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Ongoing and Stimulus-Evoked Activity of Sympathetically
Correlated Neurons in the Intermediate Zone and Dorsal Horn of
Acutely Spinalized Rats

DAVID CHAU, DEVIN G. JOHNS, AND LAWRENCE P. SCHRAMM
Department of Biomedical Engineering, The Johns Hopkins School of Medicine, Baltimore, Maryland 21205

Chau, David, Devin G. Johns, and Lawrence P. SchramnOngo-  1983; Stornetta et al. 1989). By definition, the generators| of
ing and stimulus-evoked activity of sympathetically correlated negympathetic activity after spinal transection reside in the spipal

rons in the intermediate zone and dorsal horn of acutely spinalizgg, nd th nerators ar rlv under Improvin
rats.J. Neurophysiol83: 2699-2707, 2000. We have shown previ-88 d, and these generators are poorly understood. Improying

ously that in the acutely spinalized anesthetized rat the activities e knowledge of splnal sympath_etp cireults s |mp0rt§1nt for
many dorsal horn interneurons (DHN) at the, Tevel are correlated S€veral reasons. First, spinal circuits may be recruited|by
positively with both ongoing and stimulus-evoked renal sympatheig/praspinal systems in generating ongoing and evoked syripa
nerve activity (RSNA) and therefore may belong to networks gendhetic activity in intact animals. If so, our knowledge of normpb
ating RSNA after acute, cervical, spinal transection. In the presenbodes of generating sympathetic activity would be incompl 3%
Study, we recorded from both DHN and interneurons in the intermﬁmhout an understanding of these Spina' Systems_ Second' 361:”

diate zone (I1ZN) of the J, spinal segment in acutely,@ransected, ; ; P ot
chloralose-anesthetized, artificially respired rats. The activities ofpert] going and evoked sympathetic activities persist in mammas,

similar percentage of IZN and DHN were correlated positively Witlmc_IUdlng humans, e_u‘ter spinal transecthn (Gl_JtFman and me—
ongoing RSNA, but the peaks of spike-triggered averages of RSN@/dge 1947; Sherrington 1906), and this activity has multi
based on the activity of IZN were larger, relative to dummy averagegdnsequences. For instance, ongoing sympathetic activity
than spike-triggered averages of RSNA based on the activity of DHRIay a role in defending against postural hypotension w
Sympathetically correlated DHN and IZN differed in their responsegpinally injured patients are in an upright position. On the ot
to noxious somatic stimuli. Most correlated DHN had relativelhand, sudden large increases in sympathetic activity elicite
simple somatic fields; they were excited by noxious stimulation of thgomatic and visceral stimuli are rarely beneficial to spin 113
distal dermatomes. As we have shown previously, the excitatory sreflexia, a potentially dangerous condition that can resu
inhibitory fields of these neurons were very similar to fields th ransient h),/pertension stroke, and death (Mathias and FrahRe

respeqtivgly, excited and inhibited. RSNA. On the other hanq, t 9992) Knowledae of the svstems responsible for aenerati
somatic fields of 50% of sympathetically correlated IZN were signif= : g Y p g g

icantly more complex, indicating a difference between either tYMPathetic activity after spinal transection may suggest A
inputs or the processing properties of IZN and DHN. Sympatheticalfpethods for preventing and treating autonomic pathology.
correlated IZN and DHN also differed in their responses to colorectal We have described a subset of dorsal horn neurons (DH

in 11/15 rats andncreasedthe activity of most sympathetically ity that was correlated closely and positively with renal sy
correlated T, IZN. On the other hand, CRBecreasedhe activity of pathetic nerve activity (RSNA) (Chau et al. 1997). In other

amajority of sympathetically correlated JDHN. These observations \yords, increases in RSNA frequently followed single dis-

suggest that the same stimulus may differentially affect separ.a&e],arges and bursts of discharges in this subset of DHN.

putative, sympathoexcitatory pathways, exciting one and inhibiti LJ-xy were the ongoing activities of these DHN correlated with

the other. Thus the magnitude and even the polarity of responses RSNA. but also thei t . fi
given stimulus may be determined by the modality and location of te190Ing » but-also their responses 10 noxious somalic

stimulus, the degree to which multiple pathways are affected by tREmulation of a wide range of somatic regions were similarjto
stimulus, and the ongoing activity of presympa’[hetic neurons, gsponses of RSNA. Thus noxious cutaneous stimulation of|the

multiple rostrocaudal levels, before stimulation. A multipathway sydlank of the T, and nearby dermatomes simultaneouisly
tem may explain the variability in autonomic responses to visceral aateasedooth RSNA and the activity of correlated DHN. NoxX-
somatic stimuli exhibited in spinally injured patients. ious stimulation of more rostral and caudal regions (i.e., “dis-
tal” to T,g), such as the shoulder and higecreasedboth
RSNA and the activity of correlated DHN. On the basis pf
INTRODUCTION these observations, we suggested that sympathetically corre

Supraspinal systems are responsible for most of the ongolﬂ d Tlr? DHN mightl_be.excitatory fcmtelce((jje.ntshto the rerjal
and reflex-elicited regulation of spinal sympathetic pregangfy™Patr etlcRgrl\elgar;g |ohn|c neurons mvo(;/eh mrt] e ggr|]-|e|\rjaf|
onic neurons in intact mammals (Alexander 1946; Ross et af_ongomg - Further, we suggested that these g'so

might play a role in mediating somato-sympathetic reflexes

The costs of publication of this article were defrayed in part by the payme?rfter sp_lnal cord transection. . . . .
of page charges. The article must therefore be hereby masdaftisemerit In spinally transected, chronically maintained experimenal
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ animals and patients, pelvic visceral stimulation activates sym-

0022-3077/00 $5.00 Copyright © 2000 The American Physiological Society 2699
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pathetic preganglionic neurons at many spinal levels evens performed to reduce respiratory movements. The left kidney vas
though the great majority of primary afferents mediating thpproached via a I_eft flank laparotomy and retracted. T_he adregnal
response enter the spinal cord only as far rostral as cauéi@nd. the fat covering the psoas muscle, and the paraspinal mugcles
thoracic levels (Ness and Gebhart 1988b). Thus in rats witigre deflected from the renal nerve, which typically is located at fhe

