
In all five replicated populations, exper- 
imental and control, the fitness index was 
lower for the experimental line than its 
paired control. Within each of experiments 
1, 2, and 3, this difference is statistically 
significant (Fig. 2). Furthermore, across the 
five paired experiments there is a strong 
consensus that 35 generations without re- 
combination leads to lowered fitness [P < 
0.0006, two-tailed consensus combined 
probability test (1 3)]. The estimated mean 
and standard deviation of the magnitude of 
fitness index reduction, 47 and 25%, re- 
spectively, are large and may substantially 
overestimate net fitness reduction because 
sample sizes in the fitness assays were small 
(Fig. 2) and a fitness index rather than net 
fitness was measured. It remains clear, how- 
ever, that fitness declined in experimental 
relative to control populations. 

Because reduced fitness was manifest in 
heterozygous individuals, these experiments 
extend prior work (14) by demonstrating 
genetic decay by means of the accumulation 
of nonrecessive mutations in response to 
the elimination of recombination. Studies 
of asexual genomic haplotypes in natural 
populations (15) also support the conclu- 
sion that once a haplotype stops recombin- 
ing it becomes susceptible to deterioration 
through mutation accumulation. 

The mechanism by which mutations ac- 
cumulated in the experimental, nonrecom- 
hining populations cannot be unambiguous- 
lv determined. but Muller's ratchet (3-6) ~, 

and changes in the equilibrium mutational 
load (8. 16. 17) are likelv candidates. Al- ~, , , 

though the opportunity of sampling drift to 
fix deleterious mutations was the same in 
the control and experimental populations, 
the latter could not express mutations in 
the homozygous state, and this may have 
contributed to faster accumulation of par- 
tiallv recessive mutations. Part of the evo- 
lutionary advantage of sexual species may 
be due to the lack of recombination in 
asexual species, which therefore accumu- 
late more deleterious mutations than do 
their sexual counterparts. 
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Innervation of the Heart and Its Central Medullary 
Origin Defined by Viral Tracing 

Amelia Standish,* Lynn W. Enquist,"fames S. Schwaber 
The vagus nerve exerts a profound influence on the heart, regulating the heart rate and 
rhythm. An extensive vagal innervation of the cardiac ventricles and the central origin and 
extent of this innervation was demonstrated by transynaptic transport of pseudorabies virus 
with a virulent and two attenuated pseudorabies viral strains. The neurons that innervate 
the ventricles are numerous, and their distribution within the nucleus ambiguus and dorsal 
motor nucleus of the vagus is similar to that of neurons innervating other cardiac targets, 
such as the sino-atrial node. These data provide a neuroanatomical correlate to the 
physiological influence of the vagus nerve on ventricular function. 

T h e  innervation of the heart by the vagus 
nerve has been investieated since urofound - 
vagal cardiac influences were demonstrated 
by the Weber brothers in 1845 (1). The 
vagus nerves exert important control over 
cardiac rhythm and rate, and the barore- 
ceptor vagal reflex is crucial for normal 
blood pressure regulation (2). In addition, 
vagal stimulation elicits an appreciable fre- 
quency-dependent negative inotropic effect 
on the left ventricle (3). However. the ~, 

vagal cardiac innervation has been a con- 
tinuing source of controversy, and uncer- 
tainties remain as to whether the cardiac 
ventricles receive a significant vagal inner- 
vation. Vaeal innervation of the ventricles 
has been thought to be absent or at least 
greatly less than that of the atrium (4). 
Further, questions remain as tothe location 
and distribution of central medullary vagal 
cardiac preganglionic motoneurons inner- 
vating specific cardiac targets. Neurons of 
the dorsal motor nucleus of the vagus 
(DMV) and of the nucleus ambiguus (NA) 
innervate the heart as shown bv various 
physiological, traditional tract tracing, and 
degeneration techniques. Cardiac vagal 
preganglionic neurons located in both the 
DMV and NA (5, 6), mostly in the NA 
(7), or primarily in the DMV (8) have been 
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reported. Species variations may account 
for some of these differing results. However. u 

conventional tracing studies with cholera 
toxin-conjugated horseradish peroxidase 
(CT-HRP) as a tracer have suggested a 
rather minor involvement of the DMV in 
the rat (9, 1 O ) ,  and recent reviews have 
reached a consensus that cardiac neurons 
arise mainly in the NA, with little contri- 
bution from the DMV (1 1, 12). This con- 
clusion is consistent with the evidence that 
most, if not all, cells of the DMV appear to 
project to subdiaphragmatic, not cardiac, 
structures (I I) .  

