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Abstract. Short-term correlations in activity have been widely used as 
evidence to connect brainstem units with postganglionic sympathetic 
nerves. These may be detected by spike-triggered averaging, cross 
correlation or coherence analysis. The specificity of this type of 
evidence has been investigated by cross-correlating the activity of 
identified cutaneous vasoconstrictor postganglionic fibres with that of 
medullary premotor neurones of like and of unlike functional type, as 
determined by physiological testing (preoptic warming), in 
anaesthetised cats. Single medullary premotor neurones of both types 
were recorded from the subretrofacial nucleus: they were identified by 
their barosensitivity and, in most cases, their spinally projecting axons. 
By the test criteria chosen, the correlation method gave both 
false-positive and false-negative results as commonly as it gave correct 
ones. We conclude that it is not a reliable way to determine 
brainstem-postganglionic connectivity. 
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INTRODUCTION 

Premotor neurones in the rostra1 ventrolateral 
medulla are considered to be the most important 
source of descending drive to sympathetic neur- 
ones, and to mediate tonic and reflex control of va- 
somotor activity (Calaresu and Yardley 1988, 
Darnpney 1994). Data from several laboratories 
now support the notion that these premotor neur- 
ones are not homogeneous, but contain subsets with 
preferential or selective effects on different sym- 
pathetic outflows. Three main lines of evidence fa- 
vour this view. First, localized microinjections of 
glutamate into this region may preferentially or ex- 
clusively excite one sympathetic outflow rather 
than another, depending on injection site (Lovick 
1987, Dampney and McAllen 1988, Dean et al. 
1992, McAllen and May 1994a). Second, the func- 
tional identity (in this case cutaneous vasoconstric- 
tor) of certain premotor neurones has been 
determined by their response to a specific physio- 
logical test (inhibition by preoptic warming: McAllen 
and May 1994a). Third, short-term (c. 100 ms) fir- 
ing correlations may be found between individual 
medullary neurones and various postganglionic 
sympathetic nerves: in some cases the correlation is 
selectively with one sympathetic nerve rather than 
another (Barman et al. 1984). These correlations 
may be detected either by spike-triggered averaging 
of nerve activity (Barman and Gebber 198 1, 1985, 
1987, Morrison and Gebber 1982, 1984, McCall 
1988, Morrison et al. 1988, McCall and Clement 
1989, Gebber 1990, Huangfu et al. 1991) or by 
spectral analysis, measuring standard or partial co- 
herence (Gebber et al. 1990, Barman and Gebber 
1992, Cohen et al. 1995). 

When results from the first two approaches are 
compared, as has been done for the cutaneous va- 
soconstrictor pathway in the cat, they show reason- 
ably close agreement. Both methods indicate that 
cutaneous vasoconstrictor premotor neurones are 
concentrated around the ventromedial part of the 
subretrofacial nucleus, and are partly intermingled 
with the premotor neurones of other outflows 
(Dampney and McAllen 1988, McAllen and May 

1994b). However, the correlation approach has 
never been tested for specificity against any inde- 
pendent reference. It is therefore of interest to com- 
pare its results with those of another method. This 
paper describes such a test. 

METHODS 

The present results constitute a new analysis of 
data from experiments reported elsewhere (McAllen 
and May 1994b). The recordings were made from 
14 cats, 11 anaesthetized with alpha chloralose (70 
mgkg i.v.) and 3 with an infusion of the steroid 
mixture " Saffan" (Pitman - Moore; 0.3-2 mgkgh) ,  
given after 11 mgkg i.m. ketamine. During recor- 
ding, animals were paralysed with pancuronium (2 
mg i.v.), while appropriate care was taken to ensure 
adequate anaesthesia at all times. Full details of an- 
aesthesia, preparation and experimental procedures 
are given elsewhere (McAllen and May 1994b). 
Briefly, the preoptic region, medulla and cervical 
cord were exposed from a ventral approach, and a 
few-fibre cutaneous vasoconstrictor (CVC) prep- 
aration was dissected from a fascicle of the left 
superficial peroneal nerve that supplied hairy skin. 
A blind sac was prepared from one carotid sinus, 
with the common carotid occluded by an inflatable 
cuff for baroreceptor tests, but otherwise left open. 
A thermode was placed into a site in the preoptic re- 
gion that, when warmed, inhibited ongoing CVC 
activity. Microinjections of glutamate into the ros- 
tral ventrolateral medulla were used to map the re- 
gion of the subretrofacial (SRF) nucleus that 
excited CVC activity. Extracellular single unit rec- 
ordings were then made from that region. All units 
studied were inhibited by baroreceptors (carotid 
blind sac inflation). Most could also be antidromi- 
cally activated by electrical stimulation in the spinal 
cord (shown by collision test). Medullary units were 
then classified by their response to 1-7 min. episodes 
of preoptic warming (McAllen and May 1994b). 