: : . junction of the aorta and the renal artery or is found traversing the
spinal cords chronically transected abowg distension of the aorta. Further spinal cord and body stabilization was accomplished by

b_ladder (Osborn et al. 1990)_ or colorectal distension (Kr Uspending rats by two dorsal processes. Finally, the renal nerve|was
sioukov and Weaver 1995) elicits pressor responses that Mgfsected from the surrounding tissues and mounted on a hook ¢lec

ifest widespread vasoconstriction. What neurons convey exghde.
tation from relatively localize afferents to sympathetic _
preganglionic neurons at widespread levels of the spinal cofdgtracellular and renal nerve recording

Transsynaptic retrograde tra_cm_g experiments (Cabot et _aIThe extracellular recordings of single neurons were made uging
1994; Schramm et al. 1993) indicate the presence of putatiyggje_parrel, carbon fiber microelectrodes (impedance 205 W a
presympathetic intermediate zone neurons (IZN) and DHAgh-impedance probe (Grass HIP5). The resulting signal then fvas
that, either in parallel or in series, could receive primary @iltered (300—3,000 Hz half-power) and amplified 50,000 timps
propriospinal inputs and mediate multisegmental increases(@RASS P5 AC amplifier). The single neurons’ action potentials wg¢re
sympathetic activity. However, the relationship between tlsiscriminated using a dual-window discriminator (BAK Electronics).
activities of IZN and DHN and sympathetic nerve activity hadll neurons selected for recording had ongoing discharg€s5

not previously been studied in the same animals after spi@§fion potentials/s (for nonbursting neurons) 0.5 bursts/s (for
transection. bursting neurons). This rate criterion reduced the required simylta-

. . . ous recordings of the ongoing activities of neurons and rgnal
The present experiments accomplished three major goﬁ@impathetic nerves tec10 min (seeSpike-triggered averagingnd

First, we detgrmlned _Whether _sympathetlcally correlated n Srmitted estimation of the onsets of neurons’ inhibitory responseséo
rons resided in the jf, intermediate zone. Once we had detelg;imulation. S
mined that correlated IZN existed, we searched for similaritiesthe recorded neurons very likely represented interneurons in|tKe
and differences between their ongoing activities and those dafrsal horn and intermediate zone rather than sympathetic pregangli;
Tio DHN. We also compared the relationships among tlumic neurons or the axons of primary afferents for the foIIowim%
activities of IZN, DHN, and RSNA in the same rats. Secondegasons. First, the duration of their action potentials ranged from ]
we compared the responses of 1IZN and DHN, grouped accoicb ms, substantially longer than the 0.3- to 0.7-ms duration of ac{i@
ing to their relationships to RSNA, to their responses to noRotentials we recorded from primary afferents in Lissauer’s tract, t@

ious somatic stimulation. Finally, we studied the responses gferal funiculus, or the dorsal columns. Second, #&0-ms intra- | 5
r&;rst interspike intervals in most of these neurons were shorter §n8n

IZN and DHN to colorectal distension (CRD), a noxious an d heti loni ) Gil
linically relevant stimulus. The purpose of these experime ose reported for sympathetic preganglionic neurons in rats (Gi ey
c ' al. 1983) or cats (Gebber and McCall 1976). In approximately Ha&

was to determine whether the responses of either sympathgiyr experiments, we recorded from all neurons that met the -
cally correlated IZN or DHN were implicated in mediating theeding criteria that we were able to isolate in each electrode track

g

cardiovascular responses to this stimulus. prevent oversampling dorsal horn neurons, in the remaining expeg-
ments we lowered the electrode to a depth~&50 um, recording | S

METHODS from each neuron that we isolated ventral to this depth until e
estimated that we had traversed lamina VIl at deptis200um. For | £

Surgery each track, a lesion was made at the most ventral recording Site.

=
D

Recording sites located more dorsally were reconstructed using t

All procedures were approved by the Animal Care and Use Co sions and readings from the microdrive.

mittee of the Johns Hopkins University School of Medicine (protoco’s RSNA was recorded with bi

; polar electrodes constructed fr
94 M242 an_d 97 M182). Adult, male, Sprague-DawIey rats (Tacon -um stainless steel wires. The signal detected at the electrode [v¥3g
Farms), weighing 200-300 g were used in these experiments. I:)étplified 10,000 times and filtered (100-3,000 Hz half-powegr;

Gde '

treatment with atropine (0.05 mg/kg sc) reduced nasal and trachgg®ass p15 AC and GRASS P5 AC amplifiers). At the end of edch
mucus. Anesthesia was induced by ether inhalation and continued ¥)eriment, conduction in the renal nerve was abolished by crushing

a-chloralose (SIGMA,B-isomer<7.5%) via the right femoral vein. o yransecting of the nerve's proximal end to determine the zero Igvel
Unconscious rats were shaved for later testing of somatic fields. Th@fy

< N efferent renal sympathetic activity. In all reported experiments, fhe

then were placed under a lamp ar:d ona heatlng pad to maintain b? ulting signal contained negligible levels of renal afferent activipy.
temperature between 35 and 37°C, monitored with a probe inserlgde 5| "nressure, RSNA, single-neuron activity, and a cutanedus/
through an abdominal incision. The trachea was intubated for artificia)|, e a) stimulation indicator were recorded on VHS tape for lafer
respiration with 100% oxygen. Once secured in a stereotaxic fra”&‘?ralysis.
rats were paralyzed with gallamine triethiodide (40 mg/kg iv). The
depth _c_)f anesthesia and par_alysis, as indicated by the level agdmatic and colorectal stimulation
variability of RSNA and arterial pressure or corneal reflexes, was
maintained with supplements efchloralose and gallamine triethio- Innocuous somatic stimulation (light brush with a cotton applicatr)
dide. and noxious somatic stimulation (pinch with toothed forceps, main-

