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Individuals working in commercial hog confinement facilities have
elevated incidences of headaches, depression, nausea, skeletal muscle
weakness, fatigue, gastrointestinal disorders, and cardiovascular dis-
eases, and the molecular mechanisms for these nonrespiratory ail-
ments remain incompletely undefined. A common element underlying
these diverse pathophysiologies is perturbation of intracellular Ca2�

homeostasis. This study assessed whether the dust generated inside
hog confinement facilities contains compounds that alter Ca2� mobi-
lization via ryanodine receptors (RyRs), key intracellular channels
responsible for mobilizing Ca2� from internal stores to elicit an array
of physiologic functions. Hog barn dust (HBD) was extracted with
phosphate-buffered saline, sterile-filtered (0.22 �m), and size-
separated using Sephadex G-100 resin. Fractions (F) 1 through 9
(Mw �10,000 Da) had no measurable effects on RyR isoforms.
However, F10 through F17, which contained compounds of Mw

�2,000 Da, modulated the [3H]ryanodine binding to RyR1, RyR2,
and RyR3 in a biphasic (Gaussian) manner. The Ki values for F13, the
most potent fraction, were 3.8 � 0.2 �g/ml for RyR1, 0.2 � 0.01
�g/ml and 19.1 � 2.8 �g/ml for RyR2 (two binding sites), and
44.9 � 2.8 �g/ml and 501.6 � 9.2 �g/ml for RyR3 (two binding
sites). In lipid bilayer assays, F13 dose-dependently decreased the
open probabilities of RyR1, RyR2, and RyR3. Pretreating differenti-
ated mouse skeletal myotubes (C2C12 cells) with F13 blunted the
amplitudes of ryanodine- and K�-induced Ca2� transients. Because
RyRs are present in many cell types, impairment in Ca2� mobilization
from internal stores via these channels is a possible mechanism by
which HBD may trigger these seemingly unrelated pathophysiologies.

intracellular Ca2� homeostasis; cardiovascular diseases and nonrespi-
ratory ailments

CONCENTRATED ANIMAL FEEDING operations (CAFOs) are widely
used in the United States and other industrialized countries to raise
pigs for commercial production of pork and pork products (8, 34,
47). To reach market size in a timely and predictable manner, pigs
housed in these facilities are fed a standardized diet rich in protein
and containing growth hormones, vitamins, and antibiotics (28).
Particulate matter generated from the feed combines with feces,
urine, dander, microbes, volatile substances, and gases to produce

what is referred to as hog barn dust (HBD) (15, 51). The majority
of HBD generated inside hog confinement facilities is vented out
into the environment via a negative pressure ventilation system (8,
27, 42, 47). The rest circulates or settles on ledges inside the
facilities. Individuals who work inside hog CAFOs are exposed to
HBD on a daily basis and concerted efforts are ongoing to
delineate and ameliorate the impact of HBD on the health of these
individuals. Individuals living in facilities in close proximity to
CAFOs may also be exposed to high levels of HBD on a daily
basis. However, the extent to which the latter occurs and its
clinical consequences are not well documented.

Numerous studies have pointed to inhalation of HBD as a
contributing cause for the increased incidence of respiratory ill-
nesses in individuals working inside hog CAFOs, including short-
ness of breath, wheezing, coughing, chest tightness, asthma-like
syndrome, chronic bronchitis, and chronic obstructive pulmonary
diseases (22, 23, 25, 30, 33, 43, 45, 50). Activation of macro-
phages, protein kinase C, and toll-like receptors; increased pro-
duction and release of inflammatory mediators (IL-6, IL-8, and
TNF-�); and increased adhesion of peripheral blood lymphocytes
to bronchial epithelial cells are mechanisms that have been im-
plicated in HBD-induced respiratory illnesses (1, 34, 39, 40, 44).
Less clear is whether the plethora of nonrespiratory ailments,
including headaches, depression, skeletal muscle aches and fa-
tigue, nausea, gastrointestinal disorders, and exacerbation of ex-
isting cardiovascular diseases including heart failure and arrhyth-
mias, are secondary consequences of the respiratory ailments from
HBD or stem from the direct actions HBD on other cells and
organs (11, 16, 17, 23, 41).

A transient rise in intracellular Ca2� is used by many cell types
as a signal to activate an array of important physiologic functions,
including hormone secretion, neurotransmitter release, muscle
contraction, gene expression, cell proliferation, and apoptosis (3).
A significant percentage of this signaling Ca2� is mobilized from
internal Ca2� stores, known as the sarco(endo)plasmic reticulum
(SR/ER) via Ca2�-release channels. The inability of cells to
recruit Ca2� from the SR/ER not only reduces the amplitude of
the desired physiological responses but can also cause an array of
adverse effects that include headaches, diarrhea, nausea, muscle
weakness, and fatigue (12, 13, 35).