It has been difficult to resolve questions 
-concerning cardiac, particularly ventricu- 
lar, innervation by the usual retrograde 
tracing techniques because the postgangli- 
onic neurons at the heart break the link 
between the medullarv vaeal motoneurons , 

and their cardiac targets. The postgangli- 
onic neurons are widely scattered at the 
heart (1 3). We have been able to circum- 
vent these problems by using pseudorabies 
virus (PRV), a neurotropic herpesvirus, as a 
transynaptic tracer. Herpesviruses have 
been used to map synaptically linked neu- 
ronal circuits both centrally and peripher- 
ally (1 4). PRV can be injected directly into 
a peripheral organ, in this case the myocar- 
dium, and the virus transported from the 
specific cardiac site to postganglionic neu- 
rons that innervate that target. PRV repli- 
cates in these postganglionic neurons, then 
retrogradely crosses synapses and is trans- 
ported to the specific vagal preganglionic 
neurons innervating the postganglionic 
neurons. Transneuronal spread of virus in 
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the brain results from specific passage of 
virions at the synapse and not from passage 
through the extracellular space (1 5). 

Forty-three Wistar rats (200 to 225 g) 
were anesthesized with a mixture of chloral 
hydrate (375 mg per kilogram of body 
weight) and pentobarbital (75 mgkg) ad- 
ministered intraperitoneally. A tracheosto- 
my was performed, and the rat was mechan- 
ically ventilated. The heart was exposed 
after a midline bisection of the sternum, 
and PRV was injected with a Hamilton 
syringe with an attached glass micropipette 
tip. Three strains of PRV were used, the 
virulent Becker (PRV-Be) and two attenu- 
ated strains, Bartha (PRV-Ba) and PRV- 
91. PRV-Ba has multiple mutations affect- 
ing virulence, whereas PRV-9 1 is isogenic 
with the virulent strain PRV-Be but is 
deleted for one gene encoding the viral 
envelope protein gE (previously called gI), 
a protein not required for viral replication 
in cell culture (1 6). The cardiac ventricular 
muscle wall was injected [2 to 8 pl; - 1 x 
lo5 to 7 x lo5 total plaque-forming units 
(PFU)] with PRV at various locations, in- 
cluding the apex of the heart. Some of the 
rats received one injection with 2 pl of 
PRV at various ventricular locations or 
received multiple injections (up to three) 
with 2 to 3 pl of PRV. In other rats, the fat 
pads around the heart where the parasym- 
pathetic ganglia are located (13) were in- 
jected (four sites around the great vessels, 2 
to 4 pl per site) with PRV. After all. cardiac 
injections, the sites were swabbed with 
sterile cotton applicators. .The average titer 

Dorsal 

Fig. 1. Schematic diagram of the circuit in- 
volved in the baroreceptor vagal reflex. Cardiac 
preganglionic neurons are located in the dorsal 
motor nucleus (DMV), the nucleus ambiguus 
(NA), and the intermediate zone between these 
two populations. Second order neurons in the 
nucleus tractus solitarius (NTS) synapse on the 
cardiomotor neurons, most likely through at 
least one interneuron. 

of the PRV stocks was 1 x 10' PFU per 
milliliter. At different survival times, the 
animals were reanesthetized and killed by 
transcardial perfusion (17). Because the 
virus strains differ in virulence, the range of 
survival times were chosen to produce com- 
parable amounts of neuronal infection and 
were 29 to 55 hours for PRV-Be, 51 to 78.5 
hours for PRV-91, and 47 to 94.5 hours for 
PRV-Ba. Infected neurons were localized in 
the medulla with light microscopic immu- 
nohistochemistry (18). There was no obvi- 
ous sign of lesions or infection of cardiac 
tissue i t  the cardiac injection sites. A dia- 
gram of the vagal cardiac circuit is shown in 
Fig. 1. Motor cells were distinguished from 
transynaptically labeled interneurons by 
comparison of somatic and dendritic mor- 
phology and cell location with cells labeled 
by CT-HRP cardiac injections (1 0). 