Spinal dorsal processes,-€C, and the underlying dura were-re tained for 5-10 s) were delivered to left forelimb, shoulder, flank,
moved to expose the spinal cord for a complete transection. In soai®lomen, hip, and hindlimb. A change in RSNA or single-neuron
rats, an injection of 1 ml of human serum albumin (Baxter Healthcaragtivity was considered significant if it represented H0% difference
25% solution, 12.5 g/50 ml iv) was administered within 1 min ofrom the prestimulus control level. Neurons’ somatic fields wgre
spinal transection to return arterial pressure>@0 mmHg. A unilat- reconstructed later based on the significant responses.
eral laminectomy made at spinal procegp&rmitted the recording of ~ Classification of the afferent modalities of Jlspinal cord neurons
neurons in the left T, spinal segment. The exposed spinal cord wasas based on the neurons’ responses to innocuous and noxiou
kept moist with warm mineral oil. A bilateral pneumothoracotomytimulation of the left flank. Wide-dynamic-range (WDR) neurons
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PRESYMPATHETIC SPINAL NEURONS AFTER SPINAL TRANSECTION 2701

were excited by brush and excited more by pinch. High-threshold Correlated Uncorrelated
(HT) neurons were unresponsive to brush but excited by pinch within
their fields. Neurons inhibited by either brush or pinch of their fields
or that were excited by brush and inhibited by pinch were classified as
“OTHER.” Responses of RSNA to these stimuli were characterized
using the same criteria.

A silicon Foley catheter (Bard) with an inflatable, 1.5-cm-diam
balloon was inserted 2—3 cm through the rat's anus. Water was infused
(0.15 ml/s) into the balloon over 10 s. The infusion created a rigid
1.4-cm-diam sphere (2-3 times the size of a large fecal bolus) inside
the colon. The distension was maintained for 3—4 min, after which the
balloon was steadily deflated over 10 s.

Spike-triggered averaging

Spike-triggered averaging (see Chau et al. 1997. for more detalileg G. 1. Locations of histologically recovered sympathetically correlat]
methods) was used to identify the degree of correlation between spingh sympathetically uncorrelated neurons recorded in {gesdgment of the
neurons’ activities and RSNA. Spike-triggered averages of RSNAt spinal cord after acute transection at thes€gment.
were generated for all neurons. Each average was computed from 400
1-s epochs of RSNA. Each epoch began 300 ms before the occurrelig8ly correlated neurons is discussed dscussion Unless
of an action potential and lasted 700 ms after the action potentiglaq only the data from the 26 interneurons correlated \
Triggering was suspended after each triggering action potential u% rea’ses in RSNA are described

=1 s after the end of each epoch to prevent overlapping of epochs. . L
also calculated a control or “dummy” average for the same RSNA %ympathencally correlated neurons were distributed appr

using as a trigger a pseudorandom pulse train with an average ffdately equally between the dorsal horn (14 of 31 DHN cq
quency approximate]y equa] to that of the recorded neuron. related) and the |ntermed|ate zone (12 Of 32 1ZN Correlate

A “correlation index” was calculated for each neuron as the ratio tfistological location of 20 correlated neurons and 27 unc
1) the largest peak-to-peak value in the spike-triggered average telated neurons indicated that, except for a cluster of correld
curring <100 ms after the onset of the neuron’s action potentia® to IZN in lamina VII, correlated and uncorrelated DHN and 1Z
the largest peak-to-peak deflection occurring at any time in the fgere similarly distributed anatomically (Fig. 1). Among th
spective dummy average. For purpose of classification, neurons WR[Stologically located uncorrelated neurons, none were loca
consi”de_red c_:orrelated_ to _RSNA (henceforth “sympathetically corrgy the intermediolateral column.
lated") if their correlation indexes-2.0. Comparisons were made between the spike-triggered a|
ages of DHN and IZN based on the magnitudes of th
correlation indicesMetHops) and the latencies between actig

At the end of experiments, rats were perfused transcardially wigiotentials and maximum changes in averaged activity (see
buffe.red saline (pH 7.4), foII.owed by phosphate-buffered formalisxample, comparison in Fig. 2). The spike triggered avera
solution (3.7% formaldehyde in 0.1 M B(pH 7.4). The T,segment jjlystrated in Fig. 2 are representative of those for the sym
of the spinal cord was removed and stored in sucrose-formaldeh Btically correlated 1ZN and DHN populations, respective

solution (30% sucrose, 3.7% formaldehyde in 10% phosphate-buj-: ) :
ered formaldehyde, pH 7.4) for 2-5 days. After cryoprotection, trag suggested by that figure, the average magnitude of cq

Histology

, iy ; tion indices for correlated IZN (3.2 0.2) was significantly
verse 40um sections were cut on a sliding microtome, mounted oft
gelatin-coated glass slides, and air dried. The sites of electrolyt@ger than that for correlated DHN (24 0.2.0,P = 0.007).

lesions were identified microscopically. Agreeing with our previous report (Chau et al. 1997), acti
potentials of correlated DHN, on average, preceded burst:
Data presentation and statistical analysis RSNA by 66+ 2 ms (Fig. 2). A similar latency was observe

G{)or correlated 1ZN (63+= 3 ms, P = 0.36 for difference

Data are expressed as meansSE. Statistical analyses employe Seatr :
either a Fisher's exact test (2-tailed) for contingency tables, a S uetween spike-triggered average latencies of IZN and DH

