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Abstract

Despite similarities in their clinical presentation, patients with multiple system atrophy (MSA) 

have residual sympathetic tone and intact post-ganglionic noradrenergic fibers, whereas patients 

with pure autonomic failure (PAF) and Parkinson’s disease (PD) have efferent post-ganglionic 

autonomic denervation. These differences are apparent biochemically, with near normal plasma 

norepinephrine in MSA but very low levels in PAF, and in neurophysiological testing. These 

differences are also reflected in the response patients have to drugs that interact with the 

autonomic nervous system. E.g., the ganglionic blocker trimethaphan reduce residual sympathetic 

tone and lower blood pressure in MSA but less so in PAF. Conversely, the α2-antagonist 

yohimbine produces a greater increase in blood pressure in MSA compared to PAF, although 

significant overlap exists. In normal subjects the norepinephrine reuptake (NET) inhibitor 

atomoxetine has little effect on blood pressure because the peripheral effects of NET inhibition 

that result in noradrenergic vasoconstriction, are counteracted by the increase in brain 

norepinephrine which reduces sympathetic outflow (a clonidine-like effect). In patients with 

autonomic failure and intact peripheral noradrenergic fibers only the peripheral vasoconstriction is 

apparent. This translates to a significant pressor effect of atomoxetine in MSA, but not in PAF 

patients. Thus, pharmacological probes can be used to understand the pathophysiology of the 

different forms of autonomic failure, assist in the diagnosis, and aid in the management of 

orthostatic hypotension.

Recent developments in our understanding of the underlying pathophysiology of the discrete 

clinical forms of autonomic failure, reviewed elsewhere in this issue, have revealed that 

patients with multiple system atrophy (MSA) are characterized by impairment of central 

autonomic pathways crucial for autonomic cardiovascular control. In contrast, peripheral 

postganglionic noradrenergic fibers are at least in part preserved. Indeed, plasma 

norepinephrine concentrations in the supine position are near normal in these patients [8]. 

Moreover, positron emission tomography studies revealed intact cardiac uptake of labeled 

catechols [7]. These observations are consistent with the presence of intact noradrenergic 

nerve terminals and neuronal catecholamine reuptake mechanisms. Yet, in MSA patients, 
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peripheral sympathetic fibers are disconnected from central nervous input. Therefore, their 

residual sympathetic tone cannot be modulated by baroreflex or central nervous input, but in 

can be targeted pharmacologically for the treatment of orthostatic hypotension and supine 

hypertension. In contrast, patients with pure autonomic failure (PAF) and with Parkinson 

disease (PD) exhibit neurodegeneration of peripheral postganglionic noradrenergic fibers, as 

evidenced by profound reductions in plasma norepinephrine concentrations and cardiac 

uptake of labeled catechols.

These pathophysiological differences are reflected in disease-specific responses to 

medications targeting the autonomic nervous system. We have taken advantage of these 

pharmacological probes to understand the pathophysiology of autonomic failure and assist in 

the management of orthostatic hypotension. Some of this work has been reviewed elsewhere 

[2, 23, 26].

Baroreflex Failure and Denervation Hypersensitivity

Autonomic failure patients show profoundly exaggerated responses to vasoactive 

compounds. The degree of the hypersensitivity is variable among patients and appears to 

depend on the severity of the autonomic impairment. In general patients with severe 

autonomic failure are about 10-fold hypersensitive to vasoactive medications compared with 

normal subjects. E.g., alpha-adrenoreceptor agonists produce exaggerated pressor responses 

in autonomic failure patients. This has been interpreted as due to denervation 

hypersensitivity, secondary to adrenoreceptors up-regulation in the face of decreased 

catecholamine exposure. Indeed, increased adrenoreceptor density on circulating blood cells 

has been reported in earlier studies [1, 4, 11].

