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Abstract
Background—Orthostatic hypotension (OH) is characterized by an abnormal autonomic
response to upright posture. Activating autoantibodies to β1/2-adrenergic (AAβ1/2AR) and M2/3
muscarinic receptors (AAM2/3R) produce vasodilative changes in the vasculature that may
contribute to OH.

Methods and Results—IgG from 6 patients with idiopathic OH harboring autoantibodies and
from 10 healthy control subjects were examined for: 1) β1AR and M2R activity with a perfused
Purkinje fiber assay and PKA assay in H9c2 cells, and 2) vasodilator β2AR and M3R activity
using a pressurized cremaster resistance arteriole assay. Changes of IgG activity with and without
propranolol, atropine, and L-NAME were used to estimate AAβAR, AAM2R and AAM3R
activation of their respective functions. All 6 patients had elevated ELISA titers to at least one of
the receptors compared to controls. βAR-mediated contractility activity and M2R activity were
increased in 5 of the 6 patients. IgG from all 6 patients produced a direct vasodilator effect upon
cremaster arterioles. βAR and nitric oxide synthase blockade led to near normalization of IgG-
induced vasodilation.
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Conclusion—Aβ1/2AR and AAM2/3R are present in some patients with idiopathic OH
compatible with an in vivo effect. These autoantibodies and their cardiovascular effects provide
new mechanistic insights into the pathophysiology of OH.
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Introduction
Orthostatic hypotension (OH) of varying severity afflicts up to 2% of the adult population
(1). The control of blood pressure (BP) is complex and requires integration of multiple
systems to achieve transition from the recumbent to the upright posture. It is not surprising
that clinicians are at a disadvantage in identifying the etiology of such patients. There exist a
high percentage of patients assigned to the category of “idiopathic” autonomic dysfunction.
In the course of our study of patients with conditions associated with the presence of
activating autoantibodies to the β1/2-adrenergic and M2 muscarinic G-protein coupled
receptors (GPCR), we observed several with coexisting OH. Some had sufficient underlying
cardiac or other potential causes for orthostasis, others did not. We have several patients
with no apparent etiology, yet were greatly bothered by their orthostatic symptoms and who
sought medical assessment.

The autonomic system is intrinsically involved in a primary or secondary fashion in all cases
of OH (2, 3). Pathophysiologic changes include peripheral vasodilation with or without an
ability to respond to changes in posture by an increase in the cardiac output. These changes
are generally attributed to anatomical, metabolic or pharmacological-induced changes in the
central or peripheral neural system (2, 3). These may include metabolic or genetic alterations
in autonomic control systems ranging from preganglionic sites to post synaptic fibers (4). To
date, there have been a limited number of OH patients with a documented autoimmune
etiology. These include autoantibodies directed toward neural elements in a group of
subjects with autoimmune autonomic ganglionopathy (AAG) (5, 6). Up to 50% of these
subjects have measurable blocking autoantibodies to the ganglionic post synaptic α3
nicotinic acetylcholine receptor.

We hypothesized and now report a new category of patients wherein autoantibodies directly
activate autonomic receptors on the vascular endothelium and/or smooth muscle leading to
peripheral vasodilation and OH. This is based on our observation in such patients of
circulating autoantibodies which demonstrate in vitro activation of muscarinic M2/3
receptors (M2/3R) and/or the β1 and especially β2-adrenergic receptors (β1/2R).

We have examined a group of patients several of whom, but not all, have a history of an
autoimmune disorder. Many were found to harbor autoantibodies variably directed toward
β1/2AR and M2/3R and demonstrated OH without apparent cause. We have used sera and
IgG purified from 6 of these subjects to demonstrate with in vitro techniques these
autoantibodies are physiologically active and mechanistically capable of causing or
enhancing peripheral vasodilation (mediated by β2AR and/or M3R activation) or inhibiting
a compensatory rise in pulse rate (M2R). The co-presence of these different autoantibodies
may contribute to distinctive patterns of autonomic dysfunction in these patients. We
provide evidence for at least three patterns of clinical variability based on a dominance of
β1/2-adrenergic activity, of muscarinic M3R activation of endothelial nitric oxide synthase
(eNOS) activity and for muscarinic M2R inhibition of pulse rate and cardiac responsiveness
to upright posture.
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Methods
Patient Selection