; . ; - ) - "The average firing rates of correlated 1ZN and DHN wd
dent’st-test (2-tailed, unpaired) for comparing pairs of populations, or | "=~ " .
one-way ANOVA(with Tukey post hoc tests) for comparing largefOt Significantly different (4.4% 0.9 and 3.7+ 0.7 Hz, respec-
numbers of populations. Values Bf< 0.05 were considered signif- tively, P = 0.48). However, generation of interspike interv

icant. histograms (Fig. 3) revealed that the modal interspike intery
of many, but not all, correlated DHN were substantially shor
RESULTS than those for correlated IZN. To better quantify this diffe

| ence, we calculated the percentage of intervelisms (corre-
sponding to action potential bursts &200 Hz). This value
was greater for sympathetically correlated DHN £35%)
The relationship between the ongoing activities of 64 T than for sympathetically correlated IZN (12 5%, P < 0.05).
interneurons and the activities of renal sympathetic nervesTiis calculation confirmed our auditory impression that t
15 rats were analyzed using spike-triggered averaging. Thetivity of DHN was much more likely to be exhibit high
ongoing activity of 27 neurons (42%) exhibited correlatiofrequency bursts of several action potentials than was
indices=2.0 and therefore were considered to be correlatedtivity of IZN. We do not imply that only rapidly “bursting”
with RSNA (seewmetHops). The activity of one IZN was neurons were correlated with RSNA. Indeed, correlated n
strongly correlated witlllecreasegn RSNA, with a correlation rons with discharge patterns that ranged from very bursty
index of 5.8. The significance of the small incidence of negéaelatively regular were found among both DHN and IZN.

Location and ongoing activity of interneurons in the dorsal
horn and intermediate zone
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left flank, forelimb, shoulder, hip, and hindlimb. The ongoing
activity of 82% (9/11) of correlated DHN was increased bx FiG. 3. Interspike interval histograms of representative DHN and IZN.

: : - : ercentage of discharges (“incidence”) is plotted for each interspike intefval
brushing the left flank in the estimated region of the, T between 1 and 80 ms. “Incidence” axis is magnified 3 times for the IZN

dermatome, increased more by pinch of the same region, gfgbgram. Although the histograms for both neurons exhibit short intervhis,
decreased by pinch of “distal” regions, such as the left forew incidence of these intervals for the DHN is much greater than for the 1ZN.

1125 1 limb, shoulder, hip, and hindlimb. In contrast, the ongoing
intermediate Zone Neuron activity of only 50% (7/14) of correlated IZN shared the tyge
of response exhibited by the majority of DHN. The discharpe
1060 rate of the remaining 50% of the correlated IZN vagsreased
by noxious stimulation within the estimatedJdermatome,
s increasedby stimulation of the hip and elbow, or uniformly
£ : . ; e X
>~ 995 increased or decreased by stimulation within a entire quadfant
% or more of the body wall.
14
830 Responses of individual IZN and DHN to pinch and brush
were related to concurrent responses in RSNA
865 - Responses of renal sympathetic nerve activity were,| of
03 02 064 0 01 02 03 04 05 06 07 course, recorded during all responses of DHN and 1ZN. We
Time (s) classified the RSNA responses to pinching the skin of the |eft
830 - flank in a manner identical to that used for single neurops.
Dorsal Hom Neuron Complete recordings in which concurrent responses of DHN or
IZN and RSNA were clear and artifact-free for both brush apd
785 - pinch were obtained for a total of 19 sympathetically correlated
DHN and IZN in 11 rats. The agreement between responses in
s RSNA and responses in interneurons was good (Table|1).
E 0l When rats exhibited either WDR or HT responses in RSNA, [ad}
% correlated neurons exhibited WDR fields. Eleven neurons|rg-
@ corded during HT responses in RSNA exhibited lower threglz
695 - olds than did RSNA (HT column and WDR row). No intef-3
neurons exhibited higher thresholds to stimuli than RSN&
(WDR column and HT row). Agreement extended to OTHHR
850 b responses in RSNA and responses of interneurons. The pBly
03 02 01 0 01 02 03 04 05 06 07 two correlated interneurons whose rates of discharge wése
Time (s) decreasedby pinching the flank were recorded in rats in whig @
Fic. 2. Bold traces spike-triggered averages of renal sympathetic nen@iNChing the flankdecreasedRSNA. Both of these neurons g
activity (RSNA) related to representative action potentials of a neuron in the o
intermediate zonetgp) and a neuron in the dorsal hormofton). Both 0.08 g
examples are averages of 400 action potential-related ephbigig. traces o
dummy spike-triggered averages using random events as triggers and the same 8 0.06 Dorsal <
segments of RSNA used for generating actual averages. Correlation indices c Horn S
(seemeTHODS) for interneurons in the intermediate zone (IZN) and dorsal horn D =
neurons (DHN), 3.6 and 2.2, respectively. O 004 Neuron o
O S
Correlated neurons in both the intermediate zone and the i 0.02 N
dorsal horn were more likely to exhibit wide dynamic range ' o
modalities than were uncorrelated neurons R T §
We characterized the modalities of 45 neurons as WDR, HT, u 0.02 ) 0.04 00 008
and OTHER geTHops). The modalities of a majority of both Interspike Interval (s)
a correlated 1ZN (WDR= 9, HT = 0, OTHER = 2) and
o) correlated DHN (WDR= 8, HT = 0, OTHER = 1) were
P categorized as WDR. Indicating that correlated and uncorre- 003t
.9 lated neurons received or processed inputs independe_:ntly, the o Intermediate
D somatic fields of uncorrelated neurons were far more likely to O 7
S exhibit high-threshold and OTHER fields than were the fields S 002 one
= of correlated neurons. o Neuron
Q . _ _ 2 o0}
@) Somatic fields of intermediate zone neurons were more —
o heterogeneous than those of dorsal horn neurons
8 We determined the responses of 11 correlatggDHN and DD 002 004 006 0.08
Z 14 correlated T, IZN to brushing and pinching the skin of the lnterspike Interval (S)
e
@)
P
«
c
o
o)
)
p—
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TABLE 1. Numbers of sympathetically correlated interneurons  and 3 exhibited no response, < 0.002, Fisher's exact test|
responding in each of three categories during concurrent responsesg. 4). Uncorrelated DHN and IZN were not differentially
of renal sympathetic nerve activity in each of three categories ~ affected by colorectal distension. Importantly, CRD neither
significantly changed the degree of correlation between fthe

