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Abstract
Nitric oxide mediated activation of large conductance calcium-activated potassium (BK) channels
is considered an important underlying mechanism of sepsis-induced hypotension. Indeed, the non-
selective K channel inhibitor, tetraethylammonium chloride (TEA) has been proposed as a
potential treatment to raise blood pressure in septic shock by virtue of its ability to inhibit BK
channels. As experimental evidence has so far relied upon pharmacological inhibition, we
examined the effects of channel deletion using BKα subunit knockout (α−/−, Slo−/−) mice in two
mouse models of polymicrobial sepsis, namely intraperitoneal fecal slurry and cecal ligation and
puncture (CLP). Comparison was made against TEA treatment in wildtype (WT) mice. Following
slurry, BKα−/− and WT mice developed similar degrees of hypotension over 10 h with no
difference in cardiac output as assessed by echocardiography between groups. TEA raised blood
pressure significantly in septic WT mice, but had no effect upon survival. However, following
CLP, a significantly reduced survival was seen in both BKα−/− mice and (high-dose) TEA-treated
WT mice compared to untreated WT animals. In conclusion, the BK channel does not appear to be
integral to sepsis-induced hypotension but does impact upon survival through other mechanisms.
The pressor effect of TEA may be related to effects on other potassium channels.
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INTRODUCTION
Severe sepsis is a leading cause of mortality in intensive care (ICU) patients (1). In the UK
approximately 27% of adult ICU patients meet severe sepsis criteria within the first 24 hrs of
admission and approximately half of these will die (2). Given this high mortality rate,
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particularly in septic patients with refractory hypotension (3), dissecting the underlying
pathophysiological mechanisms is of considerable importance.

Mechanisms implicated in sepsis-induced hypotension include overproduction of nitric
oxide (NO), inappropriately low vasopressin levels and excessive potassium (K+) channel
activation (4, 5). K+ channels regulate the resting membrane potential of vascular smooth
muscle cells and can therefore influence vascular tone and blood pressure. Deletion of pore-
forming or regulatory subunits of either the ATP-sensitive (KATP) or the large conductance
calcium-activated (BK) channel causes hypertension in mice (6-8). Furthermore, abnormal
activation of these channels has been implicated in meditating cardiovascular collapse in
shock states (9, 10). The mechanism of channel activation is multi-factorial, but undoubtedly
involves NO activation of the cyclic guanosine monophosphate (cGMP) pathway (9).
Several animal models of sepsis have demonstrated that KATP channel inhibition reversed
hypotension and vascular hyporeactivity to catecholamines (11, 12), although two human
studies failed to show any pressor effect using the sulphonylurea inhibitor, glyburide (13,
14). BK channels are also activated following endotoxin (LPS) or peritonitis (15, 16); BK
channel inhibition restored vascular responsiveness (17) and reduced LPS-induced mortality
(18) when combined with the non-selective soluble guanylate cyclase and partial iNOS
inhibitor, methylene blue. In addition, the non-selective K+ inhibitor tetraethylammonium
(TEA) completely restored hyporeactivity to norepinephrine in healthy volunteers given
endotoxin (19). The study concluded that this occurred via inhibition of the BK channel as
the KATP inhibitor tolbutamide had no effect. BK channel inhibition therefore represents a
potential therapeutic target for treatment of vascular dysfunction in septic shock.

The BK channel is widely expressed in tissues other than the vasculature (20) so channel
inhibitors may have other actions that could prove beneficial (or harmful) in sepsis. Both
TEA and paxilline (a more specific BK inhibitor) prevented early LPS-induced macrophage
cytokine release (21, 22). However, macrophages from BK gene deleted and wild type (WT)
mice demonstrated identical responses to LPS, suggesting that the anti-inflammatory
properties of these agents is unrelated to effects on the BK channel (23). Mice have been
generated in which the α (pore-forming) and β (regulatory) subunits of the BK have been
deleted (7, 8). Knockout of the α subunit completely inhibits channel function, whereas β
subunit knockout produces channels that are activated at much higher calcium
concentrations (8). Neither has been studied in septic shock models, although the β subunit
has been implicated in BK hypersensitivity in hemorrhagic shock (24). However, as NO
phosphorylates the α subunit through cGMP-dependent protein kinase or tyrosine protein
kinase, and cGMP dependent-relaxation is markedly attenuated in the α knockout, we chose
this as the more appropriate knockout to study (7, 25).