Two classes of Ca2�-release channels reside on the SR/ER
membranes, ryanodine receptors (RyRs) and inositol, 1,4,5-
trisphosphate receptors (IP3Rs) (5, 18). RyRs are significantly
larger in size than IP3Rs (2.5 � 106 Da vs. 0.8 � 106 Da) and
recruit �20 times more Ca2� from the SR/ER compared with
IP3Rs (31). Unlike IP3Rs, RyRs are directly activated by a rise in
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intracellular Ca2�. Three isoforms of RyRs are expressed in
mammalian cells. Type 1 ryanodine receptor (RyR1) is predom-
inant in skeletal muscle but is also found in the diaphragm and
colonic epithelial cells. Type 2 ryanodine receptor (RyR2) is the
major Ca2�-release channel in the heart and brain. Type 3 ryan-
odine receptor (RyR3) is present in the diaphragm and vascular
and gastrointestinal smooth muscle cells (12, 19). Defects in
function of RyRs leads to an array of diseases, including malig-
nant hyperthermia, central core disease, stress-induced cat-
echolaminergic polymorphic ventricular tachycardia, and arrhyth-
mogenic right ventricular dysplasia (13, 29). Alterations in RyR
function also play important roles in the pathogenesis of Alzhei-
mer’s disease, neurocognitive impairment, and nausea (26, 55).
Antibodies against RyR are found in individuals with myasthenia
gravis (43), suggesting a role for these receptors in the disease.

Recently we found that chloroform extracts of HBD contain
compounds that bind to and modulate RyR1 (48). In another study
we found that aqueous extracts of HBD also increase intracellular
Ca2� in airway epithelial cells, but the mechanisms responsible
for the latter remain unknown (14). Because of their importance in
elevating cytoplasmic Ca2� needed to execute cellular functions
in a diverse array of cells, this study was designed to investigate
whether the aqueous extracts of HBD contain compounds that can
bind to and modulate the activities of one or more of the three
isoforms of RyR; namely, RyR1, RyR2, and RyR3.

MATERIAL AND METHODS

MATERIALS

[3H]Ryanodine (specific activity 87 Ci/mmol) was purchased from
GE Life Sciences (Boston, MA). Phosphatidylserine, phosphatidyl-
choline, and phosphatidylethanolamine were obtained from Avanti
Polar Lipids (Alabaster, AL). Dialysis membranes were obtained from
Spectrum Laboratories (Rancho Dominguez, CA). All other reagents
and solvents used were of the highest grade commercially available.

Extraction of HBD

HBD collected 1–2 meters above the floor from hog confinement
facilities in central Nebraska was extracted using HEPES-buffered
saline (1 g HBD in 10 ml for 1 h at room temperature with continuous
mixing). Extracts were centrifuged three times at 13,000 � gav to
remove particulate material, filtered through 0.22-�m membranes to
remove microbes, and stored at �20°C until use. This material is
referred to as HBDaq.

Fractionation of HBDaq

HBDaq was separated into fractions of varying molecular sizes using
Sephadex G-100 resin. Sephadex G-100 (10 g) beads were activated by
dissolving in phosphate-buffered saline (PBS) containing 0.5% BSA for
16 h at 4°C. Activated beads were poured into a glass column (49 cm
height, 1.5 cm diameter) and washed with PBS (300 ml). HBDaq (2.5 ml)
was then loaded onto the column and eluted with PBS at a flow rate of
0.33 ml/min. A mixture of BSA (66 kDa), carbonic anhydrase (29 kDa),
cytochrome C (12.4 kDa), and epidermal growth factor (EGF, 6.5 kDa)
was used to estimate sizes of compounds present in the fractions.
Following elution of the column void volume, continuous 6-ml fractions
were collected in preweighed vials, labeled as F1 through F17, and
freeze-dried. After freeze-drying, the vials were reweighed, with the
freeze-dried mass of an equal volume of PBS subtracted to determine the
mass of HBD in each fraction.

Preparation of Membrane Vesicles

The Institutional Animal Care and Use Committee of the University of
Nebraska Medical Center approved the use of rabbits (male New Zea-
land) and rats (male Sprague Dawley) for this study, and their short-term
housing adhered to the Institute for Laboratory Animal Research Guide
for Care and Use of Laboratory Animals (37).

RyR1. SR vesicles were prepared from the fast-twitch muscles of male
New Zealand white rabbits as described previously (48). After deep
anesthesia with Inactin (150 mg/kg via an ear vein), fast-twitch muscles
from hind legs were removed, placed in isolation buffer [0.3 M sucrose,
10 mM imidazole·HCl, 230 �M phenylmethylsulfonyl fluoride (PMSF),
1.1 �M leupeptin pH 7.4], homogenized (3 � 10 s, speed setting 4.5,
ProScientific, Oxford, CT), and centrifuged at 7,500 � gav for 20 min.
The supernatant was discarded and the pellet was resuspended in fresh
isolation buffer, homogenized a second time at speed setting 5.5, and
centrifuged at 11,000 � gav for 20 min. The supernatant was then filtered
through cheesecloth, and SR vesicles were obtained by sedimentation at
85,000 � gav for 30 min.