. Responses in RSNA activity of neurons and RSNA (i.e., the correlation index) njor
Responses in caused uncorrelated neurons to become correlated, even \he
DHN and 1ZN WDR HT Other Totals - cRD elicited large and sustained increases in RSNA.
WDR 6 11 0 17
HT 0 0 0 0  CRD reliably increased mean arterial pressure, but it
Other 0 0 2 2 elicited less predictable changes in heart rate and RSNA
Totals 6 11 2 19

During CRD, we recorded the changes in rats’ mean artefial
DHN, correlated dorsal horn neuron; IZN, correlated intermediate zopfiood pressure (MAP), heart rate, and RSNA (Fig. 5). Thred or
neuron; WDR, wide dynamic range; HT, high threshold; Other, inhibited . . ’ ' . . L
pinch of flank. %ur distensions, each separated>y0 min, eI|_C|ted increases
in MAP of =2 mmHg in all rats. The average increase in MAP
were located in the intermediate zone. The thresholds @¢ring all trials was 5.7+ 0.6 mmHg from an average pref
RSNA responses to flank stimulation sometimes changed dgfimulus pressure of 94 4 mmHg. There was, however
ing the experiment. This resulted in changes of classification@insiderable variability in the sizes of arterial pressure changes
responses from WDR to HT (as thresholds increased) or fréiicited by CRD, both within and between rats. Maximum

HT to WDR (as thresholds decreased) in the same rat. Unféicreases in mean arterial pressure in each rat ranged betye
tunately, because we moved as quickly as possible through @@"d 21 mmHg, and the average maximum increase for all rats

stimulus paradigm, we did not have the opportunity to detef@s 12.5+ 1.1 mmHg. o
mine whether responses in a single neuron changed as thEl€art rate changes during CRD ranged between very singll
thresholds for responses in RSNA changed. to unmeasurable. The only detectable responses were incrg

in heart rate, and these were observed in only 3 of 15
CRD specifically excited sympathetically correlated neuronguring CRD (average change in all rats was .2 beats/min,
in the intermediate zone and inhibited sympathetically n = 15, from initial rates of 380+ 12 beats/min). In all rats,
correlated neurons in the dorsal horn CROD elicited increases or decreases in RSNA that wer8%

of the magnitude of ongoing activity. Neither repeated diste

CRD increased the firing rates (Fig. 4) of most sympathesions nor changes in the position of the colorectal ballg
ically correlated 1ZN (11 excited, 1 inhibited). Converselyaltered thedirection of these responses. However, the mag
CRD decreased the ongoing activity of the majority of syntudes of responses varied considerably between rats and
pathetically correlated DHN (8 were inhibited, 3 were excitedrial to trial in some rats. Because tpelarities (excitation or
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inhibition) of responses in each rat were invariant and becausenious) interpretation is that the RSNA is more close
all rats responded to CRD with either an increase or decre@sgrelated to preceding activity in IZN than it is to precedir
in RSNA, we classified rats into two groups according to thectivity in DHN. Several mechanisms could mediate a stron
polarities of their responses. CRD elicited a2%% increase correlation between discharges of IZN and RSNA. All of the)
in RSNA in 11 rats and a 16 2% decrease in RSNA in 4 rats.mechanisms are interesting and potentially important, but al
In the former group of rats, RSNA sometimes remained eltkem are currently speculative. Examples of several larg
vated for 10 min after cessation of CRD. correlated DHN play a role in sensory and somatomotor p
cessing as well as autonomic processing. Therefore correl
DHN may receive inputs related to these other functio
“diluting” their relationship to sympathetic outp®) Different
Location and ongoing activity of interneurons in the dorsal populations of sympathetic preganglionic neurons may (
horn and intermediate zone charge after activity in DHN and 1ZN, respectively. Therefo
orrelation indices for IZN and DHN are being calculated f
3% of dorsal ho'ﬁ}vo independent pathways. Recordings from single postd

DISCUSSION

In a previous study, we reported that 4
interneurons at J, (but substantially fewer in nearby seg .~ . : . . AN
ments) exhibited ongoing activities strongly correlated Wit%llomc neurons will be required to rule out this possibility. An

RSNA after acute spinal transection (Chau et al. 1997). F 5 r:gf'r%ynt?ggﬁ (?r?é?\g’?%ggvgggg rclazt,k\wl a&rl1nt(rj1 ggg&‘ggﬁgf_&
ther, noxious somatic stimuli that increased RSNA also ié'r gang)llionic neurons
cr_easgd the activity of most of these neurons, whereas noxi u,%lternatively, the apparently smaller degree of correlati
stimuli that decreased RSNA also decreased the activity Ofiween DHN activity and RSNA miaht onlv manifest diffe
most of these neurons. We concluded that these correl ty g y

a . : X
neurons might be elements of circuits that generate both oﬁ]— es in the discharge patterns of DHN and IZN or in ¢

; L : L X ethod of detecting discharges. Were this the case, correld
going and reflex-elicited sympathetic activity after spinal traj\% dices might not accurately represent relationships betw

section. We now report that more ventral interneurons, in t . L
intermediate zone, also may play a role in generating RS e discharges of DHN or IZN and RSNA. Clearly, a definiti

after spinal transection, for the ongoing activities of 429 : : o .
(27/64) of these neurons also were correlated with either i{%-g l\cl:(;NrrI:l Irggiltmgfbt?]tg gdﬂglznaeleéﬁgcgnzmsugq% nt;ecause
creases or, in one case, a decrease in ongoing RSNA. plexity 9 ' '

Although we had recorded from 35 JDHN in our previous
study (Chau et al. 1997), we chose to record again from D
as well as I1ZN in the present study for several reasons.
wanted to compare DHN and IZN in the same rats with respectStimulus evoked responses in RSNA in spinally transec
to degrees of correlation with RSNA, somatic fields, somatiats were not stereotypic. Thresholds and magnitudes of
modalities, and responses to colorectal distension. In additi@pponses varied from rat to rat and within rats during the coy

