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Abstract

In efforts to assess baroreflex and cardiovascular responses in rats in which substance P (SP) or 

catecholamine transmission had been eliminated we studied animals after bilateral injections into 

the nucleus tractus solitarii (NTS) of SP or stabilized SP (SSP) conjugated to saporin (SP-SAP or 

SSP-SAP respectively) or SAP conjugated to an antibody to dopamine-β-hydroxylase (anti-DBH-

SAP). We found that SP- and SSP-SAP eliminated NTS neurons that expressed the SP 

neurokinin-1 receptor (NK1R) while anti-DBH-SAP eliminated NTS neurons expressing tyrosine 

hydroxylase (TH) and DBH. The toxins were selective. Thus SP-or SSP-SAP did not eliminate 

TH/DBH neurons and anti-DBH-SAP did not eliminate NK1R neurons in the NTS. Each toxin, 

however, led to chronic lability of arterial blood pressure, diminished baroreflex function, cardiac 

ventricular irritability, coagulation necrosis of cardiac myocytes and, in some animals, sudden 

death associated with asystole. However, when TH/DBH neurons were targeted and eliminated by 

injection of 6-hydroxydopamine (6-OHDA), none of the cardiovascular or cardiac changes 

occurred. The studies reviewed here reveal that selective lesions of the NTS lead to altered 

baroreflex control and to cardiac changes that may lead to sudden death. Though the findings 

could support a role for SP or catecholamines in baroreflex transmission neither is proven in that 

NK1R colocalizes with glutamate receptors. Thus neurons with both are lost when treated with 

SP- or SSP-SAP. In addition, loss of catecholamine neurons after treatment with 6-OHDA does 

not affect cardiovascular control. Thus, the effect of the toxins may depend on an action of SAP 

independent of the effects of the SAP conjugates on targeted neuronal types.
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Introduction

With recognition that the nucleus tractus solitarii (NTS) is the primary site of termination of 

cardiovascular reflex afferent nerves (Calaresu & Ciriello, 1980;Ciriello, 1983;Dean & 

Seagard, 1995;Kalia & Mesulam, 1980a;Kalia & Mesulam, 1980b;Mifflin, 1996;Torrealba 

& Claps, 1988), electrophysiological and anatomical studies contributed to an understanding 

of reflex transmission from those afferents to NTS neurons and beyond. Amongst the sites to 

which the NTS projects and from which it receives afferent projections is the cerebral cortex 

(Owens & Verberne, 1996;Ricardo & Koh, 1978;Ruggiero et al., 1987;Terreberry & 

Neafsey, 1983;Van der Kooy et al., 1984). Because lesions affecting cortical areas are 

known to produce autonomic dysfunction and, at times, sudden cardiac death (Samuels, 

2007;Talman, 1985), the reciprocal connections could be critically important in clinical 

medicine.

In studying involvement of the NTS in cardiovascular regulation many early studies utilized 

electrolytic lesions to produce indiscriminant damage to the NTS to assess the impact of 

disturbed NTS function on basal cardiovascular control. Such lesions when placed 

bilaterally in the NTS led to death associated with heart failure and pulmonary edema (Doba 

& Reis, 1973). Rats in which electrolytic lesions had been placed in the NTS typically died 

within 6-8 hours of the lesions (Doba & Reis, 1973) though larger animals could survive the 

lesion with chronic lability of arterial pressure (Nathan & Reis, 1977) as seen also in rats 

with less extensive (Talman et al., 1980c;Talman et al., 1980a) or more selective (Snyder et 

al., 1978) lesions. With the advent of interest in putative transmitters involved in baroreflex 

transmission in the NTS, substances that either activated or inhibited local receptors led to 

an understanding that chemical rather than structural disturbances in the NTS could lead to 

fulminating pulmonary edema and death often within minutes of the injection of some 

agents (Talman et al., 1981). However, these studies and introduction of such agents were 

not conducive to long-term study though it was clear that chronic interruption of baroreflex 

function in experimental animals and in man led to lability of arterial pressure regardless of 

the site at which there had been interruption of the baroreflex (Aksamit et al., 1987;Cowley 

et al., 1973;Robertson et al., 1993;Talman et al., 1980c;Junqueira & Krieger, 1976). Lability 

occurred whether the lesion was central or peripheral. It became apparent that use of agents 

that acted in the NTS at receptors for specific transmitters could provide evidence for the 

possible role of certain chemicals as putative transmitters in baroreceptor or non-

baroreceptor cardiovascular reflex function (Lawrence & Jarrott, 1996;Talman et al., 

1980b;Talman, 1994).