RyR2. SR membrane vesicles were prepared from rat heart as
described earlier (49). After deep anesthesia with Inactin, hearts from
15 rats were removed and placed into ice-cold saline solution. Atrial
tissues were removed and ventricles were homogenized in a buffer
consisting of 10 mM NaHCO3, 230 �M PMSF, and 1.1 �M leupeptin
pH 7.4 (speed setting 4.5, 3 � 6 s). Homogenates were then centri-
fuged at 12,000 � gav for 20 min to remove mitochondria and nuclear
debris. The supernatant was centrifuged at 46,000 � gav for 30 min
and the pellet (SR membranes) was resuspended in buffer containing
0.25 M sucrose, 10 mM histidine, 230 �M PMSF, and 1.1 �M
leupeptin pH 7.4, quick-frozen, and stored at �80°C until use.

RyR3. Complementary DNA encoding RyR3 (10–15 �g, a gift
from Dr. Wayne Chen, University of Alberta, Edmonton, AB) was
transfected into HEK-293T cells (sixteen 100-mm dishes at 30–40%
confluency grown in Dulbecco’s modified Eagle’s medium using the
calcium phosphate method (10). Six hours after transfection, medium
was replaced and cells were grown for an additional 36–44 h. Cells
were then washed with 1� PBS containing 1 mM EDTA; harvested
by centrifugation (500 � gav for 3 min); resuspended in buffer
containing 0.25 M sucrose, 10 mM histidine pH 7.3, and a protease
inhibitor mix (1 mM benzamidine, 2 �g/ml leupeptin, 2 �g/ml
pepstatin A, 2 �g/ml aprotinin, and 0.5 mM PMSF); and homogenized
(3 � 6 s). Homogenates were centrifuged (85,000 � gav for 45 min)
and SR membranes were collected, quick-frozen in liquid nitrogen,
and stored at �80°C.

Preparation of Junctional SR Membranes

Junctional SR membranes containing RyR1 were prepared by
fractionating SR membranes using discontinuous sucrose (0.6 M, 0.8
M, 1.2 M, 1.5 M) gradient centrifugation (103,745 � gav for 2 h) and
collecting membranes at the 1.2–1.5 M sucrose interface (48). Junc-
tional SR membranes containing RyR2 were prepared by fractionating
SR membranes using discontinuous sucrose (0.6 M, 0.8 M, 1.0 M, 1.5
M) gradient centrifugation (103,745 � gav for 2 h) and collecting
membranes at the 1.0–1.5 M sucrose interface (49).

Preparation of Proteoliposomes Containing RyR

Proteoliposomes containing RyR1 and RyR2 were prepared as
described previously (48, 49). For preparation of proteoliposomes
containing RyR3, 3.0 mg/ml of HEK-293T cell membranes were
solubilized with 1.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate. Proteoliposomes were stored in the vapor phase of
a liquid nitrogen freezer until use.

[3H]Ryanodine Binding Assays

Identification of sephadex G100 fractions that bind to RyRs. SR
membranes (0.1 mg/ml) containing RyR1, RyR2, or RyR3 were
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incubated in binding buffer (500 mM KCl, 20 mM Tris-HCl, 0.4 mM
CaCl2, 0.1 mM EGTA pH 7.4) containing 6.7 nM [3H]ryanodine and
75 or 150 �g/ml of fractions F1 through F17 for 2 h at 37°C.
Ryanodine (1 �M) and HEPES-buffered saline (1%) were used as
controls. At the end of the incubation, samples were rapidly filtered
through GF/C filters using a cell harvester (Brandel, Gaithersburg,
MD), washed three times with ice-cold binding buffer (3 ml), and the
amount of [3H]ryanodine bound to the filters was quantified by liquid
scintillation counting (7).

Determination of IC50 and Ki of F13. Competition for high-affinity
[3H]ryanodine binding was used to determine IC50 and Ki values for
binding of the most active fraction, F13, to RyR1, RyR2, and RyR3.
F13 concentrations ranging from 1 to 8,000 �g/ml were used. For
determination of IC50 values, competition data were fitted to one- and
two-site models using nonlinear regression analysis (36). The Cheng-
Prusoff equation [Ki 	 IC50/(1 � (L/KL)] was used to determine the
Ki values for F13 on binding to RyR1, RyR2, and RyR3, where L is
the concentration of [3H]ryanodine (6.7 nM) and KL is the equilibrium
dissociation constant of [3H]ryanodine (2.4 nM for RyR1, 1.2 nM for
RyR2, and 3.6 nM for RyR3) (7, 49).

Single-Channel Measurement and Analyses

Lipid bilayer assays were used to determine the functional conse-
quences of F13 on binding to RyR1, RyR2, and RyR3 (48, 49). Phos-
phatidylethanolamine, phosphatidylserine, and phosphatidylcholine in a
ratio of 5:3:2 (35 mg/ml of lipid) in n-decane were painted across the
200-�m diameter hole of a bilayer cup. Purified RyR1, RyR2, or RyR3
was then incorporated into the lipid bilayer for single-channel assays. The
side of the bilayer to which proteoliposomes were added was designated
as the cis side, the opposite side as trans or ground. F13 was added to the
cis chamber and vigorously stirred for �30 s. Channel activity was then
recorded for 6 min (3 min at �35 mV and 3 min at �35 mV) in
symmetric KCl buffer (0.25 mM KCl, 20 mM K-HEPES pH 7.4) with
3.3 �M or 9.2 �M Ca2� in the cis chamber. Electrical signals were
filtered at 2 kHz, digitized at 10 kHz, and analyzed using pClamp
(Molecular Devices, Sunnyvale, CA). All assays were conducted at room
temperature (23–25°C) in ambient oxygen.