We therefore undertook experiments to test (i) if BKα −/− mice would be resistant to sepsis-
induced hypotension and (ii) whether this would confer a survival advantage over WT mice.
In view of the controversy over whether the putative beneficial actions of BK inhibitors in
sepsis actually relate to an action on the channel, we performed parallel studies using TEA.
We chose TEA rather than a more specific BK channel inhibitor such as paxilline as the
former has been proposed as an agent to reverse sepsis-induced hypotension in humans (19).

MATERIALS AND METHODS
Mice

Experiments were performed under UK Home Office approval according to the Animals
(Scientific Procedures) Act 1986. Male mice were maintained under standard laboratory
conditions with a 12 hour light/dark diurnal cycle and free access to food and water.
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BK−/− mice were kindly provided by Dr Andrea Meredith, University of Maryland School
of Medicine, Baltimore, MD (26). BKα−/− mice were confirmed by genotyping and we
verified that the BKα−/− mice lacked BK functional activity by performing whole cell patch
clamp recordings on freshly isolated aortic smooth muscle cells. As 40% of BKα−/− die of
unknown cause at 10-12 weeks, mice living to 16-20 weeks were used for experimental
purposes as these are considered to have normal organ development (26). Despite this claim,
there was a significant difference (P < 0.001) in mean weight (±sem) between BKα−/− and
their wild type (WT) littermates (21.4 ± 1g vs 36 ± 1.6g, respectively).

Genotyping
Primer sequences for polymerase chain reaction (PCR) are as follows: Wild type (WT) -
Left Primer (5′-TTC ATC ATC TTG CTC TGG CGG AC-3′) and Right Primer (5′-CAA
CAA CAA CAA CAA CAA CAA CA -3′). Knockout (KO) - Neo 5′ (5′-ATA GCC TGA
AGA ACG AGA TCA GC-3′) and RA 14025 3′ (5′-CCT CAA GAA GGG GAC TCT
AAA C-3′).

DNA was prepared using 100 μl of DirectPCR-Ear (PEQLAB Ltd, Fareham, UK) and 10 μl
of Proteinase K per tube at 55°C for 2 h. Crude lysates were incubated at 85°C for 45 min,
centrifuged for 10 s and supernatant removed. For WT 3μl of DNA was added to: Taq PCR
Master Mix (Qiagen, Crawley, UK), primers, DMSO and water. PCR Protocol: 94°C, 2 min;
94°C, 30 s; 62-57°C, 30s × 5 cycles; 72°C, 2 min; 94°C, 30 s; 57°C, 30 s × 30 cycles; 72°C,
2 min; 72°C, 5 min: 10-15°C for 10-15 min (cooling). The WT amplified product was
observed at 500bp. For the knockout mice, 1μl of DNA was added to pFu DNA Polymerase
(Promega, Hampshire, UK) with buffer, primers, dNTP, DMSO and water. PCR Protocol:
94°C, 2 min; 94°C, 30 s; 55°C, 30 s × 5 cycles; 72°C, 2 min; 94°C, 30 s; 50°C, 30 s × 30
cycles; 72°C, 2 min; 72°C, 5 min; 10-15°C for 10-15 min (cooling). The KO allele amplified
product was observed at 800bp.

