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Abstract We examined the synaptic connections from 
ventral-group bulbospinal inspiratory neurons to upper- 
cervical inspiratory neurons and phrenic and intercostal 
motoneurons in decerebrate rats using cross-correlation. 
Inspiratory neurons were recorded in the medulla (n=28) 
at the level of the obex and from the upper-cervical seg- 
ments (C1 and C2) of the spinal cord (n=29) in 18 vago- 
tomized, paralyzed, ventilated, and decerebrated rats. 
The neurons were identified by their inspiratory firing 
pattern and antidromic activation from the spinal cord at 
C7. Whole-nerve recordings were made using bipolar 
electrodes from the central cut ends of the C5 phrenic 
nerve and the external and internal intercostal nerves at 
various thoracic levels. Cross-correlation histograms 
were computed between these recordings to detect short 
time scale synchronizations indicative of synaptic con- 
nections. Cross-correlation histograms (n=20), computed 
between the activities of ventral-group bulbospinal inspi- 
ratory neurons and the phrenic nerve, all showed peaks 
(mean half-amplitude width_+SD, 1.1+0.3 ms) at short la- 
tencies (mean latency_+SD, 2.0+0.6 ms) suggestive of 
monosynaptic excitation. Cross-correlation histograms 
(n=33), computed between the activities of ventral-group 
bulbospinal inspiratory neurons and upper-cervical inspi- 
ratory neurons, displayed four (12%) peaks (mean half- 
amplitude width+_SD, 0.9_+0.1 ms) at short latencies 
(mean latency___SD, 1.8_0.6 ms) suggestive of monosyn- 
aptic excitation, and six (18%) peaks (mean half-ampli- 
tude width_+SD, 1.4_+0.4 ms) at latencies near zero sug- 
gestive of excitation from a common source. Cross-cor- 
relation histograms (n=34), computed between the activ- 
ities of ventral-group bulbospinal inspiratory neurons 
and the internal and external intercostal nerves at various 
thoracic levels (T2-8), showed six (18%) peaks (mean 
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half-amplitude width+_SD, 2.5+0.5 ms) at short latency 
(mean latency+SD, 4.5_1.1 ms) suggestive of oligosyn- 
aptic connections. Cross-correlation histograms (n=42) 
computed between activities of intercostal nerves at vari- 
ous levels of the thoracic spinal cord showed central 
peaks suggestive of excitation from a common source. 
Although the size of the peaks decreased with segmental 
separation, the displacement of the peaks from time zero 
did not increase with segmental separation (mean dis- 
placement+SD, 0.6___0.6 ms) as would be expected if the 
common excitation resulted from a descending mono- 
synaptic excitation by a source such as the ventral-group 
bulbospinal inspiratory neurons. We conclude that all 
ventral-group bulbospinal inspiratory neurons make 
monosynaptic connections to phrenic motoneurons, a 
few make monosynaptic connections to upper-cervical 
inspiratory neurons, but connections to intercostal moto- 
neurons are made via interneurons. 

Key words Cross-correlation - Ventral-group 
bulbospinal inspiratory neurons �9 Upper-cervical 
inspiratory neurons - Intercostal motoneurons �9 Rat 

Introduction 

Rats are emerging as the animal model of choice for 
studying the neurophysiology of respiration (Bianchi et 
al. 1995). However, much of our current knowledge 
about the neuronal organization of respiration has been 
derived from experiments on cats. It is not sufficient to 
assume that the neuronal organization is the same. As 
detailed below, investigations have revealed differences 
between rats and cats. It is therefore necessary to con- 
firm similarities and differences in the neurophysiologi- 
cal organization of respiration between these two spe- 
cies. Such knowledge should enhance our understanding 
of the those aspects that are fundamental to respiratory 
rhythm generation and its transmission to the respiratory 
muscles. 