Thirty six patients had been referred for evaluation of symptomatic OH in the endocrinology
clinics of the VAMC and OU Health Sciences Center. These subjects were screened by
ELISA for autoantibodies as part of their examination. Six subjects with evidence for one or
more ELISA-positive autoantibodies were selected for more detailed study to determine if
these autoantibodies had the potential activity that would impair their ability to compensate
for the physiological changes in peripheral resistance (vasodilation) or alter their cardiac
output when standing upright. Patients with evident secondary hypotension from
administration of antihypertensive drugs or overt neurological diseases associated with OH
were excluded. There was no discrete neurological cause of their OH. One patient (#106)
was included with a diagnosis of type 1 diabetes mellitus. This patient had minimal diabetic
peripheral sensory neuropathy but had evidence for autonomic dysfunction. A second
subject (#118) subsequently was diagnosed with coeliac disease which responded to dietary
gluten restriction. A third (#159) had been diagnosed with systemic lupus erythematosis and
was in remission without pharmacological therapy. A fourth (#112) has an autoimmune
hemolytic anemia and is in partial remission after splenectomy. Thus, 4/6 had an associated
autoimmune dyscrasia that demonstrated a predilection for production of autoantibodies.
Data from these 6 subjects are summarized in Table 1.

BP and heart rates were determined from each following a 5 min period of recumbency and
after 5 and 10 min of upright posture. Two patients had difficulty with prolonged upright
posture after 5 min and were allowed to sit with their legs in the dependent position for the
remainder of the 10 min. Four of the six patients underwent additional testing including a 25
min rest period with an indwelling venous cannula for subsequent measurement of postural
changes of norepinephrine. A radial artery pulse wave transducer (HDI/PulseWave
CR-2000, Hypertension Diagnostic Inc, Egan, MN) for indirect measurement of estimated
cardiac index (ECI) and total peripheral resistance (TPR) was placed distally on the same
arm so as to not interfere with the blood collection, while the BP cuff was located on the
contralateral arm. After the posture test was completed, the patient sat quietly for 30 min and
then underwent a standardized cold pressor test with hand exposure to ice water for 30
seconds. BP was recorded for 5 min. Two subjects did not undergo the full study as they
moved away from this location and could not return. Each patient was consented using
forms approved by the OUHSC IRB and by the VAMC Research and Development
Committee.

ELISA
The enzyme-linked immunosorbent assay (ELISA) was performed as previously described
(7). Briefly, microtiter plates were coated with human β1AR, β2AR, or M2R expressed in
CHO cell membranes (PerkinElmer, Waltham, WA) at 10 μg/ml in coating buffer. A peptide
corresponding to the second extracellular loop (ECL2) of human M3R (aa 213-228) was
synthesized (Molecular Biology Proteomics Facility, OUHSC) and used to detect M3R
autoantibodies. Controls included serum alone, secondary antibody conjugate alone, 1%
BSA alone, and purified pooled human IgG (Sigma). Values were read at 60 min with serum
dilutions (titers) assigned when the optical density (OD) reaches 0.1 units.

IgG Preparation
IgG was purified from the patient or healthy control sera using the NAb Protein A/G Spin
Kit (Pierce Biotechnology, Rockford, IL).
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Contractility Bioassay
Contractility assays were performed to estimate βAR and M2R activity using isolated canine
Purkinje fibers as described (7, 8). Free running Purkinje fibers from canine ventricles were
perfused with normal Tyrode’s solution at 36±0.1°C in a perfusion chamber mounted in
vitro. Contractions were recorded before, with IgG equivalent to 1:100 serum dilutions and
following washout. IgG plus atropine (100 nmol/L) then was assayed to determine βAR
activation attributable to the anti-βAR component of the IgG. IgG also was tested in the
presence of dual βΑR and M2R blockade using nadolol (100 nmol/L) and atropine (100
nmol/L). The βAR agonist isoproterenol (10 nmol/L) served as a positive control.
Contractility indices were recorded and analyzed offline using pClamp 9.2 (Axon
Instruments, Foster City, CA) and Sigmastat statistical software and calculated as the mean
of 15 consecutive contraction cycles during baseline and during the agonist/antagonist
response.