Whole-cell recording
Mouse aortic cells were enzymatically isolated using papain as previously described (27)
Membrane currents were recorded under voltage-clamp in whole-cell recording
configuration of patch-clamp technique using Axopatch 200B amplifier (Axon Instruments,
Foster City, CA). Cells were clamped at 0 mV for 150 ms to inactivate delayed rectifier
currents and the voltage stepped in 10 mV increments to +40 mV. Currents were filtered at 1
kHz and sampled at 2 kHz via a Digidata 1322A (Axon Instruments) interface. Data were
acquired and analysed using pClamp8 computer software (Axon Instruments). Patch pipettes
were made from thin walled (OD 1.5 mm) borosilicate glass capillaries (Harvard Apparatus,
Edenbridge, Kent, UK). Whole-cell bath solutions (pH 7.4) contained (in mmol.L−1): 140
NaCl, 5 KCl, 10 HEPES, 1 MgCl2 and 1.8 CaCl2 glucose 10. Pipette solutions (pH 7.2)
contained (mmol.L−1): 110 K-gluconate, 30 KCl, 5 HEPES, 1.2 MgCl2, 5 Na2ATP, 1
Na2GTP, I EGTA. All current measurements were made 10–15 min after ‘break-in’.

Model of fecal peritonitis with continuous blood pressure recording
Carotid arterial and jugular venous catheters were inserted aseptically under isoflurane
anesthesia (1.5%) and tunnelled subcutaneously to the nape of the neck (procedure time
approximately 30 min). This was connected to a lightweight swivel/tether system (Instech,
Plymouth Meeting, PA) allowing continuous arterial monitoring and intravenous fluid
administration. Catheters were kept patent with 0.1 ml.h−1 heparinized saline. Mean arterial
pressure was measured (P23XL transducers, Viggo-Spectramed, Oxnard, CA) and recorded
onto a precalibrated PowerLab system (ADInstruments, Sydney, Australia). The mice were
allowed 24 h following instrumentation to acclimatize to tether and cage. For induction of
fecal peritonitis (FP), fresh slurry from a healthy rat was administered intraperitoneally (ip)

O’Brien et al. Page 3

Shock. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



diluted in 0.5ml n-saline. Sham animals received 0.5 ml n-saline only. This dilution was
determined from pilot characterization experiments. To standardize experiments as much as
possible, 1-2 pairs of WT and BK−/− mice were tethered on each experimental day and
received slurry from the same rat. Intravenous fluid resuscitation was commenced following
ip injection of fecal slurry or n-saline. The infusion rate was 0.3 ml.h−1 using a 50:50 mix of
6% hydroxyethyl starch (Voluven®, Fresnius, Kabi Ltd, Runcorn, UK) and 5% glucose to
prevent hypoglycemia.

Mice were removed from their cage just prior to injection of fecal slurry and 24 h after.
Under isoflurane anesthesia, rectal temperature was measured and echocardiography
performed. Two-dimensional images were recorded using a VIVID 7 Dimension machine
(GE Vingmed, Horten, Norway) with an epicardial probe (model i13L, GE Vingmed).
Ascending aortic flow velocity was determined with the probe positioned over the ascending
aorta in Doppler pulsed wave mode. Beat-to-beat cycles of aortic blood flow velocity were
recorded in three captured loops of five heart beat cycles. Peak aortic flow velocity and
velocity time integral (VTI) were determined and stroke volume calculated as the product of
VTI and aortic root cross-sectional area (data from SM Hollenberg, personal
communication). The animals were allowed to recover from anesthesia after injection of
slurry but were sacrificed at the 24 h timepoint with arterial blood sampled just prior. This
blood was analyzed immediately for acid-base status using an iStat 300 (Abbott Diagnostics,
Maidenhead, Berks, UK), or centrifuged (5000g for 10 min) with plasma stored at −80°C for
cytokine analysis (Th1/Th2 10-plex FlowCytomix kit, Bender MedSystems, Vienna,
Austria) and nitrite/nitrate levels (modified Greiss reaction).