We had participated in a number of such studies including ones in which we had sought to 

identify cardiovascular responses to the microinjection of substance P into the NTS (Talman 

& Reis, 1981). However, our own studies failed to identify cardiovascular responses to SP in 

the NTS; and, as a result, we had dismissed a transmitter role for that agent in the NTS. 

Nonetheless other elegant studies later showed that SP could be involved in modulating, if 

not overtly transmitting, the baroreflex (Potts et al., 1999;Potts & Fuchs, 2001;Potts et al., 

2007;Seagard et al., 2000); and when a toxin that could selectively kill neurons on which SP 

acted became available we elected to use that toxin (a conjugate of substance P and the 

ribosome inactivating protein saporin or stabilized substance P conjugated to saporin; SP-
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SAP or SSP-SAP respectively) to determine if, in the absence of neurons on which SP might 

act, baroreflexes were compromised and blood pressure regulation was altered. Similarly we 

sought to kill selectively catecholamine neurons in the NTS with a SAP conjugate directed 

at neurons expressing dopamine β-hydroxylase (anti-DBH-SAP) in hopes of resolving 

controversy (Itoh et al., 1992;Snyder et al., 1978) about any role played by those neurons in 

baroreflex transmission at the level of the NTS and in hopes of comparing and contrasting 

effects of lesions in one neuronal type with effects from lesions in another.

Materials and Methods

Prior to performance of any studies protocols were approved by the institutional animal care 

and use committees of the University of Iowa and of the Iowa City Veterans Affairs 

Healthcare System. Both committees found the work in compliance with the Guide for the 

Care and Use of Laboratory Animals (National Research Council, 1996). In all studies 

reviewed here we utilized adult male Sprague Dawley rats, instrumented either for recording 

arterial pressure (AP), mean arterial pressure (MAP), and heart rate (HR) in the anesthetized 

animal or by radiotelemetry monitoring (DSI, St. Paul, MN) in the awake, freely moving 

animal (Nayate et al., 2008;Riley et al., 2002;Talman & Nitschke Dragon, 2004). All efforts 

were made to eliminate any potential pain or distress that might have been experienced by 

the animal subjects of our studies.

As previously described, microinjections were made into the NTS through a dorsal cervical 

incision and partial occipital craniotomy with direct exposure of the vagal complex that lies 

near the dorsal surface of the medulla oblongata (Nayate et al., 2008). Injections were made 

through glass micropipettes placed at predetermined (Nayate et al., 2008) coordinates (0.4 

mm rostral to the calamus scriptorius, 0.5 mm lateral to the midline, and 0.5 mm below the 

dorsal surface of the brain stem at that site) into the NTS with each agent being delivered in 

solutions with phosphate buffered saline (PBS, pH 7.4) as the solvent. Injections included 

SSP-SAP (3ng in 100 nl), anti-DBH-SAP (42 ng in 200 nl), 6-hydroxydopamine (6-OHDA; 

1μg in 400 nl), or the vehicle PBS (100 nl) alone. Baroreflex function was compared 

between study groups 7 days after injections had been made into the NTS in animals 

anesthetized with chloralose by determining reflex bradycardic responses to graded 

increases in AP following IV injection of phenylephrine (.0625 – 1 μg) and reflex 

tachycardic responses to graded decreases in AP following IV injection of sodium 

nitroprusside (0.25 - 4μg). In some animals we utilized sequence analysis of baroreflex 

activity (Stauss et al., 2006) as previously reported (Talman et al., 2012).

Toxic effects of injectates were assessed 7 days after the injection by analysis of their effects 

on immunoreactivity (IR) at the sites of injection (Lin et al., 2012;Lin et al., 2008;Nayate et 

al., 2008;Talman et al., 2012). In such cases animals only received unilateral injections of 

agents so that qualitative comparisons could be made between the injected and non-injected 

side of the NTS. Immunofluorescent confocal microscopy was used to analyze changes in 

IR within neurons expressing the neurokinin 1 receptor (NK1R), dopamine β-hydroxylase 

(DBH), tyrosine hydroxylase (TH), neuronal nitric oxide synthase (nNOS), N-methyl-D-

aspartate 1 receptors (NMDAR1), and vesicular glutamate transporter 2 (VGLUT2). 

Intensity of immunoreactivity (IR) on the injected side was compared to that of the control 
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side in the same section. Intensities of IR were graded as increased (↑), decreased (↓), or no 

obvious changes (-).