Protein Kinase A Assay
Assays to determine protein kinase A (PKA) activity were performed as described (7) using
serum from the patient. Briefly, 1 × 107 H9c2 cells were plated in T75 culture flasks. Sera
(1:100 dilution) with and without atropine (100 nmol/L) were incubated with cells for 1 hr
before reactions were stopped by ice-cold PBS. Protein kinase activity was measured using a
SignaTECT PKA assay kit (Promega, Madison, WI). For inhibition of autoantibody-induced
PKA activity, the β-blocker nadolol (100 nmol/L) was added. The βAR agonist
isoproterenol (100 nmol/L) was used as a positive control. The specific activity of the
enzyme was determined in pmol/L per minute per μg for each sample and the results were
presented as percentages above the basal level of PKA activity.

Isolated Vessel Pressure Myography
This was performed to estimate the effect of IgG from each patient on β2AR and M3R-
induced vasodilation as well as to screen for other concurrent agonists that might cause
vasoconstriction. Cremaster resistance arterioles (70-80 μm) were surgically removed from
anesthetized rats (180-250 g) and placed in a temperature-controlled (<4°C) dissection
chamber containing a physiological salt solution. A ~2 mm segment of the main
intramuscular arteriole was microdissected, transferred to a 5.0 mL temperature-regulated
superfusion chamber and cannulated at each end with glass pipettes (external diameter ~75
μm) (9, 10). Vessel segments were gradually pressurized to 70 mmHg and warmed to 34°C.
The vessel preparation was positioned on the stage of an inverted microscope (Olympus
IX70) equipped with a video-based imaging system. Measurements of internal vessel
diameter were made using electronic video calipers (Texas A&M University, College
Station, TX). After equilibration and development of steady-state myogenic tone, all
arterioles (except control) were perfused with the specified IgG agonist and cumulative 3-
point concentration-response curves were constructed. After equilibrium the perfusate was
switched to one containing an identical maximal effective concentration of IgG and 1 μmol/
L propranolol for 5 min and the effect on vessel diameter recorded. At that point, 100 μmol/
L L-NAME was added to the IgG and propranolol and their cumulative effects recorded
until no further change in diameter was observed. The data are reported as percentage of the
maximal Ca2+-free passive diameter (maximal dilation) at 70 mmHg measured at the end of
each preparation in order to normalize the values.

Statistics
Normally distributed data are expressed as mean ± standard deviation. Contractility values
were normalized to their respective baseline values. Comparison between normally
distributed groups was performed using the Student’s t-test with a Bonferroni correction to
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adjust for the multiple comparisons. A p value of <0.05 was considered statistically
significant.

Results
Clinical Details

Four females and two males with OH without documented cause are included in the study
since they demonstrated significant levels of ELISA positive autoantibodies that were of
interest. Their clinical data are shown in Table 1. Each had recurrent episodes of OH by
history and documented by repeated testing. β-blockade was discontinued for >24 hrs prior
to testing in one patient. Two (#112 and 118) had a resting pulse rate frequently <50 bpm
and four had a disproportionately impaired pulse response to upright posture. Two (#156
and 159) had a rapid pulse response to standing and had significant hypotension
distinguishing them from classical postural tachycardia syndrome (POTS) wherein the BP is
frequently maintained, albeit with a marked tachycardia associated with symptoms
compatible with adrenergic hyperactivity (11). Four were available for indirect estimation of
their cardiac index and systemic vascular resistance. Each subject demonstrated a significant
decrease in their estimated cardiac index with upright posture and their estimated systemic
vascular resistance failed to increase appropriately. The plasma norepinephrine
concentration at rest in each of these four subjects was within normal limits and rose
appropriately with upright posture. All four patients tested had a positive cold pressor
response.

Presence of ELISA Positive Autoantibodies
Sera were examined by ELISA for autoantibodies directed against β1AR, β2AR, M2R and
M3R. These data are shown in Table 1 for each subject. Normal control subjects generally
have ELISA titers of ≤1:1,600 for anti-≤1/2AR and β1:400 for anti-M2/3R. Bioactivity is
not usually observed in these “normal” samples and attributed to either low affinity
autoantibodies or is directed to an inactive site on the receptor. One such “normal” volunteer
had elevated bioactivity and on posture testing was found to have an asymptomatic but
abnormal BP/pulse response and was therefore not included in the normal subjects of this
study.