The present analysis was done on simultaneous 
recordings of the spontaneous activity of individual 
SRF neurones and peripheral CVC fibres. Simulta- 
neous records lasted 3-30 min., and included peri- 
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ods of preoptic warming as well as resting activity. and postganglionic neurones of the same functional 
Cross correlation histograms (cross correlograms) class (i.e. if they responded the same way to preop- 
were constructed from the data, triggering from the tic warming) than if they were of different type. 
SRF neurone and taking CVC unit activity as the re- Twenty barosensitive SRF neurones (12 with 
sponse. This method plots the time relation of every proven spinal axons) out of 77 tested were found to 
response spike to every trigger spike. It accumulates 
these in terms of occurrences at each particular in- 
terval before and after the trigger spike, as a histogram 
with 20 ms time bins. The cutoff time was set at 4 s 
before and after the trigger. All records were then digi- 
tally smoothed by taking a 5 point moving average. 

The amplitude of a correlation peak was 
measured relative to the mean of the two flanking 
troughs, and expressed as a percentage of the over- 
all mean bin count. Enhanced oscillations at cardiac 
frequency (see below) were accepted as correlation 
peaks if they occurred abruptly around the appropri- 

be significantly inhibited, in parallel with CVC ac- 
tivity, when the preoptic region was warmed with a 
thermode (Fig. 1, left). These warm-inhibited SRF 
neurones were inferred to be preomotor neurones 
driving CVC activity. In contrast, 27 barosensitive 
SRF neurones (20 with proven spinal axons) were 
significantly excited by preoptic warming, while 
CVC activity recorded at the same time was in- 
hibited (Fig. 1, right). Warm-excited SRF neurones 
were considered unlikely to drive the CVC pathway 
(McAllen and May 1994b), and have been taken 
here as the control group. Three of these were ex- 

ate time. In these cases, the mean background oscil- cluded from analysis because of low spike counts. 
lation was subtracted from the peak before For clarity, a further 22 SRF neurones that were 
calculating the percentage. Repetitive oscillations 
of cardiac period that diminished gradually over the 
2-4 s either side of the trigger (e.g. Fig. 2F) were at- 
tributed to a background oscillation gradually los- 
ing synchrony, and were discounted. 

RESULTS 

The hypothesis to be tested was that there should 
be a more direct relation between the firing of SRF 

neither inhibited nor excited by preoptic warming, 
as well as 8 that gave unclear responses, were also 
excluded from the present analysis. 

Cross correlograms were constructed from the 
ongoing spike discharges of the SRF neurones 
under study (trigger) and the postganglionic cuta- 
neous vasoconstrictor fibres (response). Several 
patterns were evident among the correlograms of 
both the experimental and control groups. Firstly, in 
these baroreceptor-intact animals, the cardiac 

EFFECT OF PREOPTIC WARMING 
PERCENTAGE CHANGE IN ACTIVITY Fig. 1. Histograms of the maxi- 

mum changes in neural activity in 
response to preoptic warming, as 
used to define the neural popula- 
tions (data taken from the pub- 
lished study of McAllen and May 
1994b). Values for the 20 warm- 
inhibited SRF neurones are 
shown on the left and for the 24 
control (warm-excited) neurones 
on the right (solid bars). Accom- 
panying values for changes in 
CVC activity recorded at the 
same time are shown as shaded 

Warm-inhibited Control group bars. Error bars show SEM. 
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rhythmicity common to both central and peripheral 
units often caused periodic peaks and troughs in the 
cross correlogram (e.g. Fig. 2C and F). (In these ex- 
periments, perhaps surprisingly, CVC activity often 
showed strong cardiac rhythmicity (McAllen and 
May 1994b).) A common presumed respiratory 
rhythmicity (period 2-6 s) was also pronounced in 
some cases, particularly during periods of preoptic 
warming. This caused slower fluctuations in the 
cross correlogram, upon which fluctuations of car- 