As BKα−/− mice died at 12-14 h following induction of sepsis, the protocol was altered such
that the observation period was shortened to 10 h with echocardiography performed at 6 h.
As BKα−/− mice were ~40% smaller than WT mice, the volume of slurry was reduced
similarly. In other experiments septic or sham WT mice were given an iv infusion of
tetraethylammonium chloride (TEA, Sigma-Aldrich, Poole, UK) (10mg.kg.h−1 for 2 h)
commencing at 6h.

Reverse Transcription-PCR analysis of BK channel α-subunit in mouse aorta
Reverse transcription PCR analysis was used to detect the presence of specific mRNA for
mouse BKα−/− subunit in aorta from naïve (untethered) sham and septic mice. Aortae were
removed at the end of the experiment, snap frozen in liquid nitrogen and stored at −80°C.
RNA was isolated in standard fashion using trizol. β-actin was used as the housekeeping
gene. First strand cDNA synthesis was created using Superscript™ II RT and real-time PCR
was performed at 95°C for 10 min then 95°C for 15 seconds and then 60°C for 60 seconds ×
40 cycles. Primer selection was based on previously published mouse sequences with left
primer sequence – 5′-TCTGCCTGATGCAGTTTGAC-3′ and right – 5′-
CCGGCTCATCTGTAAACAT-3′; both primers contained 50% GC content. The primer
pair spans several exons of the BK channel gene to avoid amplification of genomic DNA.

Cecal ligation and puncture (CLP) model
In view of problems occurring in the septic tethered BKα−/− mice (see Results), an
untethered cecal ligation and puncture model was used to assess survival compared to WT
mice. Mice were anesthetized with isoflurane. The cecum was then exposed through a
midline abdominal incision, ligated below the ileocecal valve without occluding the bowel,
and perforated at two points with 21-gauge needle distal to ligation. A small amount of cecal
content was squeezed out to ensure persistence of punctures. The bowel was repositioned
and the abdomen closed. To induce high-grade sepsis, approximately 75% of cecum was
ligated (28). Shams underwent the same procedure but without ligation or puncture. All
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animals received 1 ml of 5% glucose/hetastarch (50:50) subcutaneously at the time of
surgery and every 8 h for 48 h. In these experiments, mice received either TEA at doses of 0,
12 or 50 mg.kg−1 ip (given in 0.5 ml n-saline) 4 h post CLP, in addition to fluid resuscitation
as detailed above. There is very little abdominal inflammation at this time point and so it is
likely that ip absorption is sufficient. Mice were observed for survival over a 72h period.

Data Analysis
Data are reported as mean ± standard error (s.e.m.) of n (number of animals) observations
when normally distributed, or median with interquartile range (IQR) where data were not
normally distributed. Statistical analysis was performed using GraphPad Prism 4 (GraphPad
Software, La Jolla, CA). Survival curves was analysed by Kaplan-Meier curves with log
rank testing for significance and mortality grouped at 6 h intervals. MAP was analysed by
two way repeated measures ANOVA. To compare results between three groups, one-way
ANOVA with repeated measures and post hoc Bonferroni correction was used. Student’s t
test was used for two group comparisons. A P value < 0.05 was considered statistically
significant.

RESULTS
Fecal slurry model of peritonitis

Characterization of model—Hemodynamic values for tethered WT sham mice (n=10)
were unchanged throughout and similar to age-matched naive (untethered) mice (Figs. 1A-
D).

Fecal peritonitis in the WT animals (n=10) induced an early fall in mean arterial pressure
(MAP) between 0-6 h, followed by a further fall between 20-24 h despite fluid resuscitation
(p<0.001 compared to sham controls, Fig 1A). At 24 h the septic animals showed significant
falls in aortic peak flow velocity, stroke volume and heart rate (P < 0.05, Fig 1B-D). Despite
keeping their cages on heated pads, temperature fell in the septic mice from 37.7±0.2 to
35±1.1 °C (P < 0.05, n=9), whereas this was unchanged in shams (37.5±0.3 °C) (Table 1).
At 24 h plasma nitrite/nitrate levels, the pro-inflammatory cytokines interleukin-1β and -6
(IL-1β, IL-6), interferon-γ, and tumor necrosis factor alpha (TNF-α) (P < 0.05, n=6-9), and
metabolic acidemia (P < 0.001, n=7, Table 1) were significantly elevated in septic compared
to sham mice.