Given that peripheral norepinephrine availability is reduced more in PAF than in MSA, 

denervation hypersensitivity should be greater in PAF patients. Surprisingly, the 

hypersensitivity to vasoactive medications is also profoundly increased in MSA patients 

despite their near normal plasma norepinephrine concentrations. Moreover, regardless of the 

etiology, autonomic failure is associated with excessive responsiveness to other vasoactive 

agents that do not engage adrenoreceptors. Therefore, the exquisite sensitivity to vasoactive 

medications in autonomic failure patients cannot solely be explained by adrenergic 

denervation hypersensitivity. Instead, the phenomenon may be largely explained by lack of 

baroreflex blood pressure buffering capacity [15]. In both MSA and PAF patients, the 

baroreflex feedback loop is almost completely interrupted, either in the central nervous 

system (MSA) or at the level of efferent fibers (PAF). From a diagnostic point of view, 

hypersensitivity to vasoactive medications cannot be used to differentiate between PAF and 

MSA because both conditions are associated with similar impairments in baroreflex blood 

pressure buffering. However, the site of the autonomic lesion produces differential responses 

to interventions targeting peripheral noradrenergic nerves.

Autonomic Pharmacological Probes

Autonomic drugs could be used as pharmacological probes based on their site of action 

(Figure 1). Clonidine activates α2-adrenoreceptors in the brain stem inhibiting efferent 

sympathetic outflow from the rostroventrolateral medulla. Clonidine’s precise site of action 
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is not clear. The nucleus tractus solitarius and C1 area of the rostral part of the nucleus 

reticularis lateralis have been implicated. Norepinephrine transporter inhibitors including 

atomoxetine and reboxetine elicit clonidine-like responses in the brainstem by enhancing 

norepinephrine availability [10, 30]. In contrast, the α2 adrenoreceptor antagonist yohimbine 

has the opposite effect of clonidine, thus, increasing efferent sympathetic traffic.

All these drugs also act on peripheral noradrenergic nerve fibers. Yohimbine blocks the 

presynaptic α2-adrenergic receptors that normally restrain norepinephrine release. 

Norepinephrine transporter inhibitors potentiate norepinephrine in peripheral tissues. 

Clonidine reduces peripheral norepinephrine release through presynaptic actions and 

activates postsynaptic vascular α2 adrenergic receptors producing vasoconstriction. The 

nicotinic receptor blocker trimethaphan interrupts cholinergic neurotransmission at the level 

of autonomic ganglia, resulting in near complete sympathetic and parasympathetic 

inhibition. Conversely, pyridostigmine augments autonomic ganglionic neurotransmission 

through acetyl-cholinesterase inhibition, thus potentiating endogenous acetylcholine. 

Pyridostigmine also potentiates actions of acetylcholine released from cholinergic 

postganglionic fibers, which in the heart can produce bradycardia. These pharmacological 

probes are reviewed below, emphasizing their use in understanding the underlying 

pathophysiology of primary forms of autonomic failure. Because of their exaggerated 

responsiveness, autonomic failure patients can also serve as a model to magnify subtle 

manipulations of norepinephrine turnover on blood pressure. For example, we applied this 

approach to show that catechol-O-methyltransferase inhibition increases blood pressure in 

MSA [12].

Trimethaphan

Trimethaphan can be infused intravenously to induce a dose-dependent autonomic 

ganglionic blockade. The drug induces complete but transient withdrawal of both 

sympathetic and parasympathetic efferent limbs of the autonomic nervous system [14], 

which is virtually complete at about 4 to 5 mg/min [5]. Unfortunately, trimethaphan has 

been taken off the market and is no longer commercially available.

In patients with peripheral forms of autonomic failure (PAF and PD), in whom 

postganglionic sympathetic and parasympathetic fibers degenerate, interrupting 

neurotransmission in autonomic ganglia with trimethaphan, therefore, would be 

inconsequential. Conversely, given that residual sympathetic tone and postganglionic fibers 

are preserved in MSA, trimethaphan should retain its effectiveness. We have taken 

advantage of these theoretical considerations [24] and found that in patients with MSA, 

blood pressure was uniformly and dramatically reduced, (Figure 2), whereas low dose 

ganglionic blockade had little to no effect in patients with PAF.

Pyridostigmine

Pyridostigmine inhibits acetyl cholinesterase activity, thus increasing cholinergic 

transmission across the synaptic cleft. Because pre-ganglionic autonomic neurons are 

cholinergic, pyridostigmine is thought to amplify sympathetic ganglionic neurotransmission. 