Injection of each of the three strains of 
virus into the ventricular muscle wall. the 
sino-atrial node, or the area of cardiac vagal 
postganglionic neurons all produced abun- 
dant viral labeling of neuron vagal mo- 
toneurons in the medulla at the level k 2  
mm of the obex, and of interneurons in the 
medulla and more generally within the 
visceral neuraxis. All 43 animals were used 
for data collection, and the results were 
consistent among animals. At short surviv- 
al times, principally cardiomotor neurons 
and no (or very few) interneurons were 
labeled, but the shortest survival time at 
which labeling was observed depended on 
the injection location and the virus. For 
example, ventricular injections of PRV-Be, 

PRV-91, and PRV-Ba yielded substantial 
vagal cardiomotor labeling at 44, 51, and 
72 hours, respectively. After injection of 
the ganglia around the heart, labeled neu- 
rons were first observed at shorter survival 
times, 8 to 20 hours before that seen after 
ventricular injection. Vagal cardiomotor 
neurons were located (typically bilaterally) 
in the DMV, NA, and in the tegmental 
field between these two nuclei (the inter- 
mediate zone) (Fig. 2). Neurons in the 
DMV (ranging from 15 to 25 pm) were 
spindle shaped with dendrites typically ex- 
tending mediolaterall~ as observed in trans- 
verse sections, whereas those in the NA 
and intermediate zone were larger (ranging 
from 20 to 30 pm) with prominent multi- 
~ o l a r  dendrites. Distributions of labeled 
neurons were similar whether the ganglia 
around the heart (Fig. 2, A and D) or the 
cardiac ventricles (Fig. 2, B and E) were 
injected. Likewise, bilateral distributions of 
infected neurons were similar regardless of 
the location of injection on the left ventri- 
cle, including just the apex of the heart 
(Fig. 2F). 

However, different distributions of vagal 
cardiomotor neurons were labeled by the 
different viral strains. In particular, cardiac 
injection of the virulent strain PRV-Be 
resulted in neuronal labeling in both cardi- 
omotor populations, within the regions of 
the NA and the DMV (Fig. 2, A through 
C). In contrast, both attenuated strains of 
PRV readily infected neurons in the NA 
but rarely infected neurons in the DMV 
(Fig. 2, D through F). Both the virulent 

Fig. 2. Computer-based mapping 
of the distribution of labeled neu- 
rons after cardiac injection of the 
pseudorabies virus PRV. Maps 
are representative of the number 
of neurons observed in four sec- 
tions located -1 mm caudal to 
the obex. (A) PRV-Be injected into 
fat pads. Labeled neurons were 
located in both the DMV (red cir- 
cles) and NA (blue circles). Injec- 
tions were made into the fat pads 
surrounding the heart: 4 UI the between major vessels the s u ~ e -  of - vu 
rior vena caba and the aorta, '1.5 
pl at the junction of the aorta and 
the heart muscle, 1.5 pl between 
the aorta and pulmonary artery, 
and 3 pI at the crossing of the 
precaval vein, the pulmonary ar- 
tery, and the left ventricle for a 
total of 6 x lo5 PFU. A few la- 2000 rrm 

beled neurons were also located 
in the intermediate reticular zone (orange circles). (B) PRV-Be injected into the left ventricle labeled 
neurons in both the DMV and NA. A total of 8 pI (4.8 x lo5 total PFU) was injected at three sites (2 
to 3 FI per site) along the left ventricle. (C) PRV-Be injection into the SA-node resulted in virally 
infected neurons in both cardiomotor populations. (D) Injection of PRV-91 into the ganglia and (E) 
injection of PRV-91 into the left ventricle readily infected neurons in the NA but few in the DMV. 
lnjection sites and amounts of virus used were similar to those for PRV-Becker. (F) Injection of 2 pI 
of PRV-Ba into the apex of the ventricle produced neuronal labeling primarily in the NA. 
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and attenuated strains infected neurons in 
the NA and intermediate zone. Approxi- 
matelv 65%. 15%. and 5% of the total 
population of cardiomotor neurons were 
labeled in the DMV for PRV-Be, PRV-91, 
and PRV-Ba, respectively, after cardiac 
ventricular injection (Fig. 3). The DMV 
labeling was largely at intermediate levels of 
the nucleus within 5 1  mm of the obex. 
Rostrocaudal columns of labeled neurons 
were not clearly seen in the DMV, but 
many labeled neurons were located in the 
periphery of the nucleus along dorsal or 
lateral boundaries. 

