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Long-chain polyunsaturated omega-3 fatty acids such as docosa-
hexaenoic acid (DHA), found abundantly in oily fish, may have di-
verse health-promoting effects, potentially protecting the immune,
nervous, and cardiovascular systems. However, the mechanisms
underlying the purported health-promoting effects of DHA remain
largely unclear, in part because molecular signaling pathways and
effectors of DHA are only beginning to be revealed. In vascular
smooth muscle cells, large-conductance Ca’*- and voltage-acti-
vated K* (BK) channels provide a critical vasodilatory influence.
We report here that DHA with an ECs, of ~500 nM rapidly and
reversibly activates BK channels composed of the pore-forming
Slo1 subunit and the auxiliary subunit §1, increasing currents by
up to ~20-fold. The DHA action is observed in cell-free patches
and does not require voltage-sensor activation or Ca>* binding
but involves destabilization of the closed conformation of the ion
conduction gate. DHA lowers blood pressure in anesthetized wild-
type but not in Slo1 knockout mice. DHA ethyl ester, contained in
dietary supplements, fails to activate BK channels and antagonizes
the stimulatory effect of DHA. Slo1 BK channels are thus receptors
for long-chain omega-3 fatty acids, and these fatty acids—unlike
their ethyl ester derivatives—activate the channels and lower
blood pressure. This finding has practical implications for the use
of omega-3 fatty acids as nutraceuticals for the general public and
also for the critically ill receiving omega-3-enriched formulas.
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igh dietary intake of long-chain omega-3 polyunsaturated
fatty acids such as docosahexaenoic acid (DHA) with a 22-
carbon chain (for structure, see Fig. S1) is considered to promote
good health in numerous and diverse ways, potentially protecting
the immune, nervous, and cardiovascular systems (1, 2). Although
large-scale clinical trials using dietary supplements have not
yielded unequivocal results (3, 4), individuals are advised to
consume fish rich in DHA for cardiovascular health (5) and nu-
merous dietary supplements containing derivatives of omega-3
fatty acids are widely available. However, the precise mechanisms
underlying the purported diverse health-promoting effects of
DHA remain mostly unclear in part because molecular signaling
pathways and effectors of the fatty acids are only beginning to be
revealed (2, 6, 7). One such early study shows that DHA binds to
and stimulates the G protein coupled receptor 120 (GPR120)
with an ECs, of about 10 pM and this modulation contributes to
the antiinflammatory effects of DHA (6). Because DHA may be
enzymatically broken down to produce other biologically active
molecules, DHA may exert multiple indirect effects (7).
Consumption of oily fish high in DHA such as anchovy, her-
ring, mackerel, and salmon has been suggested to decrease blood
pressure in some individuals (1, 8, 9). A diet supplemented with
mackerel has been reported to lower blood pressure in healthy
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volunteers (10). Further, application of DHA dilates isolated
blood vessels (7), potentially by activating large-conductance Ca**-
dependent K* (Slol BK) channels (7, 11). In vascular smooth
muscle cells (SMCs), Slol BK channels, which are allosterically
activated by intracellular Ca®* and depolarization (12), provide
a pivotal vasodilatory influence (13, 14); activation of Slol BK
channels acts to keep the membrane hyperpolarized, thus generally
exerting a negative feedback influence on cellular excitability. Here
we examined whether Slol BK channels are directly activated by
DHA. We found that DHA but not its ethyl ester derivative po-
tently and directly activates Slol BK channel complexes with the
auxiliary subunit 1 in excised patches by destabilizing the closed
conformation of the ion conduction gate. DHA lowers blood
pressure without altering the heart or breathing rate in anesthetized
wild-type mice but has no effect in Slo1 knockout mice. DHA ethyl
ester, contained in dietary supplements, fail to alter Slol BK
channels or blood pressure in mice. Thus, Slol BK channels are
high-affinity receptors for omega-3 fatty acids involved in the
blood-pressure lowering effect of the omega-3 polyunsaturated
fatty acids.

