 5 minutes post ovalbumin challenge, 
EPI group MAP decreased by 62% versus 29% in the 4-amino-
pyridine group. In controls, HR showed a marked drop from 
457 ± 37.3/min to 207.3 ± 231.4/min within 20 minutes after 
ovalbumin injection, and differed significantly from the NA at 
25 minutes post ovalbumin injection. After an initial post oval-
bumin fall in HR in all groups, HR began to rise within 1 minute 
postinjection of 4-aminopyridine, and normalized by 6 minutes 
post-4-aminopyridine injection, remaining stable thereafter. HR 
did not differ between EPI and 4-aminopyridine groups.

Five of six non-allergic rats were alive at 60 minutes, with 
an average survival time of 45 minutes. In contrast, no controls 
remained alive at 60 minutes, and average survival time was  
23 minutes. All 4-aminopyridine and EPI rats remained alive 
at 60 minutes. The Kaplan-Meier curves confirmed that 4-ami-
nopyridine treatment of allergic rats improved survival when 
compared with that of controls (p = 0.0004) (Fig. 4).

Effect of Ovalbumin on Histamine Release in AS
The control group rats showed a significant rise in histamine 
level when compared with the NA, representing the effect of 
ovalbumin on mast cells (Fig. 5A). Among sensitized treated 
rats, the EPI group showed significant reduced elevation in his-
tamine levels compared to the controls. Histamine levels were 
not decreased in the 4-aminopyridine group.

Effect of Ovalbumin on PGE2 and PGF2 Release in AS
The plasma levels of PGE

2
 in the NA and controls were indis-

tinguishable (p = 0.68), but PGE
2
 levels in the 4-aminopyridine 

group differed compared with the control group (p = 0.0005) 

(Fig. 5B). PGE
2
 levels were unchanged in the EPI group  

(p =  0.233). Plasma levels of PGF
2
 significantly decreased in 

4-aminopyridine and EPI groups when compared with con-
trols (p = 0.0005) (Fig. 5C).

Effect of Ovalbumin on LTB4 Release in AS
LTB

4
 plasma levels in the 4-aminopyridine and EPI groups 

showed a significant reduced elevation compared with controls 
(Fig. 5D).

Blood Gas Changes in Ovalbumin-Induced AS
The metabolic acid–base status was assessed by measurement 
of arterial blood pH and plasma concentration of Hco

3
–. Con-

trols exhibited severe metabolic acidosis after AS induction 
(Hco

3
–, 8.48 ± 4.7; pH, 7.2 ± 0.19), reflecting AS-associated tissue 

hypoperfusion. In contrast, metabolic acidosis was significantly 
improved in 4-aminopyridine-treated rats (Hco

3
–, 17 ± 4.9; pH, 

7.44 ± 0.07) (p = 0.016 vs controls) (Fig. 5, E and F).

DISCUSSION
Severe AS was induced in our rat model of AS. Acute IV chal-
lenge with ovalbumin induced severe hypotension and brady-
cardia, leading to the death of all allergic untreated rats. This 
model of a severe type of AS, observed in humans, allows 
exploration of clinically relevant pathophysiologic mechanisms 
in AS. It is well known that mediators released after allergen-
activation of mast cells or basophils are key factors in the clini-
cal manifestations of AS. However, the mechanism of action of 
these mediators remains incompletely understood. The role of 
NO in AS is still debated. NO is produced in endothelial cells 
after the binding of anaphylactic mediators on mast or basophil 

cells and seems to be involved 
in the vasodilation of vascular 
smooth muscle cells (VSMC) 
(24). NO causes vasodilation 
by activating guanylyl cyclase, 
increasing the concentration 
of cyclic guanosine monophos-
phate in smooth muscle, and 
inducing relaxation of VSMC.

Our data suggest that K+ 
channel activation also contrib-
utes to the induction of AS. In 
our model, administration of 
the Kv inhibitor 4-aminopyri-
dine restored blood pressure, 
HR, and improved survival. 
4-aminopyridine blocked the 
AS-associated fall in blood 
pressure and accelerated blood 
pressure recovery to pre oval-
bumin challenge values. These 
findings suggest that 4-amino-
pyridine protects against the 
cardiovascular effects of AS.

