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Effects of corticospinal tract stimulation on renal sympathetic nerve activity
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Pan B, Zahner MR, Kulikowicz E, Schramm LP. Effects of
corticospinal tract stimulation on renal sympathetic nerve activity in rats
with intact and chronically lesioned spinal cords. Am J Physiol Regul
Integr Comp Physiol 293: R178–R184, 2007. First published April 22,
2007; doi:10.1152/ajpregu.00044.2007.—Sympathetic preganglionic
neurons and interneurons are closely apposed (presumably synapsed
upon) by corticospinal tract (CST) axons. Sprouting of the thoracic
CST rostral to lumbar spinal cord injuries (SCI) substantially in-
creases the incidence of these appositions. To test our hypothesis that
these additional synapses would increase CST control of sympathetic
activity after SCI, we measured the effects of electrical stimulation of
the CST on renal sympathetic nerve activity (RSNA) and arterial
pressure (AP) in �-chloralose-anesthetized rats with either chronically
intact or chronically lesioned spinal cords. Stimuli were delivered to
the CST at intensities between 25–150 �A and frequencies between
25 and 75 Hz. Stimulation of the CST at the midcervical level
decreased RSNA and AP. These decreases were not mediated by
direct projections of the CST to the thoracic spinal cord because we
could still elicit them by midcervical stimulation after acute lesions of
the CST at caudal cervical levels. In contrast, caudal thoracic CST
stimulation increased RSNA and AP. Neither the responses to cervical
nor thoracic stimulation were affected by chronic lumbar SCI. These
data show that the CST mediates decreases in RSNA via a cervical
spinal system but excites spinal sympathetic neurons at caudal tho-
racic levels. Because chronic lumber spinal cord injury affected
responses evoked from neither the cervical nor thoracic CST, we
conclude that lesion-induced or regeneration-induced formation of
new synapses between the CST and sympathetic neurons may not
affect cardiovascular regulation.

sympathetic preganglionic neurons; sympathetic interneurons; spinal
cord injury; cardiovascular regulation

PROGRESS IS BEING MADE IN the regenerative repair of injured
spinal cords. Although this progress is gradual, clinical trials
are already under way (22, 26). Indeed, spinal cord regenera-
tion has captured the imagination of both the public and the
pharmaceutical industry (25). However, many fundamental
questions remain to be answered (17). One of the most impor-
tant and one of the least discussed among these is whether
regenerating or sprouting axons will form functionally appro-
priate synapses and avoid forming aberrant synapses. In par-
ticular, we have suggested that aberrant synapses between
spinal systems normally controlling movement and systems
normally controlling the output of the sympathetic nervous
system could lead to regulatory dysfunction (30). The forma-
tion of such aberrant synapses is plausible in light of previously

reported sprouting and functional plasticity of corticospinal
tract synapses rostral to spinal cord lesions (16).

In a previous study, we used the sprouting of the cortico-
spinal tract (CST) rostral to a chronic spinal cord lesion to
mimic the axonal sprouting and formation of new synapses that
would occur in a regenerating spinal pathway (30). This
sprouting is well described and very robust (16, 20). The
motivation for the present experiments arose from our obser-
vation that sprouting of the thoracic CST after a lumbar spinal
lesion caused a significant increase in close appositions (puta-
tive synapses) between axons of the CST and spinal sympa-
thetic interneurons (IN) and between axons of the CST and
sympathetic preganglionic neurons (SPN) at caudal thoracic
levels. Similar increases in close appositions between CST
collaterals and spinal neurons previously have been observed
rostral to lesions of the CST (4). We interpreted the increase in
close appositions with IN and SPN as an example of aberrant
somatic-autonomic synapses and hypothesized that, given the
increase in appositions, the CST would have an abnormally
large effect on sympathetic activity in rats that had undergone
chronic lumbar spinal cord lesions.

To test this hypothesis, we first determined the effects of
electrical stimulation of the CST on renal sympathetic nerve
activity (RSNA) and mean arterial pressure (AP) in rats with
no previous lesion to their spinal cords. These rats were
designated chronically intact. Then, we compared those effects
with responses evoked in rats whose spinal cords had been
lesioned at rostral lumbar levels 4–6 wk earlier, a period of
time sufficient for the formation of many new close appositions
between CST collaterals and spinal sympathetic neurons (30).
These rats were designated chronically lesioned. We discov-
ered that stimulation of the CST at cervical and caudal thoracic
levels had opposite effects: cervical stimulation decreasing and
thoracic stimulation increasing, RSNA. However, chronic lum-
bar lesions did not affect RSNA responses to stimulation of the
CST at either cervical or thoracic levels.