Effects of F13 on Ca2� Mobilization from Sarco(endo)plasmic
Reticulum via RyRs in Quiescent Cells

Mouse skeletal muscle myoblasts (C2C12 cells) were grown on
laminin-coated glass-bottomed chambers in DMEM containing 1.8 mM
CaCl2 supplemented with 2% fetal bovine serum and antibiotics (100
units/ml penicillin, 100 �g/ml streptomycin, and 100 �g/ml gentamicin
pH 7.3) to allow differentiation. At 60–70% confluency, differentiated
myotubes were loaded with Fluo 3-AM (5 �M for 30 min at 37°C),
washed, switched to DMEM without CaCl2, and placed on the stage of a
laser confocal microscope (Zeiss LSM 510 equipped with an Argon-
Krypton Laser, 25 mW argon laser, 488 nm, 1% intensity, Thornwood,
NJ; Plan-Apochromat 63�/1.4 oil lens, pinhole 128 �m, pixel time 1.28
�s, stack size 1,024 � 1,024 � 1). Ryanodine (25 �M) was added to one
chamber of cells and time-lapse confocal microscopy was conducted to
assess changes in intracellular Ca2�. F13 (75 �g/ml) was added to a
second chamber of cells and changes in intracellular Ca2� were recorded
every 5 s for 5 min. Cells earlier exposed to F13 were then challenged
with ryanodine (25 �M), and changes in intracellular Ca2� were again
recorded every 5 s for 2 min. A second bolus of ryanodine (25 �M) was
added to cells 5 min after the first, and changes in intracellular Ca2� were
recorded for an additional 3 min. For all assays, Fluo 3 was excited at 488
nm and fluorescence emission was measured at wavelengths �515 nm.
Ca2�-release data were analyzed using Image J software (http://
rsb.info.nih.gov/nih-image/), Microsoft Excel (Microsoft, Seattle, WA),
and Sigma Plot (Systat, Chicago, IL).

Fig. 1. A: representative elution profile of fractions from the Sephadex G-100
column. Fraction 0 was designated as the fraction that eluted from the column
immediately after Dextran Blue (Mw 200,000 Da). Phenol red (Mw 354 Da)
eluted from the column in fraction 17. B: ability of Sephadex G-100 fractions
(F1 to F17) to displace [3H]ryanodine binding from RyR1. Data are means �
SEM from five experiments performed in duplicate. Responses to ryanodine as
a positive control (open circles) and to the HEPES-buffered saline vehicle as
a negative control (closed triangles) are also indicated. C: comparison of
the ability of 75 and 150 �g/ml F13 to displace [3H]ryanodine from RyR1,
RyR2, and RyR3. Data are means � SEM of four experiments performed
using three different samples of HBD. *Significantly different from vehicle
control at P 
 0.05. **Significantly different from 75 �g/ml at P 
 0.05.
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Effects of F13 on K�-evoked Ca2� Mobilization from
Sarco(endo)plasmic Reticulum

To assess whether F13 impairs depolarization-induced Ca2� re-
lease from the SR/ER, C2C12 cells were loaded with 5 �M fura-2 AM

in Krebs-Ringer medium containing (in mM) 20 HEPES-Tris pH 7.4,
118 NaCl, 4.7 KCl, 3 CaCl2, 1.2 MgCl2, and 10 glucose for 30 min at
37°C. Cells were then washed three times with fresh Krebs-Ringer to
remove extracellular fura-2 and placed on the stage of a Nikon
microscope (TE2000) and perfused with Krebs-Ringer solution at a
rate of 1.0 ml/min. Depolarization was induced by changing to a
Krebs-Ringer solution containing 90 mM KCl with proportionally
reduced sodium concentration to maintain osmolarity (in mM: 20
HEPES-Tris pH 7.4, 28 NaCl, 94.7 KCl, 3 CaCl2, 1.2 MgCl2, and 10
glucose) and changes in intracellular Ca2� were measured. After 5
min, cells were again perfused with Krebs-Ringer solution and then
incubated for 20 min with F13 (75 �g/ml). Depolarization-induced
Ca2� transient was then induced by K�. All experiments were
matched with vehicle-treated controls to eliminate nonspecific effects
of F13. Cells were excited at 340/380 nm and emission measured at
510 nm. Recordings were performed using a dual excitation fluores-
cence photomultiplier system (Image Master Fluorescence Micro-
scope, Photon Technology International, Birmingham, NJ) employing
FELIX software.

Statistical Analyses

Data are expressed as means � SEM. Statistical significance of effects
was analyzed using analysis of variance followed by the Bonferroni
post-test using Prism 5 (GraphPad Software, San Diego, CA).