Figure 4. Kaplan-Meier curve. Analysis of survival time after IV administration of ovalbumin (OVA) to non-
allergic (NA), allergic rats (control group [C]), 4-aminopyridine (AP)-, and epinephrine (EPI)-treated groups. 
Survival time was measured during 60 min after IV bolus of OVA. Groups were compared with Log Rank 
(Mantle-Cox) test. The difference was significant when p value less than 0.05.
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One explanation of 4-aminopyridine’s salutary effect on 
hypotension could be the blockade of hyperpolarization induced 
by anaphylactic mediators in endothelial cells. Increasing evi-
dence shows involvement of K+ channels in the development of 
sepsis-associated systemic vasodilatation and hyporesponsive-
ness to vasoconstrictors (30–32). Endothelial K+ channels have 
been implicated in endothelium-dependent vasodilation (33). 
Endothelial cell hyperpolarization secondary to K+ channel acti-
vation facilitates Ca2+ influx by increasing the inward driving 
force for Ca2+ (33), and enhances the Ca2+-dependent increase 
in endothelium-dependent vasorelaxants NO and prostacyclin 
(33). Hyperpolarization propagates to VSMC or may induce 
endothelial release of factors that activate hyperpolarizing K+ 
channels of VSMC, leading to VSMC relaxation and vasodilation.

4-aminopyridine has been used in many VSMC studies for 
pharmacologic isolation of Kv current from BKCa current, also 

activated by membrane depo-
larization (34–36). Kv channel 
blockade can depolarize VSMC 
promoting Ca2+ influx and 
activating actin-myosin con-
traction and vasoconstriction. 
Kv channels are a tetramer of 
Kv α-subunits forming an ion 
conductive pore, associated 
with KV β accessory subunits 
(37, 38). More than 30 genes 
encoding several subfamilies 
of Kv α-subunits have been 
described (39), and VSMC 
express members of the Kv 1.5 
and 1.6 families (37–39). Kv 
channel blockers such as 4-ami-
nopyridine (33, 37, 38) poten-
tiate vasoconstrictor-induced 
depolarization of arteriolar 
smooth muscle. Kv blockade 
can also directly depolarize 
VSMC, increasing intracellu-
lar Ca2+ entry via L-type Ca2+ 
voltage-dependent channels to 
promote vasoconstriction and 
prevent AS-induced hypoten-
sion. Among several types of 
K+ channel inhibitors tested, 
only 4-aminopyridine evoked 
a marked, concentration-
dependent vasoconstriction, 
consistent with the dominant 
role of Kv channels in iso-
lated perfused rat mesenteric 
artery (40). Inhibition of Kv 
channel-mediated endothelial 
cell hyperpolarization might 
reduce the driving force for 
endothelial cell Ca2+ entry 

through store-operated and ligand-operated Ca2+-permeable 
cation channels, thus decreasing intracellular [Ca2+] and 
blunting NOS activation and NO production. However, in our 
model, we observed no beneficial effect of L-NAME, a blocker 
of NOS (results not shown).

The effect of 4-aminopyridine on mediator release was 
unexpected. However, elevation of plasma histamine was not 
altered by 4-aminopyridine, consistent with the effectively 
instantaneous release of preformed histamine from mast 
cells in response to allergen activation of the IgE-Fcε recep-
tor I complex. Thus, our delayed administration of 4-amino-
pyridine in the rat-ovalbumin model of AS could not block 
ovalbumin-triggered mast cell release of preformed mediators 
such as histamine. In contrast, the effect of 4-aminopyridine 
on PGE

2
, PGF

2
, and LTB

4
 was remarkable. Both 4-aminopyri-

dine and EPI decreased release of these mediators generated 

Figure 5. Plasma concentrations of histamine (A), prostaglandin E2 (PGE2) (B), prostaglandin F2 (PGF2) (C), 
leukotriene B4 (LTB4) (D) and arterial blood levels of Hco3