MATERIALS AND METHODS

Adult male Sprague-Dawley rats were used in these experiments
(Charles River, Raleigh, NC). All surgical procedures and postoper-
ative care were provided in accordance with the Guide for the Care
and Use of Laboratory Animals (National Research Council, 1996)
and approved by the Johns Hopkins University Committee on Animal
Care and Use. We used 175-g male rats for the chronically lesioned
group. These rats survived for 4–6 wk after spinal cord lesions before
we studied the effect of CST stimulation on RSNA and AP in acute
experiments. By this time, rats weighed 300–400 g. Our chronically
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intact control group consisted of unoperated, weight-matched male
rats. Forty rats met the criteria for inclusion in our data: 1) stimulation
sites could be unambiguously identified histologically, 2) histological
examination showed that stimulation sites were completely within the
CST, and 3) recordings of RSNA and AP were stable and free from
artifact during stimulation periods. Forty-two rats did not meet at least
one of these criteria. All stimuli were delivered to the left dorsal CST.
Unless indicated, all spinal cords were acutely transected several
segments rostral to stimulation sites to prevent antidromic activation
of more rostral systems, brain stem nuclei in the case of cervical
stimulation, and cervical spinal cord and brain stem systems in the
case of thoracic spinal cord stimulation.

We conducted four experiments in chronically intact rats. First, we
stimulated the CST between C3 and C5 after making an acute spinal
transection at C2 (n � 9). Second, to gauge the necessity for the acute
rostral transections, we stimulated the CST between C3 and C5
without previous acute C2 spinal transection (n � 6). Third, we
stimulated the CST between C3 and C5 after both a complete acute
transection of the spinal cord at C2 and a surgical lesion that destroyed
the dorsal CST between C7 and C8 (n � 7). The purpose the latter
experiments was to determine whether responses elicited from the
cervical CST were mediated by direct projections to the thoracic
spinal cord or, indirectly, by cervical systems activated by cervical
CST stimulation. Fourth, in the thoracic spinal cord, we stimulated the
CST between T10 and T11 after a T8-spinal transection (n � 5).

We conducted two kinds of experiments in chronically lesioned
rats (lesions in the rostral lumbar spinal cord, as described below).
First, we stimulated the CST between C3 and C5 after complete acute
transection of the spinal cord at C2 (n � 7), and, second, we
stimulated the CST between T10 and T11 in rats with complete acute
lesions of the spinal cord at T8 (n � 6).

Chronic spinal cord injury. Under halothane anesthesia, T12 to L1
vertebrae were removed to expose the rostral lumbar segments. We
incised the dura and hemisected the dorsal spinal cord at the L2-3
level with a microsurgical blade as described previously (30). The
lesion extended slightly ventral to the central canal. Therefore, the
area destroyed included the dorsal columns, containing both left and
right dorsal CST, the left dorsolateral funiculus, the left dorsal horn,
and the left intermediate zone (see Fig. 1C in Ref. 30). The locations
and transverse extent of all lesions were determined histologically as
described below. Muscle and skin incisions were closed separately.
Rats were treated with an antibiotic (20,000 units im; Pfizerpen,
Pfizer, NY), and an analgesic (1.1 mg/kg sc Banamine; Shering-
Plough, Union, NJ) before cessation of anesthesia. We manually
expressed the rats’ bladders for 3–5 days after surgery by which time
spontaneous micturition recovered.

Preparation for recording RSNA and AP. Anesthesia was induced
by halothane and continued by administration of 100 mg/kg a-chlo-
ralose (7.5%; Sigma) via the right femoral vein. Rats were placed
under a lamp and on a heating pad to maintain body temperature
between 35 and 37°C, monitored with a rectal probe. The trachea was
intubated for artificial respiration with 100% oxygen. Once secured in
a stereotaxic frame, rats were paralyzed with gallamine triethiodide
(40 mg/kg iv). The depths of anesthesia and paralysis, as indicated by
the level and variability of RSNA and AP or the presence of corneal
reflexes, were maintained with supplements of a-chloralose and gal-
lamine triethiodide.

In rats in which we stimulated the cervical spinal cord, we made a
laminectomy between the C1 and C6 vertebrae. This laminectomy
was extended to the C8 vertebra when the CST of rats was to be
lesioned at the C8 spinal segment. In rats in which we stimulated the
caudal thoracic spinal cord, we made a laminectomy between the T6
and T10 vertebrae. The spinal cord was transected at the T8 spinal
segment. In these rats, a pneumothorax and mechanical stabilization
with a vertebral clamp were necessary to reduce respiratory move-
ment of the spinal cord. An injection of 0.5–1 ml of human serum
albumin (Baxter Healthcare, 25% solution, 12.5 g/50 ml iv) was

administered if needed to stabilize AP. In all preparations, the exposed
spinal cord was kept moist with warm mineral oil.

RSNA recording, signal processing, and quantification. Preparation
for RSNA recording has been described elsewhere in detail (Chau
et al., 1997). The left kidney was approached via a left flank laparot-
omy, reflected ventrally, and retracted. The renal nerve, which typi-
cally was found at the junction of the aorta and the renal artery or
traversing the aorta and extending toward the kidney, was dissected
from the surrounding tissues and epineurium and mounted on a
bipolar hook electrode. RSNA was amplified by a differential ampli-
fier at a bandpass of 300–3,000 Hz. Total amplification was between
�5,000 and �10,000. Sympathetic activity was further processed by
rectification and low-pass filtering at a time constant of 0.1 s. Unfil-
tered RSNA, processed RSNA, AP, and heart rate were recorded
simultaneously with a Cambridge Electronic Design Micro1401 using
Spike 2 software. At the end of each experiment, the renal nerve was
cut proximal to the recording electrode. The electrical activity that
remained was recorded and processed as described above for 3–5 min.
Once it had stabilized, the average amplitude of this activity over a 4-s
period was recorded and used to compute actual zero RSNA. Before
analysis, recordings of RSNA were corrected for differences in
amplifier gain.