Medullary inspiratory neuron groups 

The medullary inspiratory neurons in rats (see Bianchi et 
al. 1995 for a review) lie in bilateral longitudinal col- 
umns at the level of the obex, corresponding to the dorsal 
and ventral respiratory groups already identified in cats. 
The dorsal respiratory group was first thought to be simi- 
lar to that in cats (Saether et al. 1987), then absent (Ez- 
ure et al. 1988; Zheng et al. 1991). However, a recent 
study (de Castro et al. 1994) showed it to be present in 
rats, but with a much reduced spinal projection. 

The ventral respiratory group in rats is extensive 
(Saether et al. 1987; Ezure et al. 1988; Ellenberger et al. 
1990; Schwarzacher et al. 1991; Zheng et al. 1991, 
1992), similar to that in cats, and is the main source of 
inspiratory drive to spinal respiratory neurons (see Mont- 
eau and Hilaire 1991 for a review). However, the bulbo- 
spinal expiratory neurons of this group appear to differ 
from those in cats by giving off intramedullary collater- 
als (Zheng et al. 1992). In addition, the B6tzinger com- 
plex of rats contains fewer expiratory neurons with an 
augmenting firing pattern, and they have fewer spinal 
projections (Bryant et al. 1993). 

Upper-cervical inspiratory neurons 

Upper-cervical inspiratory neurons form a column of 
neurons located near the lateral edge of the intermediate 
gray matter in rats (Lipski et al. 1993). In cats these neu- 
rons (Aoki et al. 1980) project mainly toward the inter- 
costal motoneurons (Lipski and Duffin 1986; Hoskin et 
al. 1988), with a weaker projection toward the phrenic 
motoneurons (Lipski and Duffin 1986; Douse et al. 
1992; Nakazono and Aoki 1994). 

In rats intracellular labeling of the upper-cervical in- 
spiratory neurons revealed single short collaterals in the 
region of the phrenic nucleus and axons that descend as 
far as the rostral thoracic spinal segments (Lipski et al. 
1993). We recently reported electrophysiological confir- 
mation of the weak connection to phrenic motoneurons, 
but could not find evidence for connections to intercostal 
motoneurons (Tian and Duffin 1996). 

Ventral-group bulbospinal 
inspiratory neuron spinal connections 

To phrenic motoneurons 

Ventral-group bulbospinal inspiratory neurons excite 
phrenic motoneurons in rats. Numerous studies using 
tracing techniques (Onai et al. 1987; Ellenberger and 
Feldman 1988, 1990; Yamada et al. 1988; Saji and Miura 
1990; Goshgarian et al. 1991, 1993; Nfifiez-Abades et al. 
1991; Portillo and Nfifiez-Abades 1992; Dobbins and 
Feldman 1994; Lipski et al. 1994) have demonstrated the 
anatomical basis for such connections, but few have pro- 
vided electrophysiological confirmation. Both of these 
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studies (Saether et al. 1987; Duffin and van Alphen 
1995) used cross-correlation to demonstrate connections, 
the latter showing their bilateral nature. These results are 
confirmed here and the strength of this connection is 
demonstrated. 

To upper-cervical inspiratory neurons 

In cats, the activity of the upper-cervical inspiratory neu- 
rons results from excitation by medullary inspiratory 
neurons of both dorsal and ventral groups (Hoskin and 
Duffin 1987a, b). In rats, a weak projection from ventral- 
group bulbospinal inspiratory neurons to upper-cervical 
inspiratory neurons has been demonstrated using ana- 
tomical tracing (Lipski et al. 1994) and is confirmed here 
by cross-correlation. 

To intercostal motoneurons 

The connection from ventral-group bulbospinal inspira- 
tory neurons to intercostal motoneurons is not known for 
rats, although the experiments of Lipski et al. (1994), us- 
ing intracellular labeling, show that they project as far as 
the first thoracic spinal segment. For cats, the dorsal- 
group inspiratory neurons are known to monosynaptical- 
ly excite intercostal motoneurons (Duffin and Lipski 
1987), but the connection from ventral-group inspiratory 
neurons to intercostal motoneurons (Merrill and Lipski 
1987) is probably via interneurons (Kirkwood et al. 
1988). A similar conclusion for rats is reached here. 