Results

We found that microinjection of SSP-SAP selectively reduced NK1R-IR in the NTS. (Fig. 

1) While this toxic conjugate did not lead to loss of TH, DBH or nNOS-IR, it did 

appreciably reduce IR for NMDAR1 (Fig. 2) and increased nNOS and VGLUT2 in fibers in 

the NTS (Lin et al., 2012). In contrast, microinjection of anti-DBH-SAP into the NTS 

appreciably reduced DBH- and TH-IR (Fig. 3) while leaving unaffected, NMDAR1- , and 

NK1R-IR (See Table I). Microinjection of 6-OHDA into the NTS, like anti-DBH-SAP, led 

to a loss of DBH and TH-IR at the site of injections (Fig. 4) with the decline in TH/DBH 

being comparable for the two toxins (Table I).

In our initial study in which we injected an SP-saporin (SP-SAP) conjugate we found that 

the baroreflex was significantly attenuated over the course of the 1-2 weeks that we 

followed the animals after the injection (Riley et al., 2002) (Fig. 5). In those studies 

baroreflexes were analyzed in animals anesthetized with chloralose (40 mg/kg IV for 

induction and 20 mg/kg per hour for maintenance). Not knowing how the toxin would affect 

treated animals and seeking to assure that the animals did not suffer pain or distress, we 

regularly assessed each animal every day from the time of injection till the end of the study. 

After recovery from surgery the animals had an uneventful course and could not be 

differentiated outwardly from controls in which placebo had been injected into the NTS. 

However, to our surprise, approximately 30% of treated animals died suddenly and without 

warning. We conjectured that the apparent sudden death might mimic that seen in humans 

with central nervous system dysfunction and sought to determine if treated rats instrumented 

with radiotelemetry monitors would manifest chronic changes in control of blood pressure, 

heart rate, and ECG. Treated animals developed labile arterial pressure and some, again 

without warning, suddenly died with cardiac asystole (Nayate et al., 2008) (Fig. 6). We have 

subsequently found that treated animals also manifest an increased frequency of ventricular 

ectopic beats (Fig. 7), but no animal died due to a ventricular tachyarrhythmia (Nayate et al., 

2008). All that died did so in asystole. Furthermore, we found that animals with the greatest 

degree of lability of arterial pressure would manifest microscopic necrotic sites in the heart 

whilst those with less lability did not (Fig. 8). After the initial study we had conjectured that 

the sudden death was indeed a cardiac death, which was not related specifically to SP 

transmitter pathways in the NTS but more due to interruption of central baroreflex function 

instead. Thus, we sought to determine if another toxic conjugate, here saporin conjugated to 

an antibody to the norepinephrine synthesizing enzyme dopamine β hydroxylase (anti-DBH-

SAP), would have similar effects on vascular and cardiovascular control (Talman et al., 

2012). While SSP-SAP had reduced the number of NTS neurons expressing the NK1R with 

no reduction in those expressing DBH or TH, anti-DBH-SAP significantly reduced the 

number of NTS neurons expressing DBH or TH while not affecting those with the NK1R 

(See Fig. 3). However, cardiovascular effects produced by bilateral injection of anti-DBH-

SAP were identical to those produced by SSP-SAP. Treated animals again displayed lability 

of arterial pressure (Fig. 9) and diminished baroreflex responses assessed either by changes 

in arterial pressure or through sequence analysis and again some animals died suddenly in 
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asystole (Talman et al., 2012) though with an increased incidence of ectopic ventricular 

contractions as well. No animals died with a ventricular tachyarrhythmia and none 

demonstrated ventricular arrhythmias during air jet stress. Labile treated animals 

demonstrated multifocal sites of cardiac myocytolysis like that also seen in animals treated 

with SSP-SAP. Given that each saporin toxin produced similar cardiovascular changes we 

sought to compare and contrast effects when catecholamine neurons were affected by anti-

DBH-SAP with those when the same neuronal types, those expressing TH and DBH, were 

affected by 6-OHDA, a toxin that does not contain saporin. We found that 6-OHDA, while 

affecting TH- and DBH-IR in the NTS as had anti-DBH-SAP had no effect on lability of 

arterial pressure or baroreflex activity and animals did not manifest ventricular ectopy, 

asystole or sudden death.