We delivered all stimuli for 5 s. Because responses often had
transient components that lasted for 0.1 to 0.5 s, we measured the
magnitude of responses as the average of the RSNA during the last 4 s
of stimulation, minus the zero activity measured as described above.
To compensate for differing resting levels of RSNA between rats, we
normalized all responses by the average of RSNA during the last 4 s
before each stimulation, again, minus zero activity. Therefore, all
responses in RSNA were expressed as %changes.

CST stimulation. We inserted microelectrodes (0.5 megaOhm tung-
sten, World Precision Instruments) into the cervical CST to a depth of
1.2–1.4 mm between segments C3 and C5 and into the left thoracic
CST to a depth of 0.8–1.0 mm between T10 and T11. Electrodes were
precoated with 1% 1,1� dioctadecyl-3,3,3�3� tetramethyl-indocarbo-
cyanine perchlorate (DiI) in 100% ETOH to ensure precise localiza-
tion of electrode tracks (15). We used a constant-current stimulator to
deliver square wave stimuli at all combinations of 25, 75, 125, and
150 �A and 25, 50, and 75 Hz. Pulse duration was set at 200 �s. Upon
completion of each 12-stimulation paradigm, the stimulation site was
marked with a small direct current lesion.

Histology. At the end of experiments, rats were perfused transcar-
dially with buffered saline (pH 7.4), followed by 4% buffered para-
formaldehyde (pH 7.4). The spinal cord was removed and postfixed in
fixative overnight. After cryoprotection in 30% sucrose for 48 h, 40
�m horizontal sections were cut on a sliding microtome, mounted on
gelatin-coated glass slides, and air dried. The exact sites of electrode
tracks were identified by both DiI labeling and electrolytic lesions
using fluorescence and conventional microscopy. In rats lesioned
acutely at C7-8, complete destruction of the left and right dorsal CSTs
was confirmed histologically in 40-�m transverse sections. Lumbar
spinal cords of chronically lesioned rats were similarly sectioned, and
the extent of each chronic lesion was reconstructed.

Data presentation and statistical analysis. Data are expressed as
means � SE. Statistical analysis employed one-way ANOVA with
repeated measures or paired Student’s t-test for comparison between
responses to stimuli within groups, and two-way ANOVA for com-
parison between groups, as appropriate. Values of P � 0.05 were
considered significant.

RESULTS

Cervical CST stimulation decreased RSNA. Electrical stim-
ulation of the CST in segments C3-C5 evoked decreases in
RSNA in rats previously transected at C2 (Fig. 1A). In most
rats, larger stimulus intensities and frequencies tended to evoke
larger decreases (Fig. 1B, white bars). Moreover, at each
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stimulus intensity, higher frequencies tended to evoke larger
reductions in RSNA. Stimulation at an intensity of 125 �A and
a frequency of 75 Hz evoked the largest average decrease in
RSNA, 43.1 � 8.8%. Stimulation also evoked a small, but
highly reliable, decrease in AP of 1.1 � 0.5 mmHg (averaged
over-all stimulus paradigms, P � 0.0022, paired t-test). Stim-
ulation did not significantly affect heart rate.

When the cervical CST was stimulated without first transect-
ing the spinal cord at C2, responses ranged from small de-
creases to small increases (data not shown). These mixed
responses in spinally intact rats likely resulted from simulta-
neous orthodromic stimulation of spinal systems and anti-
dromic stimulation of medullary nuclei via brain stem CST
collaterals (3, 41).

Rostral cervical CST stimulation after a caudal cervical CST
lesion attenuated, but did not abolish, evoked decreases in
RSNA. To determine whether decreases in RSNA were medi-
ated only by CST input to cervical spinal cord, we repeated
stimulation at C3-C5 after destroying the CST between C7 and

C8 (see MATERIALS AND METHODS). Rostral cervical CST stimu-
lation still evoked robust decreases in RSNA after this CST
lesion (Fig. 1B, stippled bars). However, their magnitude was
significantly reduced [F(1, 168) � 12.68, P � 0.0005].

In seven rats, stimulation lateral to the CST evoked de-
creases in RSNA similar to those evoked from the CST itself
at all stimulus intensities. However, the magnitude of these
decreases diminished with increasing distance from the CST.
Stimulation just ventral to the CST in lamina-X in another
seven rats decreased RSNA at low stimulus intensities but
increased RSNA at greater intensities.