Effect of Serum IgG on βAR and M2R-Mediated Purkinje Fiber Contractility
IgG purified from the sera of 6 subjects demonstrated significant levels of bioactivity for
βAR and/or M2R as measured by their effects on contractility of perfused canine Purkinje
fibers (Figure 1A). Five of 6 patients demonstrated significant levels of bioactivity
associated with the βAR inasmuch as they demonstrated a positive effect on contractility
either with IgG alone and/or following IgG plus atropine blockade. IgG from patient 106,
although possessing autoantibodies to β1/2AR by ELISA, demonstrated a significant
inhibitory contractile effect of IgG alone consistent with M2R activation. When atropine
was added, no βAR contractile activity was revealed with this assay. In a separate study
(data not shown), this patient demonstrated a significant increase in specific β2AR activity
and low β1AR activity. The non-selective β1/2AR blocker nadolol also did not alter IgG
activity in this patient. Four of 6 patients demonstrated a significant concurrence of
activating autoantibodies to both βAR and M2R. The sixth patient demonstrated modest
βAR and M2R-mediated contractile activity, but had relatively little net activity by IgG
alone. The mean values for IgG alone for all 6 patients, for M2R contractile activity as
measured in the presence of the β-blocker nadolol, and for βAR activity when IgG was
given in the presence of atropine are shown in Figure 1B. The mean values for all 6 were
significantly different from baseline and from control subjects. βAR activity (% over
baseline) was elevated in 5 of 6 patients (26.8±5.0%, n=5, vs. control 1.0±1.0%, n=10,
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p<0.0001). M2R activity was increased in 5 of the 6 patients (12.8±2.1%, n=5 vs. control
0.6±1.3%, n=10, p=0.0002). The values are comparable to the maximal effect of the βAR
isoproterenol positive control.

Effect of Serum IgG on PKA activation
Patient sera were obtained when no interfering drugs were present and tested for its ability to
activate or inhibit PKA in cultured H9c2 cells in vitro (Figure 2). These data are compared
to baseline in the presence of buffer alone and in the presence of atropine. This assay
provides an important parameter of cellular function relevant to the intrinsic activity of these
autoantibodies. All of the patients demonstrated significant β-activation of PKA. M2R
activity was estimated by subtracting the PKA activity in the presence of a high dosage of
atropine from the activity in its absence. Significant atropine-sensitive effects were present
in all 6 subjects. Patient 106, which demonstrated little positive contractile β1AR activity
with the Purkinje contractility assay, significantly activated PKA supporting a role for the
elevated β2AR activity. An isoproterenol stimulation, not shown, was performed with each
assay as a positive control.

Effect of Serum IgG on Skeletal Muscle Arteriole Resistance
We examined the vasodilator response to a 3-point dosage of IgG from 6 patients on rat
cremaster arteriolar diameter (Figure 3). Pooled, dialyzed normal human IgG (Sigma) at 150
and 300 μg/mL did not produce vasodilation. IgG from 3 individual control subjects
produced less than 5% vasodilation, which is within the range of changes affected by buffer
alone. There was a significant and dosage dependent vasodilator effect from each patient’s
IgG during perfusion. The effect of sequential addition of propranolol and L-NAME on
vasodilation induced by IgG from 4 OH patients and a representative tracing are shown in
Figure 4. There was a significant decrease in vasodilation with non-selective β-blockade and
a smaller mean decrease with blockade of nitric oxide synthase by L-NAME. No residual
pressor effect was observed in any subject during combined β-blockade and eNOS
suppression.

Pharmacological Interventions
Pharmacological effects were observed in several subjects during either selective β1AR or
muscarinic blockade. Subjects #106, #112 and #118 presented with a muscarinic dominant
picture and also had concurrent urinary bladder contractions and frequency of urination. The
M3R antagonist oxybutynin, which also has some M1R and M2R activity, led to clinical
improvement in their OH with a small pulse rate increase of approximately 5 bpm.
Unfortunately the concurrent and unpleasant M1R side effects of this muscarinic blockade
(constipation, dry mouth and eyes) led all three to discontinue the medication by 3 months.
The use of other muscarinic blockers yielded similar side effects. Two of these muscarinic
dominant subjects also had been previously prescribed a β-blocker and reported a dramatic
but fortunately short lived bradycardia with rates of 36 and 38 bpm. Subjects #156 and #159
with a β-dominant picture had previously been tried on a selective β-blocker (metoprolol)
with a slowing of their tachycardia but with worsening of their orthostasis.