Discussion

Our studies showed that use of saporin conjugates to kill neurons with the NK1R or the 

biosynthetic enzymes TH and DBH in the NTS attenuated baroreflex responses and led to 

cardiac arrhythmias, sudden death and myocardial lesions. In contrast toxic effects on 

TH/DBH neurons when produced by another toxin had no such cardiovascular effects. The 

absence of a cardiovascular effect when TH/DBH neurons are injured by 6-OHDA despite 

comparable loss of those markers for noradrenergic neurons supports observations from an 

earlier study (Itoh et al., 1992) that drew the same conclusion and suggested that 

cardiovascular effects reported earlier (Snyder et al., 1978) when 6-OHDA had been 

injected into the NTS were due to non-specific effects of the toxic doses used in those earlier 

studies. Though the current studies showed a correlation between specific neuronal damage 

and disturbed cardiovascular reflex control it was not, from these studies, possible to define 

a lesion-response curve based upon the degree of loss of each cellular marker and the degree 

of attenuation of the baroreflex. To do so would have necessitated use of considerably more 

animals and fully quantitaive techniques for assessing loss of proteins studied here with 

immunofluorescent microscopy.

Previously published studies utilizing SP antagonists injected into the NTS suggested that 

inhibition of SP transmission led to loss of baroreflex function (Seagard et al., 2000). That 

added to the thought that SP may be a transmitter in the baroreflex pathway within the NTS 

but that conclusion would depend upon the pure selectivity of the SP antagonist used in the 

study and, in fact, the antagonist had been shown to act at non-SP receptors as well (Jensen 

et al., 1984). Our studies, while showing attenuation of baroreflexes after damage to NTS 

NK1R neurons upon which SP might act, still did not prove that SP transmission was 

integral to baroreflex function in that NK1R-IR colocalized with receptors for other 

transmitters (Lin et al., 2008), most particularly the transmitter glutamate that is integral to 

baroreflex transmission (Lawrence & Jarrott, 1996;Talman et al., 1980b), and thus death of 

NK1R-IR neurons would have simultaneously removed glutamate transmission from the 

region.

Each of the toxins that produced attenuation of the baroreflex led in some animals to sudden 

death and diffuse areas of cardiac myocytolysis that resembled damage seen in humans who 

have sustained sudden death as a result of central lesions such as subarachnoid hemorrhage 
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(Samuels, 2007). However, in the human condition coagulation necrosis, as seen in our 

study, is not as prominent as is so-called “contraction band necrosis” (Karch & Billingham, 

1986). Also in the human condition associated with subarachnoid hemorrhage, sudden death 

is thought to be more often associated with ventricular tachycardia or ventricular fibrillation 

(Estanol & Marin, 1975) than with asystole as seen in each of our studies in the NTS though 

asystole may be seen more often than is generally thought (Noritomi et al., 2006). Sudden 

death, particularly that resulting from ventricular tachyarrhythmias does not of necessity 

have an associated central lesion. Instead it may occur under conditions of extreme stress as 

has been reported during major earthquakes (Muller & Verrier, 1996;Voridis et al., 

1983;Watanabe et al., 2005) and by implication during periods of inescapable social stress 

(Cannon, 1942). Our unpublished studies using air jet stress applied to animals with NTS 

neuronal lesions from SSP-SAP or anti-DBH-SAP failed to show a predilection to sudden 

death or enhanced arrhythmias as a result of the stress. However, sudden death that may be 

more associated with asystole also occurs during seizures, so-called sudden unexplained 

death in epilepsy (SUDEP). Given that neural connections between the forebrain and NTS 

have been clearly defined we conjecture that disturbances at the level of NTS may mediate 

asystolic sudden death and a central site that may participate both in the arrhythmogenic 

nature of central lesions and in development of overt cardiac damage with such lesions. Our 

findings raise the possibility that saporin could be having an effect on central cardiovascular 

control independent of its effect on specific neuronal types. Further study is progressing to 

define that toxic effect, which, if present, might occur at select doses of saporin given that 

others did not report cellular or systemic changes following injection of saporin alone into 

the NTS (Abdala et al., 2006).
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Fig. 1. 
Representative confocal images of immunofluorescent labeling of the medial (me) and 

intermediate (im) subnuclei of the NTS on the control side where no injection was given 

(left) and on the injected side where SSP-SAP had been injected (right). The un-injected side 

served as an intra-animal intra-section control. Note the marked reduction in 

immunostaining for NK1R in the NTS on the treated side. The scale bar = 20 μm. From 

Nayate et al as permitted (Nayate et al., 2008)
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Fig. 2. 
Confocal images of immunofluorescent staining showing decreases in NMDAR1-IR in the 