Caudal thoracic CST stimulation increased RSNA. In sharp
contrast to responses evoked by stimulation of the cervical
CST, stimulation of the thoracic CST at T10-T11 (following
an acute spinal transaction at T8) increased RSNA activity
(Fig. 2A). In each rat, increased stimulus intensities tended to
evoke larger increases in RSNA (except at the maximum
intensity of 150 �A). At each stimulus intensity, however,
higher stimulation frequencies tended to evoke smaller excita-
tions (Fig. 2B). Thoracic stimulation evoked small, but consis-

Fig. 2. A: representative response of RSNA, heart rate, and AP to stimulation
of the thoracic CST (T10). Note rapid increase in RSNA with stimulation. At
the offset of stimulation, after a transient silent period, RSNA recovered
rapidly and remained elevated for �15 s. AP increased significantly during
stimulation, but heart rate was unaffected. B: thoracic CST stimulation (at
intensities indicated below each bar) increased RSNA. However, increased
frequency of stimulation at each stimulus intensity tended to decrease the
magnitude of this response, n � 5.

Fig. 1. A: representative response of renal sympathetic nerve activity (RSNA),
heart rate, and arterial pressure (AP) to stimulation of the cervical corticospinal
tract (CST). Note rapid onset of inhibition of RSNA with stimulation. RSNA
returned to prestimulation level rapidly after the offset of stimulation. AP
decreased slightly and transiently. Heart rate responses were small and variable
in direction. B: effect of cervical stimulation between C3 and C5 on RSNA at
intensities and frequencies indicated above bars. White bars represent re-
sponses in chronically intact rats with spinal cords also intact at C7-C8, n �
9. Responses evoked by stimuli of 75 �A/50 Hz and larger (except 125 �A/25
Hz) were larger than those evoked by stimuli of 25 �A/25 Hz and 25 �A/50
Hz (P � 0.05, one-way ANOVA, repeated measures, n � 9). Stippled bars
represent responses in chronically intact rats with acute lesions of the CST at
C7-C8, n � 7.
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tent, increases in AP of 3.8 � 1.4 mmHg averaged over all
stimulus paradigms (P � 0.0197, paired t-test). Heart rate was
unaffected by thoracic stimulation.

Chronic lumbar spinal lesions did not significantly affect
responses to CST stimulation. Immediately after surgery, all
chronically injured rats demonstrated complete loss of use of
the left hindleg and partial-to-complete loss of use of the right
hindleg. Rats also either gained no weight or slightly lost
weight during the first two postoperative weeks. Rats showed
some recovery of their hindlimb motor function and a normal
gain in weight after 3 wk.

Cervical CST stimulation reduced RSNA to an extent that
was not significantly different from that in spinally intact rats
(Fig. 3A) [F(1,168) � 0.08, P � 0.78]. Stimulation evoked
decreases in AP of 1.1 � 0.5 mmHg, identical to those evoked
in spinally intact rats.

Similarly, thoracic CST stimulation in chronically lesioned
rats increased RSNA to an extent that was not significantly
different from that in spinally intact rats (Fig. 3B) [F(1,120) �
0.03, P � 0.87]. Note that even the positive relationship
between stimulus intensity and response magnitude and the
negative relationship between stimulus frequency and response
magnitude were maintained after chronic spinal lesions. Stim-
ulation-evoked increases in AP were nearly identical to those
evoked in spinally intact rats, 3.7 � 0.9 mmHg.

DISCUSSION

Cervical CST stimulation decreased RSNA. Cortical (rather
than CST) stimulation has been used in all previous studies of
cortically evoked autonomic effects (8), and cortical efferents
project to a broad range of brain stem nuclei that themselves
affect sympathetic activity (3, 41). Therefore, we were unable
to predict from the results of earlier experiments how electrical
stimulation of the CST itself would affect sympathetic activity.
We observed two major characteristics of responses in RSNA
to cervical CST stimulation. First, cervical CST stimulation
decreased RSNA. Second, these decreases were not mediated
wholly by direct projections of the CST to lower thoracic
segments because they could still be evoked after destruction
of the dorsal CST between C7 and C8. Caudal cervical lesions
did, however, significantly reduce the magnitude of cervically
evoked decreases in RSNA. We hypothesize that the inhibitory
system responsible for cervical effects on RSNA continues into
rostral thoracic spinal cord. This hypothesis is supported by
observations from a small number of rats in which we stimu-
lated the CST in rostral thoracic spinal cord after transecting
the spinal cord between C7 and C8 (Data not shown). In those
rats, small but highly variable decreases (and occasionally
small increases) in RSNA were evoked by CST stimulation,
suggesting that we were stimulating at the transition between a
rostral sympathoinhibitory system and a caudal sympathoex-
citatory system.

Glutamate is the principal neurotransmitter in axons of
the CST (18, 32), and the monosynaptic effect of activating
these axons in somatic pathways is excitatory (for instance,
see Ref. 35). However, cortical stimulation activates many
IN within the terminal field of the cervical CST (13), and the
CST mediates spinal inhibitory effects via projections to
inhibitory IN in both somatic motor and sensory systems (1,
42). Therefore, the most likely mechanism for decreases in
RSNA in response to cervical CST stimulation was gluta-
mate-mediated activation of inhibitory IN. We hypothesize
that these IN in turn inhibited caudal thoracic SPN and/or
sympathoexcitatory IN.

Although our data do not identify the locus of these
inhibitory IN, other data suggest that they reside in caudal
thoracic, rather than cervical and upper thoracic, segments.
Deuchars et al. (14) have identified thoracic GABAergic IN
that likely project to both SPN and sympathoexcitatory IN.
These neurons could be excited by long, propriospinal neurons
that we and others have shown project from cervical spinal
cord to caudal, thoracic, sympathetically related neurons (23,
37). Finally, to our knowledge no GABAergic or glycinergic
neurons have been shown to project directly from cervical to
caudal thoracic spinal cord.