I_R,\Fsponses of individual IZN and DHN to pinch and brush
Were related to concurrent responses in RSNA

we wanted to corroborate the results of our previous study ofiexperiments, perhaps due to changes in the level of apes;

sympathetically correlated,§ DHN, which had been the first thesia, core temperature, delivery of fluids, or other variab
of its kind. Using this strategy, we observed that the peakstimat could not be precisely controlled. If responses in RS]
the averages of RSNA triggered by IZN were larger, whesre determined by responses of presympathetic interneur
compared with their dummy averages, than those triggeredthgn we would expect that during WDR responses in RSN
DHN. This observation is subject to several interpretationsiost excitatory presympathetic neurons should exhibit W
The most physiologically significant (and perhaps most parsesponses and few should exhibit HT responses; during

Xplanation for the difference in correlation indices of IZN and
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responses in RSNA, most excitatory presympathetic neuraesponses of sympathetically correlateg) DHN and IZN to
should exhibit either HT or WDR responses; and OTHERRD. CRD increased levels of RSNA in a majority of rat
responses, such @shibitions of single neurons’ activity elic- Were these responses mediated by correlatgddHN? Ap-
ited by pinch of the flank should be more likely to occur in ratparently not, for most correlated DHN wergibitedby CRD.
during similar OTHER responses in RSNA. Although rela©n the other hand, the majority of correlated IZN were excit

[

would not have been surprised to record from, for instance, tmcorrelated and uncorrelated interneurons.
occasional correlated interneuron with a HT response duringAlthough we cannot refute the hypothesis that sympathétic
WDR responses in RSNA, none were observed. We did aesponses to CRD are mediated, in part, by nonsympathetigallyf
serve a significant number of neurons with WDR responsearrelated DHN, a more parsimonious explanation is that the
during HT responses in RSNA. These responses do not, haxeitability of renal sympathetic preganglionic neurons is in-
ever, violate our assumptions because the relatively smaleased by CRD via sympathetically correlated 1ZN. Thus
responses to brushing exhibited by WDR neurons may noultisegmental excitation of IZN, perhaps via pathways mgn-
have been sufficient to detectably excite preganglionic neiinned in the following text, is more likely responsible for the

rons. multisegmental excitation of sympathetic activity by CRD th@n
is input from segmental (i.e.,;§) DHN.

Sympathetically correlated,§ DHN and I1ZN are affected Importantly, CRD decreased RSNA in 4 of 15 rats. Becalise

differentially by somatic and colorectal stimulation CRD also decreased the ongoing activity of most correlated DN,

Before conducting these experiments, we hypothesized 4% at might be the involvement of correlated DHN in these CRD-

. ; s :
correlated 1ZN received much of their excitatory input frony. ited Synjpat'hetllc _respgr;]ses_ |f,| 81159 SQOWE preVIo_usI%/ for 1
correlated DHN in T, and nearby segments. Thus the aetivi!mfl.S S%rﬂﬁlctsumlf ation (I tau .Etf]a'b ).C tar;]ges n eRagtl
: ; strongly correlate with subsequent changes in
ties of many IZN should have represented a composite of the 19 . .
activities of DHN. As reviewed in the following text, however en DHN may be excitatory antecedents of sympathetic neurp

. By inhibiting these DHN, CRD may decrease DHN'’s excitatofy
most of our data support the existence of separate sourcegr}i[{fe to renal sympathetic preganglionic neurons, decreasigy

input to sympathetically correlated DHN and IZN and indez ; o ’ L
pendent pathways from 1ZN and DHN to preganglionic ne?fl‘;SNA despite the CRD-elicited increase in activity of many |

rons. That sympathetically correlated neurons receive di1‘ferepne{:|1 d;r:tu %rct:j:?]gri{;as))l/rigaetrhe Q gftlzli)t/a?offr?/c;;t’r?vlyai\/sv I(?D{-tvzﬂl\?,eg;clie
information or process information differently from uncorreFﬁgganglionic neurons, and 1ZN renal preganglionic neurons

2 . s
lated neurons was indicated by the observation that uncor fhis is the case, then the magnitude and even the polarity &f

IéIEI?SES(e]‘liJer%r]ssthQ#%ri] d rgoc;rrilag[:g?rl”]r;%r;glnsexhlblted HT an mpathetic responses to CRD could depend on the rel ﬂge
) ' _responses of DHN and I1ZN to CRD, the degree of convergencp®r
NOXIOUS SOMATIC STlMULATlON. Dlﬁerences. between the in- divergence between DHN and IZN and renal Sympa’[hetic preg
puts to DHN and IZN can be inferred from differences betwegylionic neurons, and the levels of activity in DHN and IZN befofez
these neurons’ somatic receptive fields. As reported previougfymulation. For instance, if in one animal the level of RSNA
(Chau et al. 1997) and observed again in these experiments,dBfyre CRD were high and largely driven by correlatggHN, | =
fields of a majority of DHN were relatively simple, excited bythen, because CRD substantially reduced the activity of tHe®e
noxious stimulation of regions in and proximal to thg,T segmental DHN, the effects of a concomitant increase in synjgs-
dermatome and inhibited by stimulation of more distal regiongetic drive via excited IZN could be reduced or even reversed| &
such as the elbow and hip. Neurons with identical fields mugt another animal, the activity of correlated DHN before CRD
be common in the dorsal horn, for they have been observediivided very little drive for ongoing RSNA, then CRD might
many previous studies in several species (see, for instanggit a relatively large increase in RSNA simply by exciting IZNL.
Bolser et al. 1991; Hobbs et al. 1992; Ness and Gebhart 199jerefore we suggest that during a visceral stimulus such as QRD
However, the intraspinal mechanisms that are responsible Q& net change in peripheral sympathetic activity is a functior| of
the proximal-excitatory/distal-inhibitory fields of these neue excitatorysegmentainput from correlated DHN and IZN
rons are only now being investigated (Miller et al. 1998; Zhangbmbined with the differential effects on more remote (rostral|or
et al. 1996). o _ caudal to the stimulus) correlated DHN and IZN. These multiple
~ Unlike DHN, correlated IZN exhibited a greater variety ohathways (via 1ZN and DHN) and the differential effects §f
fields. Some of these fields were similar to the “conventionadtimuli may account for some of the variability in the responseg of
fields described in the preceding text. Other neurons, howevesNA observed in these experiments. We note, however, that 3
wereinhibited (rather than excited) by pinching skin in the;T more complex model than that described above will need td be
dermatome excited (rather than inhibited) by pinching the geveloped to account for the bimodal distribution of the maghi-
elbow and hip, or uniformly excited or uniformly inhibited{des of RSNA responses to CRD.
from the entire ipsilateral bOdy wall. The incidence of neurons What are the pathways for the Segmenta| and propriosp nal
with such fields was twice as great among IZN than amoR§ons that elicit responses to stimuli such as CRD? As notefd in
DHN, suggesting a significantly different range of inputs tghe preceding text, a small number of primary colorectal affer-
IZN than to DHN. ents enter the spinal cord atjfand nearby segments (Ness afd
COLORECTAL DISTENSION. Even more convincing evidence forGebhart 1988b). These afferents will definitely excite DHN
independent inputs to DHN and IZN came from the differenti@nd 1ZN at their first synapses. More caudal, at their mogal
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segments of entry, Land Lg—S, (Ness and Gebhart 1988b),rats (Ness and Gebhart 1988a). The technical difficulties] of
colorectal afferents will excite many DHN, but sympatheticecording both spinal neurons and renal sympathetic activity in
preganglionic neurons reside only as far caudal as. INewv the present experiments, however, required the use of anesthg
ertheless, excitation of sympathetically-correlated DHN anited (rather than decerebrate) rats.
IZN at rostral lumbar levels would very likely increase sym- Interestingly, CRD did not cause previously uncorrelatpd
pathetic activity to the pelvis and lower extremities IZN to become correlated nor did it significantly change the