Discussion
BP during upright postural change is maintained by a coordinated autonomic response with
rapid and sustained vasoconstriction and/or an increase in cardiac output to maintain blood
flow to the brain, heart and peripheral vasculature. Any agent superimposing systemic
vasodilation (whether drug-induced or pathological loss of adrenergic tone) or inhibiting
cardiac responsiveness (drug or structural damage) will cause or accentuate orthostasis in
susceptible subjects.
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We herein report a detailed mechanistic study of sera/IgG obtained from 6 patients with OH,
four with and two without a history of an autoimmune dyscrasia, who harbored
autoantibodies to β1/2AR and to M2/3R. We have demonstrated with in vitro assays that
β2AR and M3R activating autoantibodies are fully capable of inducing significant systemic
arteriolar vasodilation. We have demonstrated: 1) they activate their appropriate intracellular
messengers including PKA; 2) they alter contractility in cardiac tissue and most importantly
in peripheral resistance vessels; and 3) these effects can be blocked in vitro selectively by β-
blockade, generalized muscarinic blockade and/or by inhibition of endothelial nitric oxide
synthase.

Normally, β1AR and β2AR (to a lesser extent) agonists increase automaticity of the heart
but have variable effects on vascular tone. Autonomic orthosteric agonists have a variable
vasoconstrictive effect on resistance vessels. This occurs with the α1AR at physiologic
levels for norepinephrine but at higher concentrations for epinephrine. Activating β1/2AR
autoantibodies are receptor specific and do not cross react with the α1AR as would
epinephrine. These activating autoantibodies have a variable effect on vasodilation in
resistance arteries (12). β2AR agonists may produce vasodilation in resistance arteries by
two different mechanisms. These include: 1) direct vasodilation via activation of cAMP/
PKA-mediated dephosphorylation of the smooth muscle myosin (13); and 2) endothelial
nitric oxide-mediated vasodilation (14).The effect of M3R activation on eNOS-mediated
vasodilation is well established (15, 16). M2R activation, while not directed toward
vasodilation, has a profound inhibitory effect on heart rate while β1/2AR is
cardioacceleratory.

We have demonstrated three phenotypic patterns of activating autoantibodies within these 6
subjects. All had circulating activating autoantibodies coexistent with OH. Three (#106,
#112 and #118) had notable resting bradycardia and/or biochemical evidence consistent with
a muscarinic M2R dominant cardiovascular response. Two subjects (#156 and 159) had a
resting heart rate that was at the high end of normal and frequently observed tachycardia
associated with their orthostasis. These had lesser M2R activity and appear to be β1/2AR
dominant in their autoantibody activity. The 6th (#236) had a mixed pattern that was more
difficult to characterize, which is not surprising since this patient expressed evidence for
activity with all of the autoantibodies. The bioactivity-based tests using Purkinje
contractility, the cremaster resistance artery vasodilation and the biochemical assay
measuring PKA activation were generally consistent with the patient’s phenotype. All four
patients tested demonstrated a significant drop in their cardiac index with upright posture
and an inadequate compensatory reserve for their systemic vascular resistance.

Although we did not measure α3 nicotinic acetylcholine receptor antibodies in our patients
to rule out AAG, the symptom complex of our patients was somewhat different than
described for patients with AAG. Measurement of the circulating norepinephrine response to
upright posture was normal in four of our patients in contrast to the very low values
measured in patients harboring the α3 acetylcholine receptor blocking antibodies. Since up
to half of the patients with a putative diagnosis of AAG failed to demonstrate these α3
blocking antibodies (5), it is possible that activating autoantibodies to the β1/2AR and
M2/3R might be coexistent and implicated in that entity as well.