Effect of fecal peritonitis on BK α–subunit gene expression in (non BK−/−)
mice aorta—Quantification of the change in gene expression in sham and septic mice was
evaluated relative to its expression in naïve mice (normalized to 1 using the 2−Δ ΔCT method
(29)). This produced values of 1.33 for sham and 0.83 for septic mice, indicating that BK α–
subunit gene expression was not substantially altered in aortae taken from septic mice
compared to naïve or sham animals (samples pooled from 4 animals per group).

Effect of fecal peritonitis on hemodynamics in BKα−/− mice—Following the first
seven successfully tethered BKα−/− mice, the next five exhibited distressing circling
behavior so these experiments were abandoned. This behavior was not seen in the WT mice.

Baseline mean arterial pressure (MAP) was similar in BKα−/− (n=7) and WT (n=6-8) mice.
Whereas MAP remained constant in both groups of sham mice, there was a significant albeit
similar fall in both BKα−/− and WT mice following sepsis (approximately 20-25 mmHg at
10 h) (Figs. 2A, B and Table 2; representative traces shown in Fig. 3). Echocardiography-
derived data measured at 6 h are shown in Table 2. Though absolute stroke volume was
lower in the septic BKα−/− mice, when corrected for body weight the values were greater in
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the knockout animals (P < 0.01, n=5-6). Temperature fell to a similar extent in the septic
BKα−/− and WT mice (Table 2).

Effect of TEA upon blood pressure at 6 h post-fecal peritonitis in WT mice—
TEA was infused for 2 h to non-BKα−/− mice beginning at 6 h after either injection of fecal
slurry or sham insult (n=9 per group). Before TEA the MAP had fallen significantly in the
septic mice (101.5±2.8 compared with 115.8±5.3 mmHg in sham mice, P < 0.001). Infusion
of TEA resulted in a small but significantly greater (P < 0.01) increment in MAP in the
septic mice (10.1±2 vs. 3.2±1.4 mmHg in shams, Fig. 2C).

Cecal ligation and puncture model (CLP)
WT and BKα−/− mice CLP survival studies—BKα−/− mice demonstrated
significantly reduced survival CLP compared to WT mice with a median survival of 12 h
(IQR 12-18) vs 30 h (IQR 18-33) (P<0.001, n=8-13, Fig. 4A).

Effect of TEA on survival and myocardial dysfunction following CLP in WT
mice—Following sham surgery all mice survived to 72 h and showed similar hemodynamic
values to naive mice (n=6, data not shown). Mice given TEA (12mg.kg−1 ip) 4h post-CLP
showed no improvement in survival (median survival time 24h (IQR 18-30) versus 18h
(IQR 18-30) in control animals, Fig. 4B). TEA did not attenuate the reduction in cardiac
output observed at 8 h post-CLP (P < 0.001 compared to baseline pre-CLP values, n=8-15,
Table 3). High-dose TEA (50mg.kg−1 ip) resulted in an increased mortality compared to
TEA 0 or 12mg.kg−1, with a median survival time of 12 h (IQR 6-12; n=8-15, P < 0.05).
There was a trend to a further reduction in cardiac output in mice given high-dose TEA but
meaningful statistical comparison was precluded by only five such treated animals being
alive at this point (Table 3).

DISCUSSION
To test the hypothesis that BKα−/− mice would be resistant to sepsis-induced hypotension,
we developed an invasive model of fecal peritonitis in conscious mice with continuous mean
arterial pressure (MAP) monitoring and intravenous fluid resuscitation. Both wildtype and
BKα−/− mice developed similar degrees of hypotension and myocardial dysfunction, with
similar increases in inflammatory cytokine levels, nitric oxide production and acidemia. A
small but statistically significant increase in blood pressure was seen with the non-specific
BK potassium channel blocker, tetraethylammonium chloride (TEA) in the wildtype mice.
Survival time was however reduced in septic BKα−/− mice and, in a separate cecal ligation
and puncture model, in wild type mice given high-dose TEA.