The present study is not the first to implicate cervical
neurons in spinal inhibitory processes. This laboratory showed
that either chemical or electrical stimulation of cervical spinal
cord reduced RSNA (24, 29, 31, 36). Although we did not rule
out direct inhibition of thoracic SPN by cervical stimulation,
our evidence suggested that reductions in RSNA were second-
ary to inhibition of thoracic sympathoexcitatory IN that re-
ceived both nociceptive and discriminative afferent input (10,
11). This interpretation was supported by others who showed
that systems residing in the cervical spinal cord inhibit input

Fig. 3. A: decreases in RSNA evoked by cervical CST stimulation in chron-
ically lesioned rats (black bars, n � 7) were not significantly different from
those evoked in chronically intact rats (white bars are the same data as in
Fig. 1B). B: increases in RSNA evoked by thoracic CST stimulation in
chronically lesioned rats (black bars, n � 6) were not significantly different
from those evoked in chronically intact rats (white bars are the same data as in
Fig. 2B). See text for details.
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from primary afferents in response to a variety of somatic and
visceral afferent input (9, 27, 33, 34).

Caudal thoracic CST stimulation increases RSNA. The
anatomical substrate for the effects of thoracic CST stimulation
on RSNA is better defined than that for the effects of cervical
stimulation. Pan et al. (30) have shown that axons of the CST
closely appose (presumably synapse upon) a small but signif-
icant number of caudal thoracic SPN and sympathetically
related spinal IN (identified by transsynaptic retrograde tracing
with pseudorabies virus). We suggest that the increased RSNA
we observed in response to CST stimulation was mediated by
these synapses. Because Pan et al. did not determine the
transmitters expressed in the sympathetically related IN, they
were unable to determine how many of the sympathetic IN
contacted by CST axons were excitatory or inhibitory. How-
ever, both excitatory and inhibitory sympathetic IN are known
to reside in thoracic spinal cord (14, 38). If the CST projects to
both categories of IN, based on our observations the effects of
direct stimulation of thoracic CST projections to SPN and
excitatory IN outweigh the effects of stimulation of thoracic
CST projections to inhibitory IN.

Many credible models could account for the opposite effects
on RSNA of stimulating the cervical and thoracic CST. How-
ever, any model must account for the fact that, because the
cervical CST is not somatotopically organized (12), cervical
CST stimulation also stimulates thoracic CST axons. The
model shown in Fig. 8 is consistent with our results.

Neurons 4 and 5 are sympathetic pre- and postganglionic
neurons, respectively. The SPN 4 is shown receiving excitatory
input from the CST and a sympathoexcitatory IN 3. That
excitatory IN receives information from primary afferent neu-
rons (represented by neuron 6) as well as from the CST. We
have documented the existence of these sympathoexcitatory
neurons and their somatic and visceral afferent input (10, 11,
24, 29). Neuron 2 is an inhibitory IN that inhibits both thoracic
sympathoexcitatory neurons 3 and SPN 4. On the basis of the
data of Deuchars et al. (14), in our model the inhibitory IN 2
resides in the thoracic spinal cord. Finally, neuron 1 is an
excitatory propriospinal neuron that is excited by the cervical
CST and that, in turn, excites a thoracic inhibitory IN. We and
others have identified candidates for these cervical IN. Propri-
ospinal neurons in the rostral, cervical, dorsolateral funiculus
project to SPNs and IN labeled by renal injections of PRV (37).
Furthermore, using anterograde tracing, Jansen and Loewy
(23) have shown that the projections of these propriospinal
neurons include the medial regions of lower thoracic segments.
Deuchars et al. (14) have shown that GABAergic IN that
project to SPNs reside in these medial regions.

Our data are consistent with the hypothesis that, in addition
to inhibiting the ongoing RSNA, the inhibitory effects of the
CST on excitatory IN 3 and SPN 4 prevent the excitatory
effects mediated by CST projections to those excitatory IN and
SPN. Activity in primary afferents 6 may be responsible for
much of the ongoing RSNA after spinal cord lesions (10, 11),
and Fig. 4 indicates that inhibition of IN 3 would reduce that
afferent input as well as that from the CST. We do not propose
that the opposite effects of stimulation of the cervical and
thoracic CSTs mimic a plausible physiological process. It is
more likely that cervical and thoracic CST axons and their
related pathways are separately and specifically regulated by
the cortex and rarely would be coactivated.

Chronic lumbar spinal lesions did not significantly affect
responses to CST stimulation. Our original hypothesis was that
additional lesion-induced synapses of CST axons on spinal
sympathetic neurons would increase the effects of CST stim-
ulation on sympathetic activity and AP. However, the re-
sponses to neither cervical nor thoracic CST stimulation were
affected by chronic spinal lesions. There are three explanations
for our failure to observe differences. First and most likely,
either lesion-induced synaptic changes were quantitatively
insufficient to produce measurable changes in responses to
stimulation or lesion-induced synapses were nonfunctional.
We would not be able to distinguish between these possi-
bilities without studying the effects of CST input to spinal
sympathetic neurons intracellularly. Unfortunately, studying
the nature of synaptic input between the CST and even
relatively large motoneurons has proven difficult and con-
troversial in the rat (2, 21).