We have for the first time demonstrated the potential role of these activating autoantibodies
in mechanistically altering the normal autonomic response to upright posture. Unfortunately,
there are no useful animal models for OH in the human. Our initial studies in these subjects
demonstrate an intact norepinephrine response to orthostasis, an intact cold pressor
responsiveness; but a blunted cardiovascular response. Those subjects with a muscarinic
dominant effect had an inadequate cardiac pulse rate response during orthostasis while all
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subjects had an inadequate response in their estimated peripheral resistance. Final proof for
the role of these autoantibodies will consist in effectively blocking them using either existent
pharmaceutical agents or autoantibody-specific agents in current development and
demonstrating return of a normal physiological response to upright posture. Support for this
concept was observed when 3 of our patients with a relative muscarinic dominance and
concurrent bladder spasms were treated with the relatively non-selective M3R blocker
oxybutynin with some improvement in orthostasis. β-blockade had previously been
attempted with β1AR-selective agents in the two patients with a tachycardia prior to our
examining them and though their pulse rate slowed, their orthostasis was worsened likely
due to inadequate β2AR and M3R blockade. We believe that our studies provide a rational
explanation for these pharmacological responses. The combination of βAR and muscarinic
blockade has inherent cardiovascular risk and protocols to examine this possibility are under
consideration.

Thus, we have demonstrated for the first time that a subgroup of patients with idiopathic OH
demonstrates several activating autoantibodies capable of contributing to the
pathophysiology of OH. A large epidemiological study to examine the role of these
activating autoantibodies in several subgroups with various types of OH is now underway.
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Figure 1. Effects of IgG from the 6 orthostatic hypotension patients on Purkinje contractility
A. Each value represents the mean ± SD of 15 consecutive contractions and was measured
once the preparation had stabilized. The data are expressed as percent above basal levels of
the buffer control. The IgG alone shows net activity. An increase in contractility over
baseline with IgG plus muscarinic blocker atropine (Atr) represented the βAR effect of IgG
(AAβAR). The difference in IgG effect on contractility between the presence and absence of
atropine was a surrogate marker of the M2R inhibitory effect of IgG (AAM2R). The co-
presence of atropine demonstrates that βAR activity was impaired partially by concurrent
M2R inhibitory effects in 4 of the 6 patients. Patient 106 has marked M2R dominance while
patient 159 is βAR dominant. B. The mean effect of IgG from the 6 patients on Purkinje
contractility. The βAR activity of the IgG was measured as effect of IgG plus atropine (Atr)
and M2R activity as IgG plus the non-selective β-blocker nadolol (Nad). The effect of IgG
from 10 control subjects and the positive isoproterenol (ISO) control are also shown.
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Figure 2. Effects of sera from the 6 orthostatic hypotension patients on PKA activity in H9c2
cells
The values are expressed as percent above basal levels of PKA in medium control. An
increase in PKA activity with sera plus atropine (Atr) represented the βAR effect (AAβAR).
The difference in sera effect between the presence and absence of atropine was a surrogate
marker of the M2R inhibitory effect (AAM2R). This assay demonstrates a significant impact
of muscarinic blockade on PKA activity in 5 of 6 subjects.
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Figure 3. Effects of serum IgG from orthostatic hypotension patients on basal spontaneous
myogenic tone of rat cremaster arterioles
Each IgG sample was perfused into the cremasteric arteriole after a stable baseline was
achieved. A dosage response to buffer (control), 10, 100 and 300 μg/mL of IgG was
recorded. The peak response for each IgG concentration is the percentage of the maximal
Ca2+-free passive diameter (maximal dilation) for that arteriolar preparation. A 10%
increase in dilation is considered significant. All of the samples caused a significant dilation
compared to their tonic control value. Three control IgG samples and a dialyzed (to
eliminate sodium azide preservative) pooled commercial IgG gave less than 5% change
from baseline (data not shown).
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Figure 4. The effects of βAR and eNOS blockade on IgG-mediated resistance arteriole dilatation
A. Representative tracing of the effect of sequential addition of the β-blocker propranolol
(Prop 10−6 mol/L) and nitric oxide synthase inhibitor L-NAME (10−4 mol/L) on IgG-
induced arteriolar dilation. B. Data for four of the subjects. Patients 118 and 236 had a return
to baseline tone with combined blockade while 112 and 159 failed to return completely to
control. No subject had residual vasoconstriction compared to baseline during combined
blockade.
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