RESULTS

Effects of HBDaq fractions on binding of [3H]ryanodine
to RyR1, RyR2, and RyR3

Fractions 1–9 of HBDaq obtained from the Sephadex G-100
column (Mw ranging from 200,000 to 10,000 Da) had minimal
effect on the binding of [3H]ryanodine to RyR1 (Fig. 1A).
However, fractions 10–17, which contained compounds of Mw

6,000 to 500 Da, displaced [3H]ryanodine from RyR1 in a
Gaussian manner, with fraction 13 (F13), the most active
fraction, displacing 50 � 3% and 80 � 5% of [3H]ryanodine at
75 �g/ml and 150 �g/ml, respectively (Fig. 1B). The HEPES-
buffered saline (HBS) used for extraction of HBD had no effect
on the binding of [3H]ryanodine to RyR1 (Fig. 1B, open circle,
top right), whereas the RyR-selective ligand ryanodine (posi-
tive control) displaced 92 � 2% of [3H]ryanodine binding (Fig.
1B, filled triangle, bottom right). Similar patterns were ob-
tained using membranes containing RyR2 and RyR3 (data not
shown), but F13 was less effective against these isoforms, with
75 �g/ml and 150 �g/ml of HBD displacing �20% and �40%
of [3H]ryanodine from RyR2 and RyR3, respectively (Fig. 1C).
Compounds in F13 were estimated to have Mw 
2,000 Da.

Fig. 2. Relative affinities of HBD (F13) for RyR1, RyR2, and RyR3. Competition
of F13 for binding of [3H]ryanodine was assessed in membrane vesicles containing
each RyR subtype. Data shown represent means � SEM from four experiments
performed with three different membrane preparations. For comparison, the displace-
ment binding curve for the prototype ligand ryanodine is shown in the closed
squares for each panel. *Significantly different from vehicle control at P 
 0.05.

Table 1. IC50, Ki, and percent of high-affinity binding sites for F13 binding to RyR1, RyR2, and RyR3 using one- and two-site
binding models

RyR subtype with
compound

IC50 (�g/ml)
one-site model

High-affinity binding
sites, one-site model (%)

Ki (�g/ml)
one-site model

IC50 (�g/ml)
two-site
model

High-affinity binding
sites, two-site model (%)

Ki (�g/ml)
two-site model

RyR1
F13 14.4 � 1.2 95 3.8 � 0.2 13.1 � 1.1 89.6 3.5 � 0.1

135.1 � 4.2 35.6 � 2.7
RyR2

F13 119.4 � 5.8 70.1 18.1 � 2.1 1.1 � 0.02 4.7 0.2 � 0.01
125.6 � 6.5 19.1 � 2.8

RyR3
F13 406.2 � 9.2 79.8 140.6 � 4.2 128.5 � 4.5 48.2 44.9 � 2.8

1434.6 � 20.2 501.6 � 9.2
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Affinity of F13 for RyRs

F13 displaced high-affinity [3H]ryanodine binding from RyR1 in a
concentration-dependent manner (Fig. 2A). The displacement data
for F13 fitted well to a one-site binding model, with an IC50 value of
14.4 � 0.1 �g/ml (r2 	 0.99). The displacement data for F13 also
fitted well to a two-site model with 89.6% of sites exhibiting high-
affinity binding (IC50 	 13.1 � 1.1 �g/ml) and the remaining sites
exhibiting lower-affinity binding (IC50 	 135 � 4 �g/ml). Ki values
for F13 on binding to RyR1 were also calculated using the
Cheng-Prusoff equation (Table 1). F13 also displaced [3H]ryano-
dine from RyR2 and RyR3 in a concentration-dependent manner,
but displacement data only fitted to a two-site model (Fig. 2, B and
C). IC50, Ki values, and percent of high-affinity binding sites for
one- and two-site models are shown in Table 1. The competition
curves for the RyR-selective ligand ryanodine are also shown for
comparison. Ryanodine exhibited an IC50 of 1.6 � 0.2 ng/ml for
RyR1, 0.14 � 0.01 ng/ml for RyR2, and 2.8 � 0.1 �g/ml for RyR3).

Effects of F13 on RyR Function

Lipid bilayer assays were used to assess the functional effects
of F13 on binding to RyR1, RyR2, and RyR3. F13 (cis) reduced

the open probability (Po) of RyR1 regardless of whether channel
activity was initially low or high (Fig. 3). The decrease in Po

resulted primarily from a reduction in the number of transitions
from the closed to the open state per second (gating frequency),
and this effect was independent of holding potential (data not
shown), indicating that charged compounds blocking the pore of
the channel was not the mechanism for the effects of F13. F13 did
not alter the conductance of RyR1. F13 also reduced the open
probability of RyR2 and RyR3, but with lower potencies (Fig. 4
and Fig. 5). Effects of F13 on open probability and conductance
of RyR1, RyR2, and RyR3 are summarized in Table 2.

Effects of F13 on Ca2� Mobilization from
Sarco(endo)plasmic via RyRs in Nonstimulated Cells

Differentiated C2C12 myotubes that express RyR1 and
RyR3 (20, 21) were used to assess the functional implications
of F13 binding to RyRs. F13 (75 �g/ml) did not elicit any
visible change in cytoplasmic Ca2� in Fluo-3-loaded C2C12
cells up to 10 min after addition, suggesting that F13 did not
open/activate RyR1/RyR3 (Fig. 6B). Similar results were also
obtained with 100 �g/ml and 150 �g/ml F13 (data not shown).