The difference in resting blood pressure between wildtype and BKα−/− animals was small
(~5 mmHg) and similar to that reported by Sausbier et al using radiotelemetry arterial blood
pressure readings (7). Contrary to expectation, we found septic BKα−/− mice developed
hypotension (secondary to reduced total peripheral resistance) to a similar degree to their
WT littermates. In addition, gene transcript expression of the BK α-subunit was not
increased in aortae taken from septic compared to sham or naïve animals. Therefore, we
conclude that activation of BK channels is not a crucial determinant of hypotension in septic
mice. Our findings contradict several studies showing activation of the channel in various
experimental models of inflammation, with inhibition partially or fully reversing
hyperpolarisation or vascular hyporeactivity (15, 17-18). However, these studies have
largely used a single intravenous bolus of endotoxin (or TNF-α) as a model of systemic
inflammation. Such insults produce a severe acute inflammatory hit that is not representative
of true sepsis where bacteria are present and proliferating, and disease progression is more
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gradual. Equally the study in a rodent model of peritonitis used aortic blood vessels for their
in vitro experiments which, as a conduit vessel, has little influence upon blood pressure (16).
Alternatively, despite these plausible explanations for differences, the loss of the BK
channel may be compensated for by up-regulation of other potassium channels or other
vasodilatory mechanisms.

The non-selective K+ channel inhibitor, TEA raised blood pressure in the septic mice, albeit
to a small degree only (10.1 ± 1.9 mmHg). Although the concentration of TEA used would
adequately inhibit BK channels (20), its effect is in stark contrast to the sepsis-induced
hypotension seen in the BKα−/− mice which was identical to WTs. This is an important
finding as reversal by TEA of endotoxin-induced vascular hyporeactivity to norepinephrine
in healthy volunteers was claimed to be evidence for nitric oxide-mediated BK channel
activation and thus a potential therapeutic modality (19). While TEA may indeed be
effective in raising blood pressure, it would appear to do so via other mechanisms. TEA
inhibited ATP-sensitive (KATP) potassium channels in vitro with an EC50 of 7 mM, and
could also block the in vivo effects of KATP channel activators (30). Therefore, inhibition of
other K+ channels, or other pathways, cannot be excluded. Furthermore, endotoxin-mediated
TNFα production in macrophages was prevented by BK inhibitors (21, 22), though this was
effective even in BKα−/− mice (23), perhaps TEA has another as yet unknown effect.

Our second prediction that BKα−/− mice would exhibit improved survival following sepsis
was also not supported by our experiments. As the size difference between the BKα−/− and
WT mice is a potential confounding influence, we used mice of similar weight to the
mutants for the CLP±TEA experiments. Clayton et al found that TEA not only failed to
reverse endotoxin (LPS)-induced hypotension in rats but also reduced survival by 50% (31)
However, their study period was short (45 min) and, as LPS administration causes profound
myocardial depression, a vasoconstrictor agent in these circumstances might be predicted to
have adverse effects. In our model, moderate dose (12 mg.kg−1 ip) TEA had no effect on
survival yet high-dose TEA was injurious. The high dose of TEA (50 mg.kg−1) we
administered had previously been used in combination with methylene blue to improve
endotoxin and TNFα-induced mortality (18). However, at this concentration, TEA actually
worsened survival in our CLP model. We hypothesized that decreased survival related to
TEA was due to excessive arterial vasoconstriction leading to increased coronary afterload
and/or coronary artery vasospasm in view of the fall in cardiac output observed (from 15.9 ±
0.1 to 10.9 ± 1.7 ml.min−1). (Only five mice were alive at this point and so statistical
analysis was not performed). To confirm this, we would have liked to measure blood
pressure in these animals but the insertion of arterial and venous lines in combination with
CLP surgery would have been too physiologically stressful for the mice. Equally, given the
ability of TEA to inhibit early macrophage cytokine production (21, 22), we cannot discount
the possibility that impaired survival may have been related to excessive dampening of
macrophage cytokine production, thereby inhibiting the animal’s ability to mount an
efficient inflammatory response.