Second, lesions in the present study may not have caused a
degree of CST collateralization and an increase in close appo-
sitions similar to those observed in our previous study. We
were unable to examine CST collateralization and close appo-
sitions in the present experiments because we were concerned
that damage to the cortex necessary for anterograde tracing of
the CST and damage to spinal sympathetic systems necessary
for retrograde pseudorabies virus tracing of spinal sympathetic
neurons would confound the results of our physiological ex-
periments. Nevertheless, we consider it safe to assume that the
CST collateralized to a similar degree in the present study. Rats
with chronic spinal lesions were treated identically in this and
our previous study that documented lesion-induced increases in
close appositions.

Third, despite efforts to produce uniform animal prepara-
tions, responses to CST stimulation were surprisingly variable
among rats. This variability is manifested by the relatively
large standard errors exhibited by some of our data. We cannot
exclude the possibility that small differences in responses in
chronically intact and chronically lesioned rats were not de-
tected because of this variability. If this were the case, how-
ever, the differences would be much smaller than would be
predicted by the five- to sevenfold lesion-induced increase in
anatomical input from the CST to spinal sympathetic neurons.

Fig. 4. Hypothetical model for cervical and thoracic projections of the CST
affecting RSNA. 1 � Excitatory cervical propriospinal neuron, 2 � inhibitory
thoracic interneuron, 3 � sympathoexcitatory thoracic interneuron, 4 �
sympathetic preganglionic neuron (SPN), 5 � sympathetic postganglionic
neuron, 6 � primary afferent neuron. Note that the inhibitory interneuron 2
inhibits both the excitatory interneuron 3 and the SPN 4 and that the thoracic
CST excites both the excitatory interneuron 3 and the SPN 4. See text for
detailed description.
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Methodological considerations. Because of the proximity of
the CST to the dorsal horn and lamina-X, we were particularly
careful to ensure that we were directly stimulating only the left
CST. Responses could be evoked at very small stimulus
intensities (25 �A), and in exploratory experiments the polarity
of responses sometimes could be reversed by small dorsoven-
tral movements of electrodes from the CST into lamina-X. In
addition, all stimulation tracks were marked with fluorescent
stain with which electrodes were coated, and stimulation sites
were marked by small electrolytic lesions. We stimulated at
only one site at the bottom of each electrode track. The
locations of all electrode tracks and stimulation sites were
verified histologically, and data were rejected from tracks in
which the electrolytic marking lesion was not contained within
the CST.

We recognize that RSNA represents only one of many
separately regulated sympathetic pathways (7, 19, 28, 39, 40)
and that sympathetic pathways could be affected differentially
both by the CST and by chronic spinal lesions. Nevertheless,
our original discovery of increased close appositions between
CST axons and spinal sympathetic neurons focused on neurons
that regulate renal sympathetic activity. Therefore, we felt that
the renal sympathetic pathway would be the most appropriate
for testing our hypothesis.

We limited our stimulation to the dorsal CST. In fact, the
CST descends in three regions of the spinal cord of the rat,
dorsal, dorsolateral, and ventral (5, 6). We chose the dorsal
division of the CST for two reasons. First, our previous
observations indicated that many of the collaterals of the CST
that closely apposed spinal sympathetic neurons were derived
from the dorsal CST (30). Second, the dorsal CST is a compact
bundle of axons, nearly all of which belong to the CST,
whereas both the dorsolateral and ventral divisions of the CST
are diffuse and intermingled with other descending and ascend-
ing pathways. Therefore, the dorsolateral and ventral divisions
of the CST cannot be stimulated specifically.

Perspective

A rarely considered consequence of spinal cord regeneration
is the formation of inappropriate synapses between spinal
somatic and spinal sympathetic systems. Such interconnections
could, if they were robust, result in severe autonomic dysfunc-
tion. A previous study from this laboratory indicated that spinal
injury-induced sprouting of collaterals of the CST substantially
increased the anatomical synaptic input from this excitatory
pathway to spinal sympathetic neurons. Our observation that
CST effects on sympathetic activity were unaffected by
chronic spinal cord lesions is encouraging because it demon-
strates that even a substantial, injury-induced, anatomical
change in synaptic input to spinal sympathetic systems does
not necessarily predict a dysfunctional change in the effects of
that input. Whether this lack of change was caused by an
insufficient number of new synapses to mediate a change or a
deficiency in the function of new synapses remains to be
determined. We also need to determine whether these new
synapses are only transient or, alternatively, whether they
become more effective after recovery periods of more than 6
wk. Nevertheless, these experiments demonstrate that the func-
tional significance of synaptic changes in the spinal cord after
injury, and therefore after treatments for spinal cord injury can

be tested quantitatively. Although the results of the present
study are encouraging, the potential danger of inappropriate
somatic-autonomic cross wiring is great enough that similar
experiments should be conducted as regenerative therapies for
spinal cord injury become more effective and widespread.