Results

Injection of a bolus of DHA into a central vein in anesthetized wild-
type mice substantially lowered the arterial blood pressure without
altering the heart or breathing rate (Fig. 1 4, Left, and B and C) in
a concentration-dependent manner (Fig. 1C). The transient nature
of the hypotensive effect of DHA observed is probably due to
diffusion and subsequent dilution of DHA in the whole circulatory
system and also to a compensatory response of the animal elicited
by the sudden drop in blood pressure. Because large-conductance
Ca**- and voltage-activated K* (Slo1 BK) channels are important
in regulation of vascular tone (13, 14), DHA may exert its hypo-
tensive action by activating Slo1 BK channels. Consistent with this
idea, injection of DHA into Slol knockout mice lacking BK
channels (15) failed to alter blood pressure (Fig. 14, Right, and B),
clearly establishing the physiological importance of Slol BK
channels in mediating the hypotensive effect of DHA. In SMCs,
Slo1 BK channels contribute to outward K* currents elicited by
depolarization (15). Whole-cell outward currents recorded from
dissociated aortic vascular SMCs from wild-type mice were en-
hanced by extracellular application of DHA (Fig. 1 D and F) but the
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Fig. 1. DHA lowers blood pressure in wild-type mice and enhances SMC BK channel currents. (A) Representative recordings of changes in arterial blood

pressure (AP) , heart rate (HR), and breathing rate (BR) in wild-type (WT; Left) and Slo1 knockout (SLO7~~; Right) mice by injection of DHA (62.5 pmol/kg) at
the times indicated by the red bars. (B) Analysis of peak deflections of blood pressure in wild-type and SLO7~'~ mice on injection of DHA and the vehicle (0.1%
Tween-20 in 154 mM NacCl). Blood pressure values in WT mice before and after DHA injection were significantly different (P < 0.05) but no change was
observed with the vehicle. In SLO7™~, neither DHA nor the vehicle produced any change in blood pressure. (C) Dose dependence of the peak blood-pressure
lowering effect of DHA. (D) Representative whole-cell currents (Left) from an isolated aortic SMC from a wild-type mouse elicited by voltage pulses before
(blue) and after (red) application of DHA (3 pM). Peak current-voltage (IV) curves are also shown (Right). (E) Representative whole-cell currents (Left) and IV

curves (Right) from an isolated aortic vascular SMC from a SLO17"-

mouse. (F) Fractional increase in the peak outward current size at 80 mV by DHA (3 pM for

4 min; see Fig. 2D) in WT and SLO1™~ mice. Fractional increases in the two groups are statistically different (P < 0.008). n = 5.

current-enhancing effect of DHA was absent in the cells isolated
from Slo1 knockout mice (Fig. 1 E and F). Enhanced activation of
Slol BK channels in vascular SMCs by DHA thus underlies the
hypotensive effect of DHA in wild-type mice.

BK channels in SMCs are made of pore-forming Slol and
auxiliary p1 subunits (16). Currents flowing through heterolo-
gously expressed BK channels formed by Slo1 and p1 (Slol+[31) in
cell-free inside-out patches elicited by depolarization in the ab-
sence of intracellular Ca** were rapidly and reversibly enhanced by
DHA applied to the cytoplasmic side (Fig. 2.4 and B). Application
of DHA to the extracellular side was also effective but longer wash
was required to reverse the effect (Fig. 2C). The finding that DHA
robustly and reversibly activates Slo1+pl channels in cell-free
patches suggests that an intact intracellular signaling cascade is not
essential but that DHA may directly bind to the channel complex.
The current-enhancing effect of DHA applied to the cytoplasmic
side was concentration dependent with an ECs, of ~500 nM (Fig.
2D). This ECsy is less than typical serum concentrations of DHA
derivatives after oral supplementation (17) and ~20 times lower
than the ECs( of DHA for GPR120, a G protein coupled receptor
implicated in the antiinflammatory action of DHA (6).

DHA at 3 pM, a functionally saturating concentration (Fig. 2D),
increased macroscopic Slo1+p1 currents by up to ~20-fold, with
greater fractional increases occurring at less depolarized voltages
where open probability (P,) is normally low (Fig. 2 E and F). The
increase in current by DHA was caused by a large shift in half-
activation voltage (AV)s) required for activation of the channel
complex by —59.0 + 3.7 mV (10) with a small fractional increase in
the steepness of voltage dependence (Qgpp ratio = 1.09 + 0.05 (10);
Fig. 2G). The large AV, s by DHA is noticeably greater than those
observed by application of cGMP-dependent protein kinase (18),
which mediates the well-known vasodilatory influence of nitric
oxide (19).
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DHA markedly accelerated the macroscopic activation kinetics;
the acceleration was particularly apparent at the voltages where the
normalized conductance is ~0.5, decreasing the time constant of
activation by approximately threefold at 160 mV (Fig. 3 A-C). In
contrast, the macroscopic deactivation kinetics at negative voltages
was only slightly slowed by DHA (Fig. 3 4—C). The action of DHA
did not require activation of the channel’s voltage sensors because
DHA markedly increased single-channel P, at very negative vol-
tages where the voltage sensors are mostly at rest (Fig. 3 D-F). P, at
such negative voltages is primarily determined by the opening and
closing transitions of the ion conduction gate of the channel (12),
the latter of which controls the macroscopic deactivation kinetics.
The absence of a noticeable effect of DHA on the deactivation
kinetics at negative voltages (Fig. 3 A-C) indicates that DHA
accelerates the opening of the ion conduction gate and increases P,,.