Given the increased stroke volume and maintained cardiac output observed at 6 h, systemic
vasodilatation, even in the absence of functional BK channels, is likely responsible for the
sepsis-induced hypotension seen in the BKα−/− mice. However, the BK channel is widely
expressed in tissues other than the vasculature (e.g. brain, bladder and bowel) (20); although
we controlled for size differences, it is possible that phenotypic characteristics other than
absence of vascular BK channels may have contributed to the increased mortality following
CLP. Moreover, the BKα−/− mice did not appear unwell – their resting temperature and
behaviour was the same as WT mice and their stroke volume corrected for size was actually
greater than WT mice (Table 2). Given the ubiquitous nature of this channel, a smooth
muscle specific mutant may be a better model to study, however this was not available to us.
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Although both sepsis models used represent polymicrobial insults, the time course differs
between the two. While CLP is considered the gold standard for sepsis studies (32) and
survival is the most important outcome in sepsis studies, we felt that this was an appropriate
model to use. In tethered mice we considered the additional surgery required for CLP would
make the model too severe, and thus used a slurry injection that took seconds to perform.
The insertion of arterial and venous lines in these small animals may have had a continuing
physiological effect even though animals were given 24 h to recover. Although more
invasive, mice required a week to recover following insertion of an implantable telemetric
device (33). Echocardiography values at 24 and 48 h in shams were identical to those seen in
naives while blood pressure was unchanged. Likewise there were no adverse cardiovascular
effects from the tether at 6 h in BKα−/− and WT mice. We thus feel that though this model is
invasive, it is robust.

Unfortunately, we could complete experiments in only seven tethered BKα−/− mice due to
animal discomfort. Spontaneous circling has been described in 6% of mutants and is likely a
functional deficit (26). As BKα−/− mice have ataxia and deficits in motor performance, it
seems likely that the additional balance required with the tether in situ proved
overwhelming. We may have thus missed significant effects due to this study being
underpowered, however the hypotensive effect of the FP insult in the five BKα−/− mice was
quite homogenous and more severe than in the six WT mice. We thus regard this as strong
evidence that BKα−/− mice were not resistant to hypotension following FP. Crucially, we
were unable to administer TEA to FP BKα−/− mice as this would have clarified whether any
reversal of sepsis-induced hypotension was related to BK channel inhibition or not.

We conclude that polymicrobial sepsis-induced hypotension in mice is not mediated by
activation of large conductance calcium-activated potassium channels. However, the non-
selective K+ channel inhibitor TEA reversed sepsis-induced hypotension in non-BKα−/−

mice so this effect is probably unrelated to BK channel inhibition. While the mechanism
remains to be elucidated, it could relate to inhibition of other potassium channels regulating
blood pressure. Regardless, the administration of TEA did not improve survival in our CLP
model, suggesting it may well be another vasoactive agent that will not prove beneficial in
the treatment of sepsis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hemodynamic measurements of (A) continuous blood pressure monitoring and
intermittent echocardiography ((B) peak velocity, (C) stroke volume and (D) heart rate) in a
fluid resuscitated conscious mouse model of fecal peritonitis (FP)
Echocardiography values displayed for naive (untethered) mice; pre FP/sham at time 0 h -
(i.e. after 24 h on tether) and 24 h post FP/ sham. Fecal peritonitis (FP) induced a fall in
mean arterial pressure (MAP) over 24h in contrast to sham mice (P < 0.001). In addition, at
this timepoint FP induced a significant fall in aortic peak flow velocity, stroke volume and
heart rate compared to shams (P < 0.05). Data are shown as mean ± sem with P values as
shown (one way ANOVA or paired t-test for heart rate; n=10 for MAP and for
echocardiography measurements n=13 fecal peritonitis, n=15 sham and n=15 naive mice).
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Fig. 2. Mean arterial blood pressure readings following (A) fecal peritonitis (FP) or (B) sham
insult in wild type (WT) or BKα−/− (KO) mice and (C) effect of TEA upon FP-induced
hypotension
FP induced a fall in mean arterial blood pressure (MAP) in (A) BKα−/− mice and their WT
litter mates compared to (B) sham animals. TEA (10mg.kg−1.h−1 iv for 2 h) reversed FP-
induced hypotension at 6 h (C) with no effect on shams (P < 0.01). Data shown as mean ±
sem, (except B - mean values only as n=2) with n values on graphs.