Materials and methods 

Animal preparation 

Experiments were performed on 18 adult male Sprague-Dawley 
rats weighing between 300 and 380 g. These experiments were a 
subset of a larger study, part of which has been previously report- 
ed (Tian and Duffin 1996). All procedures were reviewed and ap- 
proved by the University of Toronto animal care committee. The 
rats were initially anesthetized with 2.0% halothane in oxygen, 
and anesthesia was maintained at surgical levels with 1.0-2.0% 
halothane before decerebration. 

The trachea, femoral artery, jugular vein, and bladder were 
then cannulated. At this time the vagus nerves were cut bilaterally. 
A continuous infusion (2 ml 1 M NaHCO 3 and 10 ml 5% dextrose 
in 38 ml Ringer's) was established via the jugular vein (5-7 ml/h 
per kilogram) to stabilize the animal's fluid balance (Quintin et al. 
1989) and help maintain femoral arterial blood pressure (Harvard 
Apparatus) between 75 and 110 mmHg (usually about 
100 mmHg). In addition, dexamethasone (0.2 mg) and atropine 
(0.05 rag) were given intramuscularly to minimize brain edema 
and airway secretions, respectively. Rectal temperature was moni- 
tored and maintained at 37_+1.0~ with a servo-controlled electric 
heating pad (Harvard Apparatus). 

The animals were held in a stereotaxic frame (Kopf) and by 
clamps at rostral thoracic and sacral vertebrae with the head in- 
clined at about 30 ~ They were then paralyzed with pancuronium 
bromide (0.4 mg/h i.v., Pavulon) and ventilated (Harvard Appara- 
tus) via the tracheal cannula, with supplemental oxygen (40-80%) 
added to the inspiratory line. The end-tidal CO 2 was monitored 
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(Datex) and maintained between 4 and 5%. To minimize the mo- 
tion of the brain stem, bilateral pneumothoraces were made with 
an end-expiratory pressure of 2-3 cm HaO applied to prevent atel- 
ectasis. 

Decerebration was carried out using a method similar to that 
described by Zheng et al. (1991). Bilateral burr holes were made 
in the parietal skull and vascular clips (Weck) applied to the cen- 
tral saggital sinus to allow removal of the central portion of bone 
between the burr holes. In this way a slot across the width of the 
skull approximately 5 mm wide was established. Brain tissue was 
then slowly and gently removed by suction, carefully avoiding 
damage to the large vessels on the floor of the cavity created. 
Small pieces of Gelfoam soaked in thrombin solution were used to 
control bleeding on the exposed surfaces of the brain. With this 
technique, a complete section of the brain at the precollicular level 
was achieved (confirmed by postmortem examination). Halothane 
was then discontinued. 

The medullary surface was exposed, first by removal of the oc- 
cipital skull, then reflection of the dura bilaterally, and finally re- 
moval of the caudal part of the cerebellum by suction. The spinal 
cord was exposed from C1 to C7 by a dorsal laminectomy. All re- 
cording and stimulating sites were exposed by removing the arach- 
noid membrane and cauterizing blood vessels with a microcautery 
(Fine Science Tools). 

Finally, the left C5 phrenic nerve was exposed, sectioned, de- 
sheathed, and placed in a paraffin oil pool for recording. The inter- 
nal and external intercostal nerves were dissected free at various 
levels of the thoracic spinal cord, sectioned, and also placed in 
paraffin oil pools. 

Recording and stimulation 

Extracellular recordings were made using glass-coated tungsten 
microelectrodes (0.3-0.5 Mf~ at 1 kHz). These signals were am- 
plified (Neurolog NL104), filtered (0.125-8 kHz) using a 10-band 
stereo equalizer (Audio Reflex), and action potentials were dis- 
criminated with a time-amplitude window gate (Bak and Schmidt 
1977). The discriminator trigger was set on the rising phase of the 
action potential and the amplitude window gate set at a minimum 
height that allowed detection of the action potential trajectory 
about 0.5 ms later. Antidromic activation of descending axons in 
the lateral and ventral funiculi at C7 used glass-coated tungsten 
stimulating microelectrodes. The stimulus pulses (0.2 ms, 
5-50 btA) were obtained from a pulse buffer (Neurolog NL510) 
driven by a stimulus programmer (Digitimer 4030) via a digital 
width controller (Neurolog NL401). 