Propriospinal neurons that are affected by primary affererdegree of correlation between interneurons and RSNA.

glionic neurons in the rat (Schramm et al. 1993). These, tomays that mediate the correlations detected by spike-trigggred
are the projections that resulted in the inhibition of mostverages may be distinct from those that mediate the effects of
correlated DHN and the excitation of most correlated 1ZNransient afferent input on sympathetic activity. Additiongl
Although the pathways by which such propriospinal afferenexperiments will be needed to clarify this second point.
might ascend are largely conjectural, recent work has shown
that many pelvic afferents ascend to supraspinal levels in tg nthesis
dorsal quadrants of the rat spinal cord (Hubscher and Johnson
1999). These axons would be appropriately located to projectrhe averageeffects of stimuli on mean arterial blood preg-
collaterals into either the dorsal horn or the intermediate zonrgyre in spinally injured patients are not large. Mathias et |al.
In a sample of~200 sympathetically correlated neuron$1979) measured the arterial pressure responses to incrgase
recorded in spinally transected rats (Chau et al. 1997 apgdder pressure in six chronic tetraplegic patients. This stjr:
subsequent unpublished experiments), the activities of only,Ris increased mean arterial pressure from+73.3 to 109+
have been correlated wittecreasesn RSNA. Both of these 36.6 mmHg. On the other hand, the magnitude of these
negatively correlated neurons were located at depths consistgiinses was highly variable, as manifested by the large
with the intermediate zone, but the location of neither Wafard error for the mean arterial pressure during bladder s
confirmed histologically. The significance of this paucity ofjlation (36.6 mmHg), and the increase in averaystolic
negatively correlated neurons in our preparations is unclegfessure during stimulation from 107 to 164 mmHg.
However, one interesting implication is that, in the anesthe-\what mechanisms might account for variations in the ove
tized spinally transected rat, decreases in RSNA are m@fifculatory effect of somatic or visceral stimuli from one e
likely to be mediated by dysfacilitation than by active inhibiperimental preparation to another or from one patient to f
tion of either sympathetic preganglionic neurons or excitatosther after spinal transection? This study has demonstrai@d
presympathetic neurons. three potential mechanisms: differential effects of some stimi
on sympathetically correlated DHN and IZN, dependence
Effects of CRD on arterial pressure the effects on DHN and IZN of their segmental distance frg 8
) ) ) stimuli, and apparently independent convergence of DHN ar§j
Because CRD always increased systemic arterial pressi#R on sympathetic preganglionic neurons. Logically, the pies
but elicited variable Changes in heart rate, we believe it |ikebtimu|us activity of Sympathetica”y correlated DHN and 1Z \|§
that CRD always elicited a net increase in total peripherat different spinal levels is another factor that could affect %h‘é

Kyul woﬁjgnaﬁum

[?s

BIEA

resistance. In this sense, the cardiovascular responses inrff2gnitude and direction of responses. However, we haved Bo
anesthetized rat model of “dysreflexia” are similar to thosgidence either to support or refute this mechanism. Interad-
observed in chronically transected humans in whom vasocqigns between some of these factors are shown in Table 2
striction plays the predominant role in posttransection hyper-fFor example, referring to row one of Table 2, we attribijte
tensive crises (Mathias and Frankel 1992) However, becalgﬁg increase in RSNA in response to noxiouﬁ) FTomatic
the CRD-elicited changes in RSNA were highly variable frorstimulation to the increased activity of putative presympathati
rat to rat, we hypothesize that this stimulus elicited diffefegéorrelated) DHN and 1ZN.

patterns of excitation and inhibition of correlated 1ZN an

DHN (and, therefore different patterns of vasoconstriction irneLE 2. Summary of effects of noxious stimuli on the rates of
different rats). We conducted extensive post hoc statisti¢écharge of sympathetically correlated DHN, 1ZN, and renal nerye
examinations of our data in an attempt to test this hypothesigers

For instance, we attempted to determine whether the ongoing

activities of correlated DHN were higher in those rats in which Discharge Rate
CRD decreased, rather than increased, RSNA. However, our

C

samples of neurons were substantially smaller than necessaf{pXious Stimulus DHN 1ZN RSNA

to adequately answer such questions. Pinch T10 dermatome a* - -
Although CRD reliably increased arterial pressure in Ouinch hip - - -

rats, these increases were modest and variable. We suspectGblatectal distension - - -t

the magnitudes of these pressor responses were reduced b
anesthegsia for Ness and pGebhart re ported that the cardio *_erows indicate the direction of the most common responses of {he
! P \@s%harge rates of the neurons (columns) to the noxious stimuli (roys).