DHA effectively activated Slo1+1 channels and shifted V5 to
the negative direction irrespective of the Ca concentration (Fig.
3G), including ~10 nM at which the Ca** sensors of Slol are
unoccupied and also 100 pM at which the high-affinity Ca?*
sensors should be largely saturated with Ca®* (20-22). However,
the AV} s induced by DHA at 100 pM Ca** was smaller than that
at 10 nM (P = 0.03), indicating a potentlal 1nﬂuence by Ca®*
DHA was also effective in activating Ca**- and Mg** 1nsens1t1ve
mutant Slol (D362A:D367A:E399A:A894-895) (20, 21)+p1
channels (Fig. S2). The results collectively show that DHA pro-
motes opening of the ion conduction gate of the Slo1 channel by
destabilizing its closed conformation without any need for volt-
age-sensor activation or binding of Ca®*

Omega-3 fatty acids have been suggested to have redox-mod-
ulating properties (23) but the effect of DHA on Slo1+1 chan-
nels was unaltered by the membrane permeable reducing agent
DTT or the oxidant chloramine-T (Fig. S3 4 and B). Omega-3
fatty acids are metabolized by the enzyme cytochrome P450
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2* on Slo1+p1 channels expressed in HEK cells. (A) DHA rapidly increases currents through Slo1+

B1 channels when applied to the cytoplasmic side. Currents at 120 mV were normalized to the average current size before DHA application and the peak
outward current sizes are shown. Two representative currents are also shown (Top). (B) Current-enhancing effect of DHA applied to the intracellular side is
reversible. Peak outward current sizes at 110 mV are plotted. Representative currents are also shown (Top). (C) DHA applied to the extracellular side in the
outside-out configuration also increases currents through Slo1+p1 channels. (D) Concentration dependence. Currents were measured at 120 mV and every
concentration of DHA shown was tested in each patch. n = 16. At 120 mV, DHA (3 pM) increases G/Gpmax from ~0.2 to ~0.7 (Fig. 2G). The curve represents a Hill
fit with ECso = 486 + 127 nM and the coefficient = 1.10 + 0.28. (E) Representative currents through Slo1+81 channels before and after application of DHA at
three different voltages. (F) Fractional increases in current size at different voltages. n = 10. (G) Voltage dependence of normalized conductance (G/Gmax)-
Curves represent Boltzmann fits with V5 = 165.6 + 0.9 mV and Q,,, = 0.90 + 0.03 (control) and 105.37 + 1.0 mV and 0.96 + 0.03 (DHA). n = 10. Except in D,

DHA was applied at 3 pM. All results were obtained without Ca*.

epoxygenase, generating other metabolites that could in turn
modulate native SMC BK channels (7). However, we found that
the P450 epoxygenase inhibitor SKF525A (30 pM) did not alter
the effect of DHA on Slol1+f1 channels expressed in human
embryonic kidney (HEK) cells (Fig. S3 C and D).