Fig. 3. Functional effects of HBD (F13) on RyR1.
Top: representative 1-s recordings of RyR1 at �35
mV in the absence and presence of increasing
amounts of F13 added to the cis chamber for both
low channel-opening (left) and high channel-open-
ing (right) conditions in the presence of 3.3 �M cis
Ca2�. Experiments were conducted in symmetric
KCl buffer solution. Bottom: means � SEM for n 	
10 channels from two separate RyR1 preparations.
*Significantly different from vehicle control at P 

0.05.

Fig. 4. Functional effects of HBD (F13) on RyR2.
Left: representative 1-s recordings of RyR2 at �35
mV in the absence and presence of increasing
amounts of F13 added to the cis chamber with 3.3
�M cis Ca2� in the presence of symmetric KCl
buffer solution. Right: means � SEM for n 	 10
channels from two separate RyR2 preparations.
*Significantly different from vehicle control at P 

0.05.
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The ability of F13 to inactivate/close RyR1/RyR3 was tested
by assessing its ability to antagonize the action of the RyR-
selective agonist ryanodine. Ryanodine (25 �M) elicited Ca2�

release from the SR of C2C12 cells within 10 s after addition
(Fig. 6A). The peak rise in cytoplasmic fluorescence (�F) was
3.9 � 0.2 fluorescence units (f.u) over basal at 20 s after
addition of ryanodine and decayed with time (50% after 120 s).
However, when C2C12 were pretreated with F13 (75 �g/ml)
for 5 min, the amplitude of the Ca2� transient elicited by
ryanodine (25 �M) was significantly reduced (�F 	 0.12 �
0.03 f.u). A second bolus of ryanodine (25 �M) added 5 min
after the first was incapable of eliciting Ca2� release from the
SR/ER. Caffeine-evoked Ca2� transient amplitude was also
reduced following pretreatment of C2C12 cells with F13 (data
not shown). These data are consistent with the notion that F13
is impairing mobilization of Ca2� from the internal sarco-
(endo)plasmic reticulum by inhibiting or inactivating RyRs.

Effects of F13 on Evoked Ca2� Mobilization from
Sarco(endo)plasmic via RyRs

High extracellular K� triggers Ca2� release from the SR/ER
via RyRs following activation of voltage-sensitive L-type Ca2�-
channels. The amplitude of the K�-evoked Ca2� transient in cells
pretreated with 75 �g/ml of F13 was 36 � 8%, less than that
generated in untreated cells (0.18 � 0.03 f.u vs. 0.28 � 0.04 f.u
for untreated cells, n 	 12, P 
 0.05; Fig. 7). In addition, the rate
of rise of intracellular Ca2� was 1.3-fold slower in F13-treated
cells than in untreated cells (0.04 � 0.01 f.u s�1 compared with
0.06 � 0.01 f.u s�1 for control, P 
 0.05). The Ca2� transient
decay time was also slower in cells pretreated with F13 than in

untreated cells (1.9 � 0.2 � 10�3 f.u s�1 vs. 3.5 � 0.3 � 10�3

f.u s�1, respectively; P 
 0.05).

DISCUSSION

Pig farming is a $20 billion industry in the United States,
and continuing national and international demand for pork and
pork products is likely to expand this industry even further
(52). During the last decade, public discussion/debate on the
environmental and health impact of hog CAFOs has led to a
reduction in the number of facilities in the United States.
However, the CAFOs that remain have enlarged significantly,
with some housing in excess 50,000 animals per production
cycle (42). This shift toward larger hog CAFOs is raising
renewed concerns, as unprecedented amounts of feces, aerobic
lagoons, animal carcasses, and bioaerosols are generated and
disposed of in localized geographic regions. While many
previous studies have indicated a link between the dust gener-
ated inside hog confinement facilities and respiratory ailments
in facility workers and farm residents, little is known about
whether HBD might also be a contributing cause for the increased
incidence of nonrespiratory illnesses related to CAFOs, including
anger/tension, headaches, depression, skeletal muscle aches and
fatigue, nausea, gastrointestinal disorders, and cardiovascular dis-
eases, including heart failure and arrhythmias (11, 16, 17, 24, 40).

The principal finding of the present study is that HBD contains
water-soluble compounds of low molecular weight (�2,000 Da)
that impair Ca2� mobilization from internal sarco(endo)plasmic
reticulum by inactivating RyRs. These compounds, which were
partially purified and concentrated from aqueous extracts of HBD,
are extremely potent, exhibiting affinities of �50 �g/ml for

Fig. 5. Functional effects of HBD (F13) on RyR3.
Left: representative 1-s recordings of RyR2 at �35
mV in the absence and presence of increasing
amounts of F13 added to the cis chamber with 3.3
�M cis Ca2� in the presence of symmetric KCl
buffer solution. Right: means � SEM for n 	 10
channels from two separate RyR2 preparations.
*Significantly different from vehicle control at P 

0.05.