In healthy subjects, traffic to autonomic ganglia is low while supine but activated with 
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standing. In patients with milder form of autonomic failure and incomplete interruption of 

the baroreflex loop, the medication offers the theoretical advantage of preferentially 

increasing sympathetic neurotransmission during hypotensive episodes elicited by standing 

and in proportion to their needs [29]. Furthermore, the risk of worsening supine 

hypertension, which occurs with most other pressor agents, may be reduced.

Considering the mode of action of pyridostigmine, patients with residual postganglionic 

noradrenergic fibers (i.e., MSA) should respond more to enhanced autonomic ganglionic 

neurotransmission compared with patients with peripheral autonomic dysfunction (i.e., PAF 

or PD). In practice there is a large overlap in the pyridostigmine response between patients 

with peripheral and central autonomic lesions, possibly because the number of patients in 

each group may have been too low to detect a difference. In any case, patients with 

relatively preserved baroreflex function had a greater response [29], supporting the idea that 

the pyridostigmine response is related to the degree of residual sympathetic function. This 

agrees with the observation that the drug is not effective in patients with severe autonomic 

failure [27].

Clonidine

Because supine hypertension in MSA is driven by residual sympathetic tone, we 

hypothesized that clonidine would be particularly efficacious in reducing nocturnal blood 

pressure and the resulting pressure natriuresis. Indeed, clonidine, given at 8 PM, decreased 

nighttime blood pressure [25]. We observed the maximal depressor response of about 30 

mm Hg 6 to 8 hours following drug administration. Remarkably, antihypertensive response 

to clonidine did not differ between MSA and PAF patients. Possibly, we included PAF 

patients with some degree of residual sympathetic tone. We find the response to 

trimethaphan a better tool to discriminate the contribution of residual sympathetic tone to 

supine hypertension between PAF and MSA because sympathetic inhibition is more 

complete and is not obscured by the direct vascular actions lf clonidine. Clonidine’s 

hypotensive response was modestly correlated with the magnitude of residual sympathetic 

tone, as determined by the magnitude of reduction in blood pressure induced by 

trimethaphan (Figure 3). Thus supine hypertension and nocturnal natriuresis in autonomic 

failure, secondary to residual sympathetic tone, can be ameliorated with clonidine. However, 

in patients with severe PAF without residual sympathetic tone, clonidine, particularly when 

given in higher doses, can elicit paradoxical increases in blood pressure [20]. The response 

is explained by unopposed vascular α2-adrenoreceptor activation, in the setting of impaired 

baroreflex blood pressure buffering. While this response is rarely seen at oral clonidine 

doses of 0.1 mg used to treat nocturnal supine hypertension, this potentially dangerous 

response ought to be considered in the individual risk-benefit assessment in these patients.

Yohimbine

The selective α2 adrenoreceptor antagonist yohimbine is the pharmacological counterpart to 

the partial α2-agonist clonidine, and therefore has opposite cardiovascular actions. 

Yohimbine acts centrally to stimulate sympathetic outflow. In the periphery, the drug 

enhances norepinephrine release from adrenergic terminals. The overall cardiovascular 
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effects of yohimbine result from both central and peripheral actions [9]. Owing to its 

pharmacological actions, which facilitate sympathetic activation, yohimbine potentiates 

pressor and heart rate responses to cold pressor and isometric handgrip testing and Valsalva 

maneuvers in healthy subjects [6].

Yohimbine produces a significant pressor response in autonomic failure patients and 

attenuates orthostatic hypotension at doses that would have negligible effects in normal 

subjects [13, 18]. In contrast, yohimbine does not raise blood pressure in patients with 

congenital inability to synthesize norepinephrine because of dopamine β-hydroxylase 

deficiency [21]. These observations imply that the actions of yohimbine are primarily 

mediated by its interaction with the sympathetic nervous system and that even patients with 

severe forms of autonomic failure have some degree of residual sympathetic tone that can be 

harnessed by this drug. In fact, the magnitude of the pressor response to yohimbine in 

autonomic failure is comparable to that of the direct α adrenergic agonist and 

sympathomimetic phenylpropanolamine [13]. Yohimbine is no longer commercially 

available, but can be obtained from compounding pharmacies.