O’Brien et al. Page 12

Shock. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 3.
Representative traces of mean arterial pressure (MAP) readings from conscious mice. (A)
BKα−/− and wild type mice following FP or sham and (B) effect of TEA 10 mg.kg.h−1 iv on
MAP in FP and sham mice.
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Fig. 4.
Effect of cecal ligation and puncture (CLP) upon survival in (A) BKα−/− mice and their
wild type (WT) litter mates and in (B) mice ± TEA (data shown as mean ± sem. (A)
BK−/− mice have significantly increased mortality compared to aged-matched WT litter
mates in a CLP model (P < 0.001). (B) TEA 12 mg.kg−1 ip had no effect upon survival in a
mouse model of CLP, whereas TEA 50mg.kg−1 ip significantly reduced survival following
CLP (P < 0.05 compared to CLP, ANOVA, n values on graph). Data shown in A represent
CLP experiments performed on 2 separate occasions while B represents 1 set of
experiments.

O’Brien et al. Page 14

Shock. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

O’Brien et al. Page 15

Table 1
Plasma pro-inflammatory cytokine values, nitrate/nitrite, base excess and core
temperature in characterization studies with tethered sham and fecal peritonitis mice
(FP) at 24h

Data shown as mean (sem) for nitrite/nitrate, base excess and temperature as normally distributed and median
(interquartile range-IQR) for cytokine data.

Sham* FP*

IL-1β (pg.ml−) 0 (0;0) 19 (2;171)

IL-6 (pg.ml−) 234
(76;646)

2060
(467;9150)

TNF-α (pg.ml−) 0 (0;0) 46 (5;136)

IFN-γ (pg.ml−) 0 (0;21) 135 (39;197)

Nitrite / Nitrate (μM) 73 (6.8) 110 (12.5)

Arterial base excess −2.2 (0.6) −11 (0.9)

Core temperature (
□C)

37.1 (0.2) 36.45 (1.1)

*
There was a significant difference between sham and FP mice for all values shown (P < 0.05).
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Table 3

Echocardiography values following cecal ligation and puncture (CLP) in BALB/C mice ± TEA. All
echocardiograph values fell significantly at 8h following CLP ± TEA (12 or 50 mg.kg−1). Data shown as mean
± sem.

Pre-CLP*
(Time 0)
(n=34)

8 h post CLP*

No treatment
(n=14)

+ TEA
12 mg.kg−1

(n=10)

+ TEA
50 mg.kg−1

(n=5)

Peak Velocity (m.s−1) 0.85 ± 0.01 0.65 ± 0.02 0.69 ± 0.07 0.56 ± 0.06

Stroke Volume (μl) 45 ± 0.9 28 ± 0.9 32 ± 2 23.5 ± 1.8

Heart Rate (bpm) 544 ± 13 499 ± 13 475 ± 17 452 ± 12

Cardiac Output (ml.min−1) 24.6 ± 0.7 14.1 ± 0.8 15.9 ± 1.7 10.7 ± 1

Cardiac Output.weight−1

(ml.min−1.mg−1)
1.29 ± 0.05 0.7 ± 0.04 0.76 ± 0.08 0.57 ± 0.05

*
P < 0.001
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