NTS on the SSP-SAP injected side (right) when compared to that of the control (un-injected; 

left) side. Abbreviations: AP, area postrema; DMV, dorsal motor nucleus of vagus; NTS, 

nucleus tractus solitarii; tr, tractus solitarius. The scale bar = 100 μm. From Lin et al as 

permitted (Lin et al., 2012)
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Fig. 3. 
Confocal images showing immunofluorescent staining of DBH (A and B), TH (C and D), 

and NK1R (E and F) in the rat NTS after anti-DBH-SAP was injected unilaterally into the 

NTS. Compared to the un-injected side (A and C), the injected NTS (B and D) shows a 

decrease in DBH- and TH-IR. No obvious change in NK1R-IR was seen in the injected side 

(F) when compared to that of the control side (E). Abbreviations: as in Fig. 2. Scale bar = 

100 μm. From Talman et al as permitted (Talman et al., 2012)
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Fig. 4. 
Confocal images of double immunofluorescent staining showing decreases in TH-IR (B) and 

DBH-IR (D) in the NTS after injection of 6-OHDA into this area when compared with the 

control side (A and C, respectively) in the same section. Abbreviations: as in Fig. 2. Scale 

bar = 100 μm.
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Fig. 5. 
Baroreflex sensitivity was significantly (p < 0.0001) reduced after bilateral injection of SP-

SAP into the NTS. The baroreflex was tested in 8 rats anesthetized with chloralose. Reflex 

bradycardia in response to pressor effects of varying doses of phenylephrine and tachycardia 

in response to depressor effects of nitroprusside were assessed and analyzed by regression 

analysis. Because there was no significant difference in baroreflex responses at 1 week 

(n=5) and 2 weeks (n=3) after administering SP-SAP, data were combined in this analysis. 

Baroreflex sensitivity was also decreased in animals treated with anti-DBH-SAP (not shown 

here) whether measured by assessing changes in HR following pressor or depressor 

responses to phenylephrine or nitroprusside respectively or by sequence analysis (Talman et 

al., 2012). From Riley et al as permitted (Riley et al., 2002)
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Fig. 6. 
ECG recordings show progression from a normal sinus rhythm at 8:53:30 PM (A) to 

asystole (D) over the course of 6.5 minutes. Each segment of this figure depicts a continuous 

10 second recording with the time at the beginning of the record posted in the top left hand 

corner of each. From Nayate et al as permitted (Nayate et al., 2008)

Talman and Lin Page 14

Auton Neurosci. Author manuscript; available in PMC 2015 February 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 7. 
Animals treated with SSP-SAP (shown here) or anti-DBH-SAP (not shown), but not those 

treated with 6-OHDA, showed an increased frequency of ventricular ectopic beats on ECG 

monitoring of the awake freely moving animal.
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Fig. 8. 
Eosinophilia of discrete cardiac myocytes (indicated by arrows) was seen diffusely at low 

(A) and high (B) power magnification in sections of left ventricular myocardium stained 

with hematoxylin and eosin. The box in A is seen at higher magnification in B. The scale 

bars = 50 μm. From Nayate et al as permitted (Nayate et al., 2008).
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Fig. 9. 
In animals in which anti-DBH-SAP had been injected bilaterally into the NTS lability (SD 

of MAP) began to rise 4 days after injection and reached significantly (**p < 0.01) increased 

levels on Day 5 when compared with those of control rats. Comparison of the SD at 

individual days revealed significant differences between treated and control animals also on 

Day 7 (*p < 0.05) and Day 8 (*p < 0.05). The SD of MAP for Day 1 is shown but was not 

included in analysis because it was artificially elevated as a result of data collection as 

animals were recovering from anesthesia. From Talman et al as permitted (Talman et al., 

2012)
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Table I

Relative Changes in Immunoreactivity for Neuronal Markers in the NTS

SSP-SAP anti-DBH-SAp 6-OHDA PBS

NK1R ↓ - - -

NMDAR1 ↓ - - -

VGLUT2 ↑ ↑ - - -

nNOS ↑ ↑ ↑ ↑ ↑ -

DBH - ↓ ↓ -

TH ↑ ↑ ↓ ↓ -

Overall immunoreactivity (IR), which included IR observed in all cells and fibers, of the injected side was visually compared to that of the control 
side in the same section and assigned levels of increase (↑ or ↑↑), decrease (↓) or no obvious changes (-) .
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