Respiratory activity was recorded from the phrenic and inter- 
costal nerves with bipolar silver wire electrodes and amplified 
(Neurolog NL104). Motoneuron axon action potentials were dis- 
criminated with amplitude gates (Bak) set to detect action poten- 
tials exceeding the noise level. The amplitude gates' output pulses 
were delayed by the same period as the window delay for the neu- 
ron action potential discriminators. 

Signals were monitored with loudspeakers, displayed on oscil- 
loscopes (Tektronics, Nicolet) and a thermal array chart recorder 
(Graphtec WR3600), and stored on video tape in a digitized form 
(Vetter). 

Protocol 

After establishing recordings of the phrenic and intercostal nerve 
activities, a search (Narishige micromanipulator) was made for a 
ventral-group inspiratory neuron and an upper-cervical inspiratory 
neuron, During initial identification the neurons were observed at 
wide bandwidths (0.05-20 kHz) to help distinguish them from ax- 
ons, then filtered at limited bandwidths to obtain the best discrimi- 
nation from noise. Both neurons were then antidromically activat- 
ed (collision test; Lipski 1981) from the C7 spinal segment to es- 
tablish their projections caudal to the phrenic motor nucleus. 

Cross-correlation histograms were calculated, using the stan- 
dard pulses generated from the discriminators, by a purpose-built 

cross-correlator (Anderson and Duffin 1976) set for 0.2-ms bin 
widths. The trigger pulses were delayed (Neurolog NL730) to en- 
able the histogram to display periods before time zero. In this way 
we examined the synaptic connections from the ventral-group 
bulbospinal inspiratory neurons to the upper-cervical inspiratory 
neurons and the phrenic and intercostal motoneurons, as well as 
the synchronization of activities between various intercostal 
nerves. 

Cross-correlation histogram peaks were characterized by cal- 
culating the k-ratio, the peak bin count divided by the mean bin 
count (Sears and Stagg 1976), and tested for significance (Graham 
and Duffin 1981) at P<0.01. For featureless cross-correlation his- 
tograms, we used the minimum/c-ratio for significance (at the ob- 
served mean bin count and chosen level of significance) to calcu- 
late the maximum number of interaction events that may have 
been undetected for every 1000 driver events (see Graham and 
Duffin 1981 for details). For example, consider the case of the 
cross-correlation histograms computed between ventral-group 
bulbospinal inspiratory neurons and upper-cervical inspiratory 
neurons. The number of undetected interaction events is the num- 
ber of upper-cervical inspiratory neuron action potentials resulting 
from a synchronizing processes (such as synaptic excitation by the 
ventral-group bulbospinal inspiratory neuron) unrecognized as a 
peak in the cross-correlation histogram. The driver events are the 
ventral-group bulbospinal inspiratory neuron action potentials. 

All results are expressed as mean+standard deviation. The fea- 
tures measured for the cross-correlation histograms include the la- 
tency to the start of the peak and the half-amplitude width of the 
peak. 

Results 

Genera l  observa t ions  

In 18 exper iments  conducted  as part  of  a larger  study, 
por t ions  of  which  have been prev ious ly  repor ted  (Tian 
and Duffin 1996), s imul taneous  recordings  were  made  of  
the firing patterns of  a ventra l -group bulbospina l  inspira-  
tory neuron, an upper -cerv ica l  inspira tory  neuron, phrenic  
nerve discharge,  and the discharges  of  external  and inter- 
nal  intercostal  nerves at various levels of  the thoracic  spi- 
nal  cord. F igure  1 shows an example  of  such recordings.  