ACKNOWLEDGEMENTS

We thank Diana Schramm for her editorial assistance.

GRANTS

This research was supported by National Heart, Lung, and Blood Institute
Grant HL-16315 (to L. P. Schramm). Matthew Zahner was supported by
National Heart, Lung, and Blood Institute Training Grant 2-T32-HL-007581.

REFERENCES

1. Alstermark B, Gorska T, Lundberg A, Pettersson LG. Integration in
descending motor pathways controlling the forelimb in the cat. 16.
Visually guided switching of target-reaching. Exp Brain Res 80: 1–11,
1990.

2. Alstermark B, Ogawa J, Isa T. Lack of monosynaptic corticomotoneu-
ronal EPSPs in rats: disynaptic EPSPs mediated via reticulospinal neurons
and polysynaptic EPSPs via segmental interneurons. J Neurophysiol 91:
1832–1839, 2004.

3. Ba-M’Hamed S, Roy JC, Bennis M, Poulain P, Sequeira H. Cortico-
spinal collaterals to medullary cardiovascular nuclei in the rat: an antero-
grade and a retrograde double-labeling study. J Hirnforsch 37: 367–375,
1996.

4. Bareyre FM, Kerschensteiner M, Raineteau O, Mettenleiter TC,
Weinmann O, Schwab ME. The injured spinal cord spontaneously forms
a new intraspinal circuit in adult rats. Nat Neurosci 7: 269–277, 2004.

5. Brosamle C, Schwab ME. Cells of origin, course, and termination
patterns of the ventral, uncrossed component of the mature rat corticospi-
nal tract. J Comp Neurol 386: 293–303, 1997.

6. Brosamle C, Schwab ME. Ipsilateral, ventral corticospinal tract of the
adult rat: ultrastructure, myelination and synaptic connections. J Neuro-
cytol 29: 499–507, 2000.

7. Calaresu FR, Tobey JC, Heidemann SR, Weaver LC. Splenic and renal
sympathetic responses to stimulation of splenic receptors in cats. Am J
Physiol Regul Integr Comp Physiol 247: R856–R865, 1984.

8. Cechetto DF, Saper CB. Role of the cerebral cortex in autonomic
function. In: Central Regulation of Autonomic Function, edited by Loewy
AD and Spyer KM. Oxford, UK: Oxford University Press, 1990,
p. 208–223.

9. Chandler MJ, Zhang JH, Qin C, Foreman RD. Spinal inhibitory effects
of cardiopulmonary afferent inputs in monkeys: neuronal processing in
high cervical segments. J Neurophysiol 87: 1290–1302, 2002.

10. Chau D, Johns DG, Schramm LP. Ongoing and stimulus-evoked activ-
ity of sympathetically correlated neurons in the intermediate zone and
dorsal horn of acutely spinalized rats. J Neurophysiol 83: 2699–2707,
2000.

11. Chau D, Kim N, Schramm LP. Sympathetically correlated activity of
dorsal horn neurons in spinally transected rats. J Neurophysiol 77: 2966–
2974, 1997.

12. Coleman KA, Baker GE, Mitrofanis J. Topography of fibre organisation
in the corticofugal pathways of rats. J Comp Neurol 381: 143–157, 1997.

13. Curfs MH, Gribnau AA, Dederen PJ, Bergervoet-Vernooij IW. In-
duction of c-fos expression in cervical spinal interneurons after kainate
stimulation of the motor cortex in the rat. Brain Res 725: 88–94, 1996.

14. Deuchars SA, Milligan CJ, Stornetta RL, Deuchars J. GABAergic
neurons in the central region of the spinal cord: a novel substrate for
sympathetic inhibition. J Neurosci 25: 1063–1070, 2005.

15. DiCarlo JJ, Lane JW, Hsiao SS, Johnson KO. Marking microelectrode
penetrations with fluorescent dyes. J Neurosci Methods 64: 75–81, 1996.

16. Fouad K, Pedersen V, Schwab ME, Brosamle C. Cervical sprouting of
corticospinal fibers after thoracic spinal cord injury accompanies shifts in
evoked motor responses. Curr Biol 11: 1766–1770, 2001.

17. Fry EJ. Central nervous system regeneration: mission impossible? Clin
Exp Pharmacol Physiol 28: 253–258, 2001.

18. Giuffrida R, Rustioni A. Glutamate and aspartate immunoreactivity in
corticospinal neurons of rats. J Comp Neurol 288: 154–164, 1989.

R183CORTICOSPINAL EFFECTS ON RENAL SYMPATHETIC ACTIVITY

AJP-Regul Integr Comp Physiol • VOL 293 • JULY 2007 • www.ajpregu.org

 on July 20, 2007 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org


19. Hayes K, Weaver LC. Selective control of sympathetic pathways to the
kidney, spleen and intestine by the ventrolateral medulla in rats. J Physiol
428: 371–385, 1990.

20. Hill CE, Beattie MS, Bresnahan JC. Degeneration and sprouting of
identified descending supraspinal axons after contusive spinal cord injury
in the rat. Exp Neurol 171: 153–169, 2001.