WARM - INHIBITED CONTROL GROUP 

Fig. 2. Cross-correlograms of 4 warm-inhibited (A,C,E,G) 
and of 4 control SRF neurones (B,D,F,H) with peripheral 
CVC fibre activity. All show 4 s before and after the trigger 
(SRF neurone spike: time indicated by arrow). Oblique arrows 
indicate accepted correlation peaaa (see text). A and B show 
isolated peaks; C and D show trigger-related enhanced oscil- 
lations of cardiac period; E and F show oscillations of cardiac 
and respiratory period, but no clear increase linked to the trig- 
ger; G and H show correlograms with no trigger-linked peak. 
20 ms time bins. Numbers indicate bin counts. 

diac period were often, but not always, superim- 
posed (e.g. Fig. 2E and F). 

However, the pattern sought as evidence of con- 
nectivity was a peak, or an enhanced oscillation in 
CVC firing probability, at a plausible latency (up to 
c. 500 ms) after the trigger spike. These were appar- 
ent in 9/20 cross correlograms triggered by warm- 
-inhibited SRF neurones and also in 8/24 of the con- 
trol group (triggered by warm-excited SRF neur- 
ones). Examples are shown in Fig. 2A-D; Fig. 
2E-H show correlograms without trigger-related 
peaks. Abruptly enhanced oscillations of cardiac 
period accounted for 6 of the 9 cases in the warm- 
inhibited group and 5 of the 8 in the control group 
(e.g. Fig. 2C and D, the remainder were de novo 
peaks (e.g. Fig. 2A and B). Oscillations with a car- 
diac periodicity were present but showed no clear en- 
hancement around trigger time in the cross 
correlograms of a further 5 warm-inhibited neur- 
ones and 8 of the control group (e.g. Fig. 2E and F). 

The mean amplitude of the correlated peak, or 
excess oscillation, in the 9 positive correlograms 
triggered by warm-inhibited SRF neurones was 
18.9% of background. It was 16.5% for the 8 control 
correlograms showing peaks. 

DISCUSSION 

When postganglionic whole nerve activity is re- 
corded with wide bandpass (extending down to 1 
Hz, as used by Barman, Gebber and others), slow 
waves represent envelopes of fibre activity (Gebber 
1990). Brainstem spike-triggered averages of that 
activity are thus homologous with the brainstem 
spike-triggered histograms (cross correlograms) of 
postganglionic fibre activity studied here. Counting 
spikes in this way has two advantages, however, 
and one disadvantage. First, whole nerve recordings 
can detect only activity that occurs in bursts, reflect- 
ing the simultaneous activation of hundreds or thou- 
sands of fibres; but the spikes in a few-fibre 
preparation monitor activity at all times, including 
that between bursts. Second, spike counts are quan- 
titative, giving histograms with a meaningful zero 
point; one can therefore assess the strength of apeak 
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relative to ongoing nerve activity. The disadvantage 
of few-fibre counting is that statistical fluctuations 
in bin count may make histograms less sensitive 
than averages for detecting correlation peaks. 

The issue of this paper is whether a peak in a 
spike-triggered average (or histogram) of postgan- 
glionic nerve activity gives a reliable guide to con- 
nectivity. The present analysis takes advantage of 
an independent physiological test, the response to 
preoptic warming (in addition to barosensitivity), to 
classify SRF premotor neurones by function. By 
these criteria (as well as location) warm-inhibited 
SRF neurones may be presumed to belong to a CVC 
pathway (although conceivably they might belong 
to a different subset than the postganglionic fibres 
recorded). They were all inhibited by baroreceptors, 
so were presumably sympathoexcitatory in type. 
These neurones therefore ought to show activity 
temporally correlated with postganglionic CVC fi- 
bres (i.e. a cross correlogram peak). Warm-excited 
SRF neurones may be expected to belong to non-cu- 
taneous pathways (again, sympathoexcitatory). 
Warm-excited SRF neurones ought not to show 
activity temporally correlated with that of CVC fi- 
bres, if correlation is to be a reliable guide to con- 
nectivity. 