The  vent ra l -group  bu lbosp ina l  insp i ra tory  neurons  
(n=28) were  r ecorded  about  the level  of  the obex at loca-  
t ions read f rom the mic roman ipu l a to r  (Fig.  2). Al l  were  
an t id romica l ly  act ivated f rom the C7 spinal  segment  (22 
ipsi la teral ly ,  16 contralateral ly ,  10 of  15 bi la tera l ly) .  Be-  
cause  we used  a tungsten mic roe lec t rode  moun ted  on a 
mic roman ipu l a to r  for an t idromic  act ivat ion,  ra ther  than a 
f ixed posi t ion,  we were  able  to search for locat ions  o f  
m i n i m u m  threshold  ( typ ica l ly  less than 15 ~tA). At  these 
low currents,  we never  obse rved  two la tencies  indica t ive  
of  an t idromic  act ivat ion of  the axon f rom more  than one 
locat ion.  We noted,  f rom our observat ions  o f  the loca-  
t ions o f  the an t idromic  s t imula t ion  electrode,  that the ip- 
s i lateral  axons were  found  mos t ly  in the la tera l  funicu-  
lus, whi le  the contra la tera l  axons were  found mos t ly  in 
the ventral  funiculus.  

A pa i red  t-test  compar i son  showed that the ips i la tera l  
la tencies  were  s ignif icant ly  (P=0.04)  shorter  than the 
contra la tera l  la tencies .  A s s u m i n g  a l inear  axonal  t rajec-  
tory and a l lowing 2 m m  extra  d is tance  for the contralat-  
eral  project ion,  the s ing le-poin t  s t imula t ion  es t imate  of  



Fig. 1 Typical experimental 
recordings of: A firing patterns 
of ventral-group bulbospinal 
inspiratory neuron; B firing 
patterns of upper-cervical in- 
spiratory neuron; C discharge 
of phrenic nerve; D discharge 
of T2 external intercostal 
nerve; and E discharge of T5 
external intercostal nerve. The 
grid marks intervals of 0.2 s 
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the mean  axonal  conduct ion velocit ies was 11.2_+1.4 m/s 
ipsilaterally and 11.4_+2.1 m/s contralaterally. A poss ib ly  
closer  es t imate  of  the mean  conduct ion velocities,  using 
the ant idromic latencies less 0.2 ms  assumed for  an acti- 
vat ion period, was 12.8_+1.8 m/s ipsilaterally and 
12.9_+2.6 rrds contralaterally. 

The  firing patterns for  the ventra l -group bulbospinal  
inspiratory neurons were  confined to the inspiratory 
phase, with an augment ing  firing pattern that displayed a 
progress ive  decrease in action potential  ampli tude as fir- 
ing f requency increased. The  autocorrelat ion h is tograms 
for 18 neurons (64%) showed cyclic peaks  indicative of  
regular  interspike intervals and, f rom the interval histo- 
grams,  we es t imated that the mean  firing f requency dur- 
ing the inspiratory phase  was 18.4_+0.5 Hz. The other 
36% did not show cyclic peaks,  indicating that the inter- 
spike intervals tended to be irregular. 

The  upper-cervical  inspiratory neurons (n=29) were 
recorded in spinal segments  C1 and C2, ventral  to the 
dorsal  root entry zone, at a mean  depth of  1.1_+0.2 m m  
read f rom the mic romanipu la to r  (Fig. 2). They  were a 
subset  o f  those descr ibed in a previous report  (Tian and 
Duff in 1996). All were ant idromical ly  activated f rom the 
ipsilateral C7 spinal segment .  Using these ant idromic la- 

tencies and assuming a linear axonal  trajectory, the sin- 
gle-point  s t imulation est imate of  the mean  axonal  con- 
duction veloci ty  was calculated as 9.8_+1.7 m/s. Using 
the ant idromic latencies less 0.2 ms, the mean  conduc-  
t ion veloci ty  was calculated as 11.4+2.4 m/s. 