Table 2. Effects of F13 on the open probability of RyR1, RyR2 and RyR3

RyR
subtype

[F13]
(�g/ml)

cis [Ca2�]
(�M)

Open Probability
(Po)

Dwell time opened
state (ms)

Dwell time closed
state (ms)

Transitions per second
from close to open state

Conductance
(G) pS

RyR1 0 3.3 0.06 � 0.01 0.52 � 0.1 8.11 � 0.92 114 � 8 750 � 10
25 0.01 � 0.00* 0.31 � 0.01* 20.86 � 1.24* 67 � 9* 776 � 12

0 9.2 0.47 � 0.03 0.95 � 0.15 0.83 � 0.14 579 � 16 749 � 9
25 0.16 � 0.02* 0.07 � 0.01* 3.42 � 0.43 266 � 11* 768 � 11

RyR2 0 3.3 0.28 � 0.02 9.62 � 0.70 25.26 � 5.23 33 � 7 670 � 5
100 0.06 � 0.01* 4.07 � 0.50* 111.92 � 10.11* 10 � 2* 676 � 6

RyR3 0 3.3 0.60 � 0.05 1.33 � 0.11 0.73 � 0.13 136 � 7 643 � 10
150 0.41 � 0.02* 0.63 � 0.11* 1.15 � 0.14* 80 � 8* 649 � 11

*Significantly different from no drug (0 �g/ml).
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RyR1, RyR2, and RyR3. Analysis of the high-affinity [3H]ryano-
dine displacement binding curves suggests that HBD is interacting
with more than one site on RyR1, RyR2, and RyR3. Whether the
multiple binding sites are due to multiple compounds in F13
exhibiting different binding affinities, or to one compound binding
to two distinct sites, remains to be resolved.

In a previous study, we found that chloroform extracts of
HBD contain organic compounds that bind to and biphasically
activate and then inhibit RyR1 (48). The water-soluble com-
pounds present in F13 are functionally distinct from those in
the chloroform extracts, because there is no evidence that F13

activated RyRs; rather, it inhibited RyRs. Further fractionation
of F13 will be required to establish the identities of the
RyR-active compounds in the chloroform and aqueous extracts
and to determine whether they are peptides, microbial metab-
olites, or molecules derived from chemical reactions taking
place inside CAFOs.

In lipid bilayer assays, F13 dose-dependently reduced the
open probability of RyR1, RyR2, and RyR3 without altering
their conductances. F13 was also more efficacious in inactivat-
ing RyR1 than RyR2, or RyR3. Because RyR1 is predominant
in skeletal muscles, and inactivation uncouples it from L-type

Fig. 6. F13 impairs mobilization of Ca2� from internal
stores in quiescent cells. A: representative time-lapse
confocal recording showing changes in intracellular
Ca2� of C2C12 cells challenged with 25 �M ryano-
dine. Red arrows indicate changes in intracellular Ca2�.
B: representative time-lapse recording showing changes
in intracellular Ca2� of C2C12 cells challenged with 75
�g/ml F13. C: representative time-lapse recording
showing changes in intracellular Ca2� of C2C12 cells
pretreated with 75 �g/ml F13 and then challenged with
25 �M ryanodine. White arrows indicate changes in
intracellular Ca2�. D: representative time-lapse record-
ing showing changes in intracellular Ca2� of C2C12
cells pretreated with 75 �g/ml F13 and challenged with
a second bolus of ryanodine (25 �M). E: Ca2� tran-
sients recorded over 200 s (mean � SEM) for six
separate experiments.
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Ca2� channels, these data reinforce the notion that HBD
contains compounds, both lipid- and aqueous-soluble, that
impair mobilization of Ca2� from the sarco(endo)plasmic re-
ticulum by inactivating RyRs (13, 48).

Our data show that F13 also binds with high affinity and
inhibits RyR2, the major RyR isoform present in heart and
brain. This is an important finding that could provide new
insights regarding the exacerbation of cardiovascular diseases
such as heart failure, arrhythmias, headaches, and nausea
reported by confinement facility workers and individuals living
in surrounding communities. Cardiac contractions depend crit-
ically on the timely, adequate, and synchronized release of
Ca2� from the SR via RyR2. Following depolarization, a small
amount of extracellular Ca2� enters cardiac myocytes via
L-type Ca2� channels. This Ca2� binds to and activates/opens
RyR2, a process known as Ca2�-induced Ca2� release. If
RyR2 becomes unresponsive to the elevated intracellular Ca2�,
then the amount of Ca2� release from the SR would be
reduced, thereby negatively impacting cardiac contractions.
Uncoordinated or delayed opening of RyR2 could also trigger
delayed-after-depolarization and arrhythmias (51, 54).

RyR2 is also the major RyR isoform in the brain, where it plays
important roles in presynaptic neurotransmitter release, gene tran-
scription, and the postsynaptic plasticity that underpins cognitive
function (53, 55, 56). Under basal conditions, neuronal intracel-
lular Ca2� is in the nM range, but upon electrical or ligand-
induced stimulation, Ca2� rises to �M concentrations in a precise
and timely manner within specific regions to elicit the desired
effect (2). The majority of Ca2� needed for executing these
functions is recruited from the ER via RyR2. Inactivation by HBD
would reduce the amplitudes of these responses and thus could
elicit observed effects such as headaches and nausea. Headaches
are seen as side effects with the prostacyclin analog beraprost
sodium, which also inhibits Ca2� release from intracellular stores
(35). F13 also binds to and inhibits RyR3, but with reduced
efficacy compared with RyR1 and RyR2. Because RyR3 plays
important roles in regulating smooth muscle, particularly vascular

tone and gastrointestinal mobility (12), these findings could im-
plicate RyR3 modulation by HBD as an underlying cause for the
increased gastrointestinal distress reported by confinement facility
workers and individuals living in close proximity to CAFOs.