Patients with MSA tend to respond more to yohimbine compared with PAF, but there is 

significant overlap between groups (Figure 4A). The likely explanation is residual 

sympathetic tone in MSA because the pressor response to yohimbine was strongly correlated 

with the decrease in blood pressure produced by trimethaphan [24]. Moreover, the 

yohimbine-induced pressor response was greater in MSA patients with supine hypertension, 

known to be mediated by residual sympathetic tone, compared with MSA patients without 

supine hypertension [24].

Atomoxetine

The selective norepinephrine transporter (NET) blocker atomoxetine is commonly used in 

the treatment of attention deficit hyperactivity disorder in children and adults. Neuronal 

norepinephrine reuptake inhibition would be expected to increase neurotransmitter 

concentrations in the neuroeffector junction. The mechanism would tend to increase blood 

pressure in the periphery. However, the peripheral increase in norepinephrine availability 

appears to be counteracted by central nervous clonidine-like sympatholytic action mediated 

through central α2-adrenoreceptors [10, 30]. The effect of norepinephrine reuptake 

inhibition can be dissected in human subjects by assessing the pressor response to 

atomoxetine in patients with distinct autonomic lesions involving central nervous or 

peripheral autonomic structures. We hypothesized that norepinephrine reuptake inhibition 

blockade would induce a pressor effect in patients with intact peripheral sympathetic fibers 

(MSA with central autonomic impairment), but not in patients with PAF and peripheral 

autonomic denervation. Indeed, atomoxetine acutely increased seated and standing systolic 

blood pressure in MSA patients by about 50 mm Hg compared with placebo (Figure 4B). In 

contrast, in PAF patients, atomoxetine did not elicit a pressor response; seated and standing 

systolic blood pressure increased by less than 5 mm Hg with atomoxetine compared with 

placebo [28].
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We should note that these initial studies were conducted in patients with late stage disease, 

allowing for the clinical differentiation between MSA and PAF. Atomoxetine may produce a 

greater increase in blood pressure in PAF patients with less severe autonomic dysfunction 

and some degree of residual sympathetic tone [19]. In fact, there was a direct correlation 

between the pressor response of atomoxetine to the one elicited by yohimbine, Figure 5.

Can Pharmacology Guide Us to the Site of Residual Sympathetic Tone in 

MSA?

The observation that clonidine reduces blood pressure in MSA patients, whereas 

atomoxetine increases it, provides insight in the underlying pathophysiology. Clonidine is 

known to act as an agonist of α2-adrenergic receptors in the central nervous system to 

reduce sympathetic tone and this central effect is the likely mechanism of action for the 

decrease in blood pressure produced by this agent in MSA patients. In fact, clonidine-

induced blood pressure reduction in autonomic failure patients is associated with a decrease 

in sympathetic tone as determined by reduction in plasma norepinephrine [33]. Furthermore, 

the depressor response is proportional to the patient’s residual sympathetic tone determined 

by their response to trimethaphan [25]. For atomoxetine to have a clonidine-like effect and 

reduce sympathetic tone, it requires tonic presynaptic release of norepinephrine in relevant 

central nervous system centers and intact neural connections to peripheral sympathetic 

nerves. Both are impaired in MSA patients and, therefore, atomoxetine’s peripheral pressor 

actions, which depend on residual sympathetic outflow with tonic norepinephrine release, 

are unopposed.

Three important clinical implications can be derived from the response to atomoxetine in 

autonomic failure patients. First, these results suggest that intact central autonomic function 

is essential for preventing hypertension in normal subjects; i.e, central clonidine-like actions 

are important in preventing hypertension in individuals without autonomic impairment. 

Second, the pressor effect of atomoxetine can be exploited therapeutically to improve MSA 

patients with orthostatic hypotension, in cases not responsive to other pharmacological 

agents. Orthostatic blood pressure in such patients increased by nearly 50 mm Hg, a goal 

achieved by few other medications, including the α2-adrenergic receptor antagonist 

yohimbine or the sympathomimetic phenylpropanolamine [13]. Patients should use this drug 

at least 60 minutes before upright activities and avoid the supine position for 3 to 4 hours 

because their blood pressure will remain elevated throughout this period. Atomoxetine may 

not be as useful in patients with peripheral autonomic disorders, but such patients may 

respond to direct α-adrenergic receptor agonists. Remarkably, norepinephrine reuptake 

inhibition also improves orthostatic tolerance in healthy subjects [22]. Third, the response to 

norepinephrine reuptake inhibition can provide insight about the level of the lesion in 

autonomic disorders.