At longer survival times, all three types 
of PRV produced labeling of cells in the 
dorsal and dorsomedial nucleus tractus sol- 
itarii (NTS), a region that receives cardio- 
vascular sensory inputs. Most of these neu- 
rons were labeled only at longer survival 
times, suggesting the interposition of an- 
other interneuron between these apparent 
second order afferent neurons and the car- 
diomotor output neurons involved in car- 
diovascular reflexes. 

The neuronal labeling seen after injec- 
tion of PRV results from retrograde trans- 
port. Both NA and DMV neurons were 
labeled simultaneously at short survival 
times by PRV-Be. The specificity for PRV- 
Be as a retrograde tracer has been proven 
by various controls. Control experiments 
were done on five rats to ensure that the 
observed neuronal labeling was due to 
viral transport up the vagus nerve. Imme- 
diately after PRV heart injections, a uni- 
lateral cervical vagotomy was performed. 
In these animals there was an absence of 
label in the NA, intermediate zone, and 
the DMV on the vagotomized side of the 
brain, whereas there was significant label- 
ing on the intact side. Further, injections 
into the chest cavity and into the lung 
tissue, topically onto the vagus nerve and 
directly into the blood, did not label 
central neurons. PRV is neurotropic, does 
not diffuse far from the injection site, and 

Fig. 3. Photornicro- 
graphs of the virally in- 
fected cardiomotor pop  "-  " -- 
ulations after injection of 
PRV at sections caudal 
to the obex. (A and B) 
Both the DMV and NA 
were labeled 52 hours 
after ventricular injection 
of PRV-Be. (C and D) - 
Only the NA was labeled , 1 
78 hours after ventricular .. 
injection of PRV-91. * -.* 

Scale bar. 500 Frn for 
(A) and (C) and 250 km 
for (B) and (D). Dashed 
black circles outline the 
region of the DMV. Is 

labels neurons in distinct central regions 
dependent on the injected target organ 
(16). 
' o u r  findings clarify the current debate 
about vagal innervation of the heart by 
showing that cardiac ventricular sites, in- 
cluding the apex, receive an extensive 
vagal innervation distributed within the 
NA and DMV in a manner similar to that 
of neurons innervating other cardiac tar- 
gets, such as the sino-atrial node. The 
vagus has profound effects on cardiac func- 
tion, including beat-to-beat regulation of 
cardiac rate (3), but until now the vagal 
ventricular innervation has not been pos- 
sible to establish anatomically. Because 
cardiac postganglionic neurons have not 
been found in the ventricles (4, 13), 
ventricular iniections of conventional 
tracers would Aot be expected to label 
centrally located vagal preganglionics. 
This prediction was confirmed by injec- 
tion of CT-HRP into the ventricles; no 
labeled cells were seen. This result con- 
trasts with the abundant label after viral 
iniection. Our results ~rovide an anatom- 
ical substrate for the' controversial but 
potentially important inotropic function 
of vagal cardiac innervation and thus sup- 
port the physiological results of Levy and 
others (2, 3). This may indicate that the 
neurons projecting to the ventricles and to 
the atria and nodal sites participate in 
similar central control circuits. 

Our different results in DMV neurons 
with different viral strains point to selective 
uptake, transport, and labeling by the DMV 
and NA: PRV-Be labels the DMV relatively 
extensively as compared with CT-HRP or 
the other attenuated viral strains. This dif- 
ference in DMV labeling among viral strains 
is a potentially powerful tool for exploring 
the differences in the DMV and NA cardiac 
populations. For example, selective labeling 
may correlate with functional differences: 
DMV neurons have primarily unmyelinated 
axons that mediate slow vagal effects on the 

b 
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heart, whereas NA neurons are myelinated 
and mediate fast effects. The PRV-Be and 
PRV-91 strains differ only in the deletion of 
the gE gene, and this gene is required for 
efficient infection of DMV cardiomotor neu- 
rons. Our virally selective findings are con- 
sistent with results from Card and co-work- 
ers which demonstrate that selective infec- 
tion of a functionallv distinct subset of neu- 
rons innervating the eye is due to the gE 
gene (16, 19). Indeed, the PRV glycopro- 
tein gE is clearly critical in distinguishing 
NA neurons from DMV neurons that inner- 
vate the heart. 
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