Within the structure of DHA, both the aliphatic tail and the
carboxylic acid head groups are important in activating Slo1+p1
channels because 17-hydroxyl DHA (17-OH DHA) and DHA
ethyl ester (DHA EE) (Fig. S1) were without effect (Fig. 44). In
contrast with the large AVys of —=59.0 + 3.7 mV (10) caused by
DHA, DHA EE had no effect (AVy5 = —1.0 + 6.4 mV) (8) (Fig.
4B). The negatively charged characteristic on the carboxylate
moiety in the DHA head group, absent in DHA EE, may be es-
sential for its effect in promoting opening of the ion conduction
gate of the channel. Notably, when DHA and DHA EE were ap-
plied together, the resulting AV} s value was —31.8 + 3.0 mV (9)
(Fig. 4B), significantly smaller than that by DHA alone, approxi-
mately —60 mV. This observation suggests that DHA and DHA EE
compete for the same sensor sites in the channel and that DHA EE
is a competitive antagonist of DHA. In addition, DHA EE failed to
increase whole-cell Slo1+f1 currents when applied to the extra-
cellular side (Fig. S4). Eicosapentaenoic acid (EPA) is another
omega-3 fatty acid with a 20-carbon chain (Fig. S1), 2 carbons
shorter than that in DHA. EPA also increased currents through
Slo1+p1 channels; however, the AV, 5 with EPA (=30.9 + 3.1 mV)
(11) was smaller than that by DHA. Like DHA EE, EPA ethyl ester
(EPA EE; Fig. S1) was much less effective than EPA (Fig. 4B).
These characteristics of DHA EE and EPA EE may have important
practical implications for these are often found in dietary supple-
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ments (24); DHA EE and EPA EE in dietary supplements may
interfere with the action of DHA and EPA obtained from natural
foods. Whereas DHA and EPA are found abundantly in oily fish,
a-linolenic acid (ALA) with an 18-carbon chain is concentrated in
plant oils such as flaxseed oil (2). The AV, s by ALA was even
smaller than that by EPA (—17.6 + 2.7 mV; Fig. 4B). Comparison of
the results from DHA, EPA, and ALA shows that the length of the
fatty acid tail chain is another important determinant in activation
of Slo1+p1 channels; marine-derived DHA with a 22-carbon chain
is most effective among the three fatty acids.

Some studies have postulated the importance of the omega-6/
omega-3 fatty acid ratio in disease prevention and good health
(25). Arachidonic acid (AA), an omega-6 fatty acid with a 20-
carbon chain with four double C-C bonds (Fig. S1), plays key roles
in a variety of physiological phenomena, including inflammation
and vasodilation (26). AA stimulated Slo1+p1 channels but the
AV s by AA (=31.3 +£ 2.7 mV) was markedly smaller than that by
DHA (Fig. 4B). Linoleic acid (LA), a shorter omega-6 fatty acid,
produced an even smaller response (AVy s = —17.0 + 1.7 mV; Fig.
4B). When the omega-3 fatty acid DHA and the omega-6 fatty
acid AA were applied together, the resulting AV, s was large
(=57.7 £ 6.1 mV) and indistinguishable from that by DHA alone.
Similarly, the AV} s with DHA and LA together (—47.4 + 5.3 mV)
was indistinguishable from that with DHA alone.

The inability of DHA EE to activate Slo1+p1 channels pre-
dicts that DHA EE should have no effect on whole-animal blood
pressure. Indeed, injection of a bolus of DHA EE produced no
change in blood pressure in wild-type and also in SLOI~'~ mice
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Fig. 3. The stimulatory effect of DHA on Slo1+p1 channels does not require voltage-sensor activation or Ca®* binding. (A) Representative scaled currents before
(blue) and after (red) application of DHA at two different voltages to illustrate changes in kinetics. (B) Voltage dependence of the time constant of current relaxation
of Slo1+p1 channels before (blue) and after (red) application of DHA. Time constant values were estimated from currents elicited by pulses to the voltages indicated
from 0 or —30 mV (triangles) or from currents measured at the voltages indicated following pulses to 220 mV (inverse triangles). n = 6-10. (C) Fractional changes in
the time constant of current relaxation by DHA. n = 6-10. (D) Single-channel openings at —120 mV before and after application of DHA without Ca®*. This patch
contained ~1,000 channels and 36 sweeps are shown superimposed. (E) Voltage dependence of single-channel P, in Slo1+$1 channels. n = 4-12. (F) Fractional
increases in single-channel P, at different voltages by DHA. n = 4-12. (G) Ca%* dependence of Vs without (blue) and with (red) DHA. The solution with EGTA but
without added Ca®* was assumed to have 10 nM [Ca®*]. n = 4-8. DHA was applied at 3 pM. Unless otherwise noted, all results were obtained without Ca".

(Fig. 4 C and D), further supporting the physiological relevance
of modulation of BK channels by DHA.

Discussion

Here we have clearly demonstrated that marine-derived long-
chain omega-3 fatty acids such as DHA activate vascular Slol BK
channels and lower blood pressure. The stimulatory action of
these fatty acids has a rapid onset, is reversible, and is observed
in cell-free patches. We thus suggest that the fatty acids directly
bind to and stimulate Slol BK channels.