cular responses to CRD were substantially reduced (or eVeRsNA increased in 11 rats and decreased in 4 rats in response to colofecta
reversed) by many anesthetics, including chloralose, in intaizitension (see text).
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Noxious T, stimulation is “proximal” or “segmental” with  neurons in the monkey: implications for referred pain from the diaphragm
respect to renal presympathetic interneurons and renal symgéDd heartJ. Ne“mph)go'ﬁ& 1042-1054, 1991. Soinal cord lami
thetic preganglionic neurons. However, it is “distal” with re$"8°T, J: B, AESS) V., CARROLL, J.,AND LIGORIO, M. Spinal cord lamina V

A . and lamina VIl interneuronal projections to sympathetic preganglionic ngu-
spect to presympathetic interneurons and sympathetic pregais, o Comp. Neurol347: 515-530, 1994.

glionic neurons controlling more rostral and caudal tissues agghy, D., Kiv, N., aNp ScHramm, L. P. Sympathetically correlated activity o
organs. Therefore based on our data, noxious somatic Stimutorsal horn neurons in spinally transected ratNeurophysiol77: 2966 —
lation at T, while exciting nearly all sympathetically corre 2974, 1997,

lated interneurons atl'g’ would be expected tonhibit corre GEBB'ER, G. L. AND M(.?CALL, R. B. Identificati_on and discharge patterns ¢f
lated DHN and excite correlated 1IZN at these more dist |sp|nal sympathetic interneurordm. J. Physiol231: 722-733, 1976.

. . . . . ILBEY, M. P., McKENNA, K. E., AND ScHRAMM, L. P. Effects of substance B
levels. For instance in our experiments, stimulation of the hi on sympathetic preganglionic neuronBeurosci. Lett41: 157-159, 1983.

(which is distal to T inhibits sympathetically correlated gyrrvan, L. axo WHiTTERIDGE, D. Effects of bladder distension on autonomif
DHN and RSNA despite exciting correlated 1ZN (Table 2, row mechanisms after spinal cord injuridrain 70: 361-404, 1947.

2). A stimulus-evoked increase in RSNA could be either améOE‘rBSa rﬁégfi'o ?Z?Dvﬁ?e?il Jeih?ngEmRat[i)c' %"ﬁTDOE?REMASN’iE(')tEI')]'a IS;TQ]JIT?P;;'
I|0|fated or exacerbated dependlng on the Strength Of. th.e ?.Xcge?ls of the monkeyJ. Neurophysiol68: 5575—195_;%, 1?992.

tation Of_segmem"f‘l sympathe‘uc systems, the relative mh'_bm%BSCHER C. H.anD JoHNson R. D. Effects of acute and chronic midthoracip
and excitation ofdistal correlated DHN and IZN, the relative spinal cord injury on neural circuits for male sexual function. I. Ascendifig
strength of the inputs of these differentially affected interneu-pathways.J. Neurophysiol82: 13811389, 1999.
rons to sympathetic preganglionic neurons, and the relatigAssioukov, A. V. ano WEAVER, L. C. Episodic hypertension due to autor
prestimulus activities of interneurons at levels proximal andnomic dysreflexia in acute and chronic spinal cord-injured rats. J.

. . . ; . Physiol. Heart Circ. Physiol268: H2077—H2083, 1995.
distal to T;. CRD, like noxious cutaneous stimulation of th@aruias, C. J., Giristensen N. J., FRANKEL, H. L., AND SPALDING, J.M.K.

hip, inhibited sympathetically correlated DHN and excited Cardiovascular control in recently injured tetraplegics in spinal shQck.
correlated 1ZN (Table 2, row 3). The balance of the complexMed.58: 273-287, 1979.

; HIAS, C. J.AND FRANKEL, H. L. Autonomic disturbances in spinal corg
;ESpon?et to tCIIQDilhovtvevtir', gp{aearef: to Vzry CanIderaMgsions. In:Autonomic Failure—A Textbook of Clinical Disorders of th
rom rat to rat. In rats, this balance favored an INCrease Ithionomic Nervous Systemdited by R. Bannister and C. J. Mathias. Ne

net RSNA, and in 4 rats it favored a decrease in net RSNA. york: Oxford, 1992, p. 839—-881.
Given the complex nature of the intraspinal reflexes d&HLLER, K. E., DoucLas, V. D., RCHARDS, A. B., CHANDLER, M. J., AND FORE-
scribed above and our incomplete understanding of those ren. R. D. Propriospinal neurons in the C1-C2 spinal segments project tg

: : : s 5-S1 segments of the rat spinal coBtain Res. Bull47: 43—-47, 1998.
flexes, neither scientists nor clinicians are able to accurat ss T. J. AND GEBHART, G. F. Colorectal distension as a noxious viscelf

predict cardiovas_cular responses to a given stimulus after SPktimulus: physiologic and pharmacologic characterization of pseudaffed]
nal cord transection. A future challenge for neurophysiology,reflexes in the ratBrain Res.450: 153-169, 1988a.
then, will be to better characterize these interactions, first, hess T. J. ANID GfBng'RTt' G. F. _CTﬁra%e“Zé}tlor Ofdne?:ﬁns YSSEIOHSIVE
iy i ; ; _noxious colorectal distension in thg fL, spinal cord of the rat). Neure
aid in dg&gn{;ngdteslts that will :jnore acguratel_)é _prc(ajdlc.t r€- hysiol.60: 1410 1438, 1988b.
Sponses In inaivi .ua Pat'ents ana, Secon. ,»loaidin esignig s T. J.AND GEBHART, G. F. Interactions between visceral and cutaneg
methods for ameliorating dangerous cardiovascular responsegociception in the rat. I. Noxious cutaneous stimuli inhibit visceral no
ceptive neurons and reflexek.Neurophysiol66: 20-28, 1991.
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