Differentiation between MSA and PAF/PD is a common diagnostic challenge, particularly 

in patients with early stage disease, and pharmacological tests may provide additional 

information complementing routine clinical assessment and imaging. Because there is no 

curative treatment for these disorders, an accurate diagnosis is important mainly because of 

its prognostic value; MSA patients have a dismal prognosis with average life expectancy of 
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9 years from disease onset [32], whereas peripheral autonomic failure syndromes carry a 

better prognosis. Correct differentiation between MSA, PAF, and PD may become more 

important for clinical trials testing disease-modifying medications, which require the 

enrollment of patients early in the course of their disease.

Table 1 summarizes the clinical and biochemical finding that differentiate these conditions. 

Assessment of neuronal alpha-synuclein deposition in skin biopsies is another promising 

approach that may aid in the differential diagnosis of autonomic disorders [31]. In this 

context, the pharmacological tools discussed above may aid in narrowing down the location 

of the lesion within the autonomic nervous system. It is important to note, however, that 

none of the tests summarized in Table 1, including the response to atomoxetine or 

trimethaphan described here, has been rigorously validated in patients with early stage 

disease posing particular problems when the differential diagnosis would be most helpful. 

We strongly believe that further research should be conducted to develop diagnostic 

algorithms for the correct diagnosis of early stage degenerative autonomic disorders. Such 

diagnostic tools will be essential for conducting clinical trials on disease modifying 

therapies and for the translation into routine clinical care.
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Figure 1. 
Site of action of the different pharmacological probes that result in either activation (+) or 

inhibition (−) of sympathetic activity.

Acetylcholine (Ach); C1 area of the NTS (C1); rostral part of the nucleus tractus reticularis 

lateralis (rLRN); norepinephrine (NE).
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Figure 2. 
Decrease in systolic blood pressure (SBP) after elimination of residual sympathetic tone 

with the ganglionic blocker trimethaphan (1 mg/min). Patients with MSA normalized their 

blood pressure with trimethaphan (SBP during infusion was 96±9 mm Hg) compared with 

PAF (SBP during infusion 164±6 mm Hg).
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Figure 3. 
Decrease in SBP with clonidine significantly correlates with the decrease in SBP during 

trimethaphan infusion (1 mg/min) in 11 patients with autonomic failure. These results are 

consistent with residual sympathetic tone contributing to supine hypertension in autonomic 

failure.
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Figure 4. 
Treatment effect of yohimbine (Panel A) and atomoxetine (Panel B) in patients with 

multiple system atrophy (MSA) and pure autonomic failure (PAF).
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Figure 5. 
Panel A. Systolic blood pressure measurements (y-axis) with 18 mg of atomoxetine and 

placebo in patients with central autonomic failure or MSA. SBP increased significantly with 

atomoxetine 18 mg (P=<0.001); the asterisk (*) indicates P=<0.001.

Panel B. Systolic blood pressure measurements with atomoxetine and placebo in patients 

with peripheral autonomic failure (PAF, PD+). No significant changes in SBP were 

observed (P=0.08).
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Table 1

Clinical, Biochemical and Pharmacological Differences in Autonomic Disorders

MSA PAF/PD Ref

Evidence of degeneration of efferent postganglionic noradrenergic fibers in PAF/PD

   Plasma norepinephrine ←→ ↓↓ [8]

   Cardiac Uptake MIBG or Flurodopa ←→ ↓↓ [3, 7]

   LFSBP ←→ ↓↓ [5]

Evidence of impaired CNS pathways in MSA

   Hypotension-induced vasopressin release ↓↓ ←→ [16]

   Clonidine-induced growth hormone release ↓↓ ←→ [17]

Pharmacologic evidence of residual sympathetic tone

   BP response to trimethaphan ↓↓ ←→ [24]

   BP response to atomoxetine ↑↑ ↑ [28]
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