– (E) and pH (F) after injection of ovalbumin in non-allergic 
rats (NA), allergic rats (controls), and rats treated with 4-aminopyridine (4-AP or AMP) or epinephrine (EPI). Values 
are expressed as means (± sem) for six rats in each group. **p < 0.05, 4-AP or EPI versus controls.
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de novo from membrane phospholipids. The release of these 
mediators involved in AS-associated vasodilation and vascu-
lar leakage is delayed when compared with histamine release. 
Nevertheless, we can postulate that the effects of second-wave 
anaphylactic mediators released during the development of 
AS in our model might themselves be regulated by Kv channel 
block. Prostaglandins and leukotrienes may also influence car-
diac contractility by reducing myocardial perfusion (15), con-
tributing to myocardial depression and impaired ventricular 
function, and so potentiating hemodynamic failure in AS. In 
our model, the severe bradycardia observed in controls disap-
peared after 4-aminopyridine treatment. Finally, AS-associated 
hypotension was corrected and AS-associated metabolic acido-
sis was prevented by 4-aminopyridine posttreatment.

Our model has limitations. In the absence of measured 
plasma levels of angiotensin II and vasopressin, we cannot 
exclude the compensatory roles of hypotension-induced vaso-
constrictor release. Indeed, angiotensin II and vasopressin lev-
els are increased in both early and recovery stages of AS in a rat 
model (41), in which initiation of blood pressure recovery and 
vasoconstrictor release were both detected within 30 minutes 
postallergen challenge, and progressed in parallel during the 
120 minutes duration of that experiment. In contrast, recov-
ery from AS in our model occurred only in 4-aminopyridine-
treated rats; all control rats died quickly without evidence of 
recovery. Thus, compensatory increases in vasoconstrictor lev-
els do not suffice to explain 4-aminopyridine-induced blood 
pressure recovery in our model. We therefore postulate that 
the main mechanism for blood pressure recovery is Kv channel 
inhibition by 4-aminopyridine.

Although our data do not allow unique attribution of the 
effects of 4-aminopyridine to inhibition of Kv channels, pre-
vious in-vitro studies show that 4-aminopyridine selectively 
inhibits Kv channels in VSMC (42), exhibiting different 
affinities for Kv1.X subunits and for Kv2.X channel family. 
Further experiments will be needed to identify the specific 
Kv channel subtype mediating the effect of 4-aminopyridine 
in our model. We chose to study 4-aminopyridine at 1 mg/
kg, guided by Food and Drug Administration dosage recom-
mendations for multiple sclerosis. Laci et al (43) showed that 
0.5 and 2 mg/kg improved sensorimotor responses, but opti-
mal 4-aminopyridine dosage and dosing schedule for poten-
tial treatment of AS with minimal side effects remain to be 
determined. Finally, 4-aminopyridine can be proconvulsant, 
as shown by case reports in the setting of 4-aminopyridine 
overdoses (44). Seizures have been associated with high 
systemic doses or high plasma 4-aminopyridine concentra-
tions. However, 4-aminopyridine-induced seizure activity 
in experimental animals has been successfully treated with 
leptin, with NMDA receptor inhibitors, and by isovaline (45).  
Moreover, 4-aminopyridine derivatives with reduced blood-
brain barrier permeability are under development (46). 
Although we observed no apparent arrhythmias during the 
60-minute period postinjection of 4-aminopyridine, cardiac 
toxicity has been reported in the setting of 4-aminopyridine 
overdose (47).

CONCLUSION
We have previously demonstrated that administration of a 
K+

ATP
 channel blocker improves hypotension and survival in 

the rat-ovalbumin AS model (28). The present study demon-
strates for the first time that the Kv channel blocker 4-ami-
nopyridine dramatically ameliorates hypotension induced 
by ovalbumin in the rat model of AS and improved survival. 
Although epinephrine remains the gold standard of AS treat-
ment (48), our current data support the proposal of Kv chan-
nels as a potential therapeutic target in the treatment of AS. 
Severe vasodilation resistant to epinephrine (adrenaline) has 
been described (49). We propose that 4-aminopyridine treat-
ment might be considered as an alternative treatment in severe 
AS unresponsive to epinephrine.
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