Our in vivo observations of a direct effect of omega-3 fatty acids
but not of their ester derivatives on blood pressure may have direct
clinical implications for the use of so-called “immunonutrition”,
formulas enriched in some amino acids and/or omega-3 fatty acids,
for critically ill patients. These emulsions, which are available for
enteral as well as for parenteral (central venous) application, may
result in administration of up to 10 g of DHA/EPA per patient per
day and may contain either free or ester-conjugated omega-3 fatty
acids (27). Thus, application doses mimicking our animal model at
which significant blood pressure-lowering effects of DHA were
observed might be achieved in the clinical context. Immunomo-
dulating diets containing fish oil might favorably affect outcome in
sepsis and adult respiratory distress syndrome (27). However, there
is evidence to suggest caution regarding early implementation of
parenteral and in particular immunomodulating diets (28, 29) in
these patients. Although the mechanisms negatively affecting out-
come in the early course of critical illness have not been studied in
detail for parenteral nutrition, they are typically associated with
development of hypotension, shock, and cardiovascular collapse.

The stimulatory effect of DHA on the BK channel is observ-
able at <100 nM. This strikingly differs from the effects of DHA
on other channel types for which typically inhibitory effects at
higher concentrations, sometimes >100 pM, were reported (30—
32). Previous studies reported a stimulatory effect of DHA on
native BK channel currents (7, 11); however, whether DHA acts

Hoshi et al.

directly on the channels remained unresolved. We have estab-
lished that DHA rapidly and reversibly stimulates Slo1 BK channels
in excised patches. This finding suggests that DHA directly binds
to the Slol channel complex; the channel complex itself may be
a high-affinity receptor for DHA. However, the conclusive proof
of this postulate will await identification of the binding site for
DHA within the channel complex. A previous study using BK
channels expressed in Xenopus oocytes reported direct modula-
tion of molecularly distinct BK channel complexes by arach-
idonic acid and DHA but at higher concentrations (>20 pM)
(33). Shorter lipids were previously tested on native BK channels
and found to have diverse effects (34). The current-enhancing
effect of DHA on Slol1+p1 channels in mammalian cells de-
scribed here is robust and occurs at much lower concentrations
of DHA. Additionally, the concentration required to activate the
BK channel is ~20 times lower than that required to stimulate
GPR120 involved in the antiinflammatory action of DHA (6).
DHA is released from the plasma membrane by the G protein
activated Ca**-dependent phospholipase A2 (35, 36). Therefore,
stimulation of BK channels by DHA, a previously unexplored
modulatory pathway, has strong potential to contribute to a va-
riety of physiological and pathophysiological processes. Impor-
tantly and practically, the effectiveness of marine-derived DHA
and EPA but not their ethyl ester derivatives found in dietary
supplements (24) underscores the importance of intake of
omega-3 fatty acids from natural foods.

Materials and Methods

Electrophysiology and Analysis. Human Slo1 (KCNMA1, AAB65837) and the
auxiliary subunit 1 (KCNMB1, NP_004128) were transiently transfected into
HEK cells using FuGene 6 (Roche) (37). In many of the experiments, f1 with
EGFP fused to the C terminus (31-EGFP) was used and the results obtained
with p1 and p1-EGFP were indistinguishable. The electrophysiological mea-
surements were performed 36-48 h after transfection as described previously
(38). To record native BK channel currents, mice were euthanized with CO,
following an approved protocol and aortic vascular smooth muscle cells were
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17-OH DHA and DHA EE, respectively. Up to 100 pM of DHA EE had no noticeable effect. (B) AV, s and fractional changes in Q,q, in Slo1+p1 channels by the
compounds indicated. Results were obtained without Ca®* and every compound was applied at 3 pM. Among the omega-3 fatty acids and their derivatives shown,
the AVy 5 results for DHA, those for DHA+DHA EE and EPA, and those for DHA EE, EPA EE, and ALA constitute three statistically distinct groups after correcting for six-
way combinatorial comparisons (P < 0.05). Among DHA and omega-6 fatty acids, the AV s results for DHA, DHA+AA, and DHA+LA, those for AA, and those for LA
form three statistically distinct groups after correcting for five-way combinatorial comparisons (P < 0.05). (C) Representative recordings of changes in arterial blood
pressure (AP), heart rate (HR), and breathing rate (BR) in wild-type (WT; Left) and Slo1 knockout (sLo1~'-; Right) mice by injection of DHA EE (62.5 pmol/kg). (D)
Analysis of peak deflections of blood pressure in wild-type and SLO7~~ mice upon injection of the vehicle alone (154 mM NaCl) or DHA EE (250 pmol/kg). None of the
treatments produced a statistically significant change in blood pressure. DHA, docosahexaenoic acid; 17-OH DHA, 17-hydroxyl docosahexaenoic acid; DHA EE,
docosahexaenoic acid ethyl ester; EPA, eicosapentaenoic acid; EPA EE, eicosapentaenoic acid ethyl ester; ALA, a-linolenic acid; AA, arachidonic acid; and LA, linoleic

acid. See Fig. S1 for structure.