21. Hori N, Carp JS, Carpenter DO, Akaike N. Corticospinal transmission
to motoneurons in cervical spinal cord slices from adult rats. Life Sci 72:
389–396, 2002.

22. Huang H, Chen L, Wang H, Xi H, Gou C, Zhang J, Zhang F, Liu Y.
Safety of fetal olfactory ensheathing cell transplantation in patients with
chronic spinal cord injury. A 38-month follow-up with MRI. Zhongguo
Xiu Fu Chong Jian Wai Ke Za Zhi 20: 439–443, 2006.

23. Jansen ASP, Loewy AD. Neurons lying in the white matter of the upper
cervical spinal cord project to the intermediolateral cell column. Neuro-
science 77: 889–898, 1997.

24. Krassioukov AV, Johns DG, Schramm LP. Sensitivity of sympatheti-
cally correlated spinal interneurons, renal sympathetic nerve activity, and
arterial pressure to somatic and visceral stimuli after chronic spinal injury.
J Neurotrauma 19: 1521–1529, 2002.

25. Langreth R. To walk again. Forbes 176: 62–63, 2006.
26. Lima C, Pratas-Vital J, Escada P, Hasse-Ferreira A, Capucho C,

Peduzzi JD. Olfactory mucosa autografts in human spinal cord injury: a
pilot clinical study. J Spinal Cord Med 29: 191–203, 2006.

27. Lu F, Qin C, Foreman RD, Farber JP. Chemical activation of C-1-C-2
spinal neurons modulates intercostal and phrenic nerve activity in rats.
Am J Physiol Regul Integr Comp Physiol 286: R1069–R1076, 2004.

28. Meckler RL, Weaver LC. Splenic, renal, and cardiac nerves have
unequal dependence upon tonic supraspinal inputs. Brain Res 338: 123–
135, 1985.

29. Miller CO, Johns DG, Schramm LP. Spinal interneurons play a minor
role in generating ongoing renal sympathetic nerve activity in spinally
intact rats. Brain Res 918: 101–106, 2001.

30. Pan B, Kim EJ, Schramm LP. Increased close appositions between
corticospinal tract axons and spinal sympathetic neurons after spinal cord
injury in rats. J Neurotrauma 22: 1399–1410, 2005.

31. Poree LR, Schramm LP. Role of cervical neurons in propriospinal
inhibition of thoracic dorsal horn neurons. Brain Res 599: 302–308, 1992.

32. Potashner SJ, Dymczyk L, Deangelis MM. D-Aspartate uptake and
release in the guinea pig spinal cord after partial ablation of the cerebral
cortex. J Neurochem 50: 103–111, 1988.

33. Qin C, Chandler MJ, Miller KE, Foreman RD. Chemical activation of
cervical cell bodies: effects on responses to colorectal distension in
lumbosacral spinal cord of rats. J Neurophysiol 82: 3423–3433, 1999.

34. Qin C, Kranenburg A, Foreman RD. Descending modulation of tho-
racic visceroreceptive transmission by C-1–C-2 spinal neurons. Auton
Neurosci 114: 11–16, 2004.

35. Sasaki M, Kitazawa S, Ohki Y, Hongo T. Convergence of skin reflex
and corticospinal effects in segmental and propriospinal pathways to
forelimb motoneurones in the cat. Exp Brain Res 107: 422–434, 1996.

36. Schramm LP, Livingstone RH. Inhibition of renal nerve sympathetic
activity by spinal stimulation in rat. Am J Physiol Regul Integr Comp
Physiol 252: R514–R525, 1987.

37. Schramm LP, Strack AM, Platt KB, Loewy AD. Peripheral and central
pathways regulating the kidney: a study using pseudorabies virus. Brain
Res 616: 251–262, 1993.

38. Stornetta RL, Rosin DL, Simmons JR, McQuiston TJ, Vujovic N,
Weston MC, Guyenet PG. Coexpression of vesicular glutamate trans-
porter-3 and 	-aminobutyric acidergic markers in rat rostral medullary
raphe and intermediolateral cell column. J Comp Neurol 492: 477–494,
2005.

39. Taylor RF, Schramm LP. Differential effects of spinal transection on
sympathetic nerve activities in rats. Am J Physiol Regul Integr Comp
Physiol 253: R611–R618, 1987.

40. Taylor RF, Schramm LP. Spinally mediated inhibition of abdominal and
lumbar sympathetic activities. Am J Physiol Regul Integr Comp Physiol
254: R655–R658, 1988.

41. Viltart O, Mullier O, Bernet FO, Poulain P, Ba-M’Hamed S, Sequeira
H. Motor cortical control of cardiovascular bulbar neurones projecting to
spinal autonomic areas. J Neurosci Res 73: 122–135, 2003.

42. Wang GX, Yuan B. Descending pathways mediating the effect of
stimulating cerebral peduncle on the spinal nociceptive transmission in the
rat. Sheng Li Xue Bao 46: 112–119, 1994.

R184 CORTICOSPINAL EFFECTS ON RENAL SYMPATHETIC ACTIVITY

AJP-Regul Integr Comp Physiol • VOL 293 • JULY 2007 • www.ajpregu.org

 on July 20, 2007 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org