Pretreatment with F13 attenuated the ability of the RyR-
selective agonist ryanodine to mobilize Ca2� from the intracellu-
lar stores in quiescent C2C12 cells. Pretreatment with F13 also
attenuated evoked Ca2� release from C2C12 cells. These effects
were observed by pretreating cells with as little as 25 �g/ml F13
for 5 min but were more robust with 75 �g/ml HBD. To put these
data into context, the emission rate of respirable dust from hog
CAFOs is estimated to be 60 mg·h·500 kg per live animal. For a
CAFO with 50,000 hogs of 25 kg each, 150 g of dust per hour
(42) will be emitted. In our study, 1 g of HBD was extracted with
10 ml of buffer and 2.5 ml of the extract was separated on
Sephadex G-100 resin into 17 fractions. Assuming equivalent
masses in each fraction, F13 would contain 15 �g of RyR-active
compounds. Thus the amount of RyR-active compounds emitted
into the environment in the form of dust from hog CAFOs over
the 3- to 4-mo growing period is enormous.

Although the use of C2C12 cells established the proof of
concept that HBD can impair Ca2� release from the SR/ER,
our study is not without limitations. First, C2C12 cells express
both RyR1 and RyR3 isoforms (20, 21), and the relative
contribution of each RyR isoform in preventing Ca2� release
express from the SR/ER remains uncertain. C2C12 cells also
express IP3Rs (5), and IP3R blockers (e.g., xestospongins)
were not used in studies investigating Ca2� release in quiescent
cells. Additional studies are ongoing using L6 skeletal muscle
myotubes that express RyR1, rat ventricular myocytes that
express RyR2, HEK-293T cells transfected with recombinant
mouse cDNA encoding RyR3 (a gift from Dr. S.R.W. Chen,
University of Alberta), and with IP3R blockers to better delin-
eate the effects of HBD on evoked Ca2� release from the
SR/ER. Second, pretreatment of C2C12 cells with F13 reduced
ryanodine- and K�-induced Ca2� release from the SR/ER, and
this was attributed in part to inhibition of RyRs. However, a
reduction in Ca2� transient amplitude could also result from a
reduction in activity of sarco(endo)plasmic reticulum Ca2�-
ATPase (SERCA), the ATP-dependent pump that translocates
Ca2� from the cytoplasm to the lumen of the SR/ER. The
slowing in the Ca2� transient decay in Fig. 7 (broken line)
suggests that this might be the case. More work is therefore
needed to address effects of HBD on the activity of SERCA.

In summary, the present study shows for the first time that the
dust generated inside hog CAFOs contains compounds that impair
mobilization of Ca2� from internal sarco(endo)plasmic reticulum
by inhibiting all three isoforms of RyR. The inability of RyRs to
open and release Ca2� from internal stores could significantly
impair physiologic responses of cells and trigger adverse effects
such as muscle aches/fatigue, nausea, diarrhea, headaches, and
cardiovascular diseases, akin to the complaints reported by hog
CAFO workers and residents in close proximity to these facilities.
These nonrespiratory illnesses have been presumed to be second-
ary to respiratory illness, as a consequence of breathing toxic
gases such as hydrogen sulfide, ammonia, and methane generated
by CAFOs, and from particulate matter less than 10 �m in
diameter. Our findings suggest yet another mechanism that could
account for these illnesses; namely, impairment of Ca2� mobili-
zation from internal stores. It is possible that even the respiratory
ailments in hog CAFO workers and residents in immediate vicin-

Fig. 7. F13 impairs K�-evoked Ca2� mobilization from internal stores.
Representative K�-induced [Ca2�]i transients in C2C12 cells pretreated and
not pretreated with F13 (75 �g/ml). C2C12 cells were loaded with fura 2-AM
for 30 min. After loading, cells were washed, transferred to a perfusion
chamber mounted on the stage of an inverted microscope, and perfused with
Krebs-Ringer solution. Depolarization was then evoked by KCl (90 mM) and
changes in intracellular Ca2� were measured. After 5 min, cells were again
perfused with Krebs-Ringer solution and then incubated for 20 min with F13
(75 �g/ml). After this time, depolarization-induced Ca2� transient was induced
by K�. Mean amplitudes for Ca2� transients, rate of rise of Ca2� release, and
rate of Ca2� transient decay are listed in the text. Experiments were repeated
four times with two separate cell preparation.
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ity could be due in part to HBD inactivating RyRs on various
types of lung cells. Further studies to identify the specific com-
ponent(s) of HBD that bind and modulate RyRs could lead to a
better understanding of their mechanisms of action and their
physiologic/pathophysiologic relevance. They could also lead to
approaches to monitor their environmental concentrations and
toxicity and to reduce and treat the diverse array of HBD-
associated pathologies.
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