isolated as described (37) except that the enzymatic digestion durations were
doubled. lonic currents in cell-free patches were recorded under a symmetri-
cal K* condition. The external solution contained (in millimolars): 140 KCl, 2
MgCl,, 10 Hepes, pH 7.2 with N-methyl-p-glucamine (NMG). The internal so-
lution without Ca®* contained (in millimolars): 140 KCl, 11 EGTA, 0.02
18C6TA, 10 Hepes, pH 7.2 with NMG. Internal solutions with greater con-
centrations of free Ca®* contained various amounts of EGTA or HEDTA and
added CaCl, as appropriate (39). For whole-cell current measurements, the
external solution contained (in millimolars): 134 NaCl, 6 KCl, 2 CaCl,, 1 MgCl,,
10 glucose, 10 Hepes, pH 7.4 (with NMG). The intracellular solution contained
(in millimolars): 110 K aspartate, 30 KCl, 10 NaCl, 2 MgCl,, 10 Hepes, pH 7.2
(with NMG). All electrophysiological experiments were performed at room
temperature. The results were analyzed using custom routines written in
IgorPro (WaveMetrics). Normalized conductance-voltage (G/Gpax) curves
were constructed as described (38) from extrapolated tail current sizes and
fitted with a Boltzmann function so that changes in voltage dependence of
activation were described by changes in half-activation voltage (AVys) and
the fractional change in apparent charge movement (Q,, ratio). Estimated
equation parameters are presented as mean + 95% confidence interval. In
some patches, the effect of DHA diminished with time and these results were
not included in our analysis.

Reagents. DHA were obtained from Sigma and Avanti and they produced
indistinguishable results. DHA EE, 17-OH DHA, EPA, and EPA EE were pur-
chased from Cayman. AA, ALA, and LA were from Sigma. The stock solutions
in ethanol were stored at —20 °C and diluted to the final concentrations
immediately before use by vortexing. The vehicle at the concentrations used
for DHA, DHA EE, EPA, EPA EE, AA, ALA, and LA (<0.01%) had no effect. For
the experiments with 17-OH DHA, the vehicle concentration was higher

4820 | www.pnas.org/cgi/doi/10.1073/pnas.1221997110

(1%) and for those experiments, the control condition also contained the
same concentration of ethanol.

Mouse Experiments. Mouse blood pressure experiments were carried out in
accordance with the recommendations of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and in strict compliance
with the German legislation regarding animal protection after protocols
were approved by the local government authorities (Thuringian State
Offices for Consumer Protection and Food Safety; 02-035/10). FVB/NJ mice
(wild-type and Slo1 knockout) were obtained from Meredith et al. (15).
Animals (9-12 wk of age) were housed on a 12/12 h light/dark cycle with
the light cycle beginning at 6:00 AM. All mice had ad libitum access to
rodent chow and water until the experiment. Mice were anesthetized with
ketamine/xylazine (100 mg/kg and 8 mg/kg body weight, respectively).
Sterile catheters (polyethylene, outer diameters of 480 um for the carotid
artery and 960 um for the vein) were inserted after midline skin incision for
continuous blood pressure monitoring (pressure transducer TBD-1222; Fohr
Medical Instruments) or application of DHA and its derivatives. After the
experiment, animals were killed by an overdose of the anesthetic. Blood
pressure results were sampled at 100 Hz and processed through a digital
binomial filter. The heart and breathing rates were determined by exam-
ining unfiltered fluctuations in blood pressure in segments of 1,024 data
points with a fast Fourier transform followed by fitting with Gaussian
curves using lgorPro.

Statistics. The numbers of measurements are indicated in the figures. Statistical
results are presented in the text as mean + SEM (n), where n is the number of
independent measurements. Statistical comparisons were made using the
Mann-Whitney or Wilcoxon test with an « level of 0.05, which was corrected for
desired multiple comparisons using the Bonferroni method when appropriate.
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