The first finding of this analysis is that appropri- 
ate, convincing peaks in the cross correlogram were 
present in only around half the cases where central 
(trigger) and peripheral (response) neurones were 
of the same functional class. The remainder con- 
stitute "false negatives" according to this test. Of 
course the failure to detect peaks in the "false nega- 
tive" group could have been due to inadequate sen- 
sitivity in the cross correlation technique; but if so, 
those peaks must have been rather small. There is 
also the possibility that small trigger-related peaks 
could have been masked by cardiac-period oscilla- 
tions in 5 cases where that feature was prominent. 
(And this could apply equally to the 8 such correlo- 
grams in the control group). It should be noted that 
for the present purpose we demanded that a true 
correlation of CVC activity with the trigger spike 
per  se, should show as an appropriately-timed peak 
in excess of the ongoing oscillation. The latter was 

assessed from sections of the correlogram away 
from the trigger, and attributed to the barosensitiv- 
ity common to both SRF and postganglionic neur- 
ones. 

Alternatively it could be argued that the lack of 
correlation in the "false negative" cases was be- 
cause those SRF neurones belonged to a different 
subset of CVC pathways (e.g. supplying hairless 
skin) than the postganglionic fibres recorded 
(which supplied hairy skin). However, most of the 
SRF neurones in question showed moderate or 
strong pulse rhythmicity - a feature reported to be 
absent from pathways to hairless skin (Janig and 
Kiimmel 198 I), but present at the time in the CVC 
activity to hairy skin recorded in these experiments 
(McAllen and May 1994b). 

The main finding of this study, however, is that 
equivalent correlation peaks are frequently found in 
cases where the central and peripheral neurone are 
of unlike functional class. These constitute "false 
positives" according to our test, and are difficult to 
explain away. 

Finally, we found that when they were present in 
these experiments, correlation peaks were often 
quite weak in relation to background activity. 

The present analysis uses cross correlation as 
others have used spike-triggered averaging, stu- 
dying effects lasting tens or hundreds of millisec- 
onds to follow pathways over at least 2 synapses. 
This must be distinguished clearly from the use of 
cross correlation to prove monosynaptic connec- 
tions, which requires single units and millisecond 
precision (Kirkwood 1979, McAllen et al. 1994). 

It is worth considering the possible mechanisms 
whereby brainstem spike-triggered peaks of post- 
-ganglionic nerve activity could arise. The first 
would be that a single spike of that single central 
neurone actuality causes a measurable burst in post- 
ganglionic nerve activity. The inherent amplifica- 
tion of such a pathway would need to be huge, and 
it seems rather unlikely; but that could be tested. 
The more likely alternative is that the central neur- 
one, and whatever generates postganglionic nerve 
bursts (perhaps a cohort of neighbouring - or other 
- brainstem neurones), take their time cue from a 
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common source: they "dance to the same tune". 
There is therefore no a priori reason to suppose that 
the central neurone in question is in a pathway to - 
or helps drive - that sympathetic nerve. Correlation 
on this timescale gives information about their in- 
puts not their outputs. This could explain why the 
activity of central neurones of both like and of un- 
like functional type may be correlated with periph- 
eral CVC activity (this study). By the same token, 
if a single brainstem neurone shows activity corre- 
lated with one, two or three sympathetic nerves 
(Barman et al. 1984, Cohen et al. 1995) this does not 
prove that it drives any of them. 

In conclusion, this study provides the first inde- 
pendent test of spike-triggered correlation as a 
means to show specificity in medulla-to-postgan- 
glionic neurone connections. Taking physiological 
criteria as the standard, the correlation method ap- 
parently shows both false-negative and false-posi- 
tive results as commonly as it shows correct ones. 
The same provisos appear likely to apply to detect- 
ing brainstem - postganglionic links by coherence 
analysis in the frequency domain (Barman and 
Gebber 1992, Cohen et al. 1995). 

While correlation on this timescale may be un- 
able to distinguish brainstem neurones whose out- 
put is destined for one particular sympathetic 
outflow rather than another, it remains possible that 
it could distinguish neurones of sympathetic path- 
ways in general (although the present data suggest 
some would be missed) from those in non-sympath- 
etic pathways. But particularly in the light of the 
present findings, it would seem prudent - indeed ur- 
gent - to test that assumption before using such 
methods to ascribe a "sympathetic" function to cen- 
tral neurones. 
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