The  firing patterns for  the upper-cervical  inspiratory 
neurons varied. In mos t  cases, activity was confined to 
inspiration, but some had an additional tonic componen t  
at a lower firing f requency during expiration, as repor ted 
previously  (Tian and Duffin 1996). All neurons dis- 
p layed  an augment ing  firing pattern during inspiration. 
The  autocorrelat ion h is tograms for 30% showed cyclic 
peaks  indicative of  regular  interspike intervals and the 
interval h is tograms showed that the firing f requency dur- 
ing the inspiratory phase  was 18.3_+0.4 Hz. The other 
70% did not show cyclic peaks,  indicating that the inter- 
spike intervals tended to be irregular. 

Cross-correla t ion his tograms:  ventra l -group bulbospinal  
inspiratory neurons to phrenic nerve 

Cross-correla t ion his tograms,  computed  be tween the ac- 
tivities o f  ventra l -group bulbospinal  inspiratory neurons 
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Fig. 2A, B The recording sites for the inspiratory neurons. The co- F 
ordinates relative to the obex and the tissue surface were read from 
the micromanipulators. The sites for ventral-group bulbospinal in- 
spiratory neurons are indicated withfilled squares and those for up- 
per-cervical inspiratory neurons with filled circles. A The dorsal 
view. B The saggital view shows both sides of the medulla 

(20/28) and the discharge o f  the phrenic nerve (11 ipsi- 
lateral and 9 contralateral), all showed significant peaks, 
with a mean latency of  2.0_+0.6 ms and a mean half-am- 
plitude width of  1.1_+0.3 ms. 

Cross-correlat ion histograms: ventral-group 
inspiratory neurons to upper-cervical  inspiratory neurons 

Cross-correlat ion histograms (n=33), computed  between 
the activities o f  ventral-group bulbospinal inspiratory 
neurons and upper-cervical  inspiratory neurons (57% ip- 
silateral) displayed a variety of  features. 

Figure 3A, B shows two examples of  the four (12%) 
cross-correlation histograms (three ipsilateral) displaying 
a peak. All were significant at the chosen level (P<0.01). 
The peaks (0.9.+0.1 ms half-amplitude width) were found 
at short latencies (1.8+_0.6 ms) that exceeded the conduc-  
tion times between the ventral group inspiratory neuron 
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Fig. 3A-F Peaks (arrows) in cross-correlation histograms comput- 
ed between the activities of ventral-group bulbospinal inspiratory 
neurons and the activities of upper-cervical inspiratory neurons 
(UCIN) and intercostal nerves. All of the bulbospinal inspiratory 
neurons showed cross-correlation peaks (not shown) suggestive of 
monosynaptic connections with phrenic motoneurons. A A peak at 
short latency, interpreted as evidence for an ipsilateral, monosynap- 
tic excitatory connection to a UCIN. B A peak at short latency, in- 
terpreted as evidence for a contralateral, monosynaptic excitatory 
connection to a UCIN. The peak is superimposed on periodic fluc- 
tuations in the baseline, interpreted as evidence for high-frequency 
oscillations. C A peak close to time zero, interpreted as evidence 
for an ipsilateral common activation of a ventral-group bulbospinal 
inspiratory neuron and a UCIN. D-F Peaks at short latency, inter- 
preted as evidence for paucisynaptic excitatory connections to the 
T3 external, T4 external, and T2 internal intercostal nerves, respec- 
tively. Bin widths 0.2 ms; vertical axes, counts/bin 

and the upper-cervical  inspiratory neuron by at least 
0.5 ms. 

Figure 3C shows an example of  the six (18%) cross- 
correlation histograms displaying a peak (1.4_0.4 ms 
half-amplitude width) at or near time zero. In addition, 



11 (33%) c ross -cor re la t ion  h i s tograms  d i sp layed  per iod-  
ic peaks  and troughs,  indica t ive  of  h igh- f requency  osci l -  
la t ions (HFO)  at a f requency  o f  135_+13 Hz. 

The  remain ing  c ross -cor re la t ion  h i s tograms  (13, 39%) 
were  featureless.  The  degree  of  in teract ion which  m a y  
have gone undetec ted  was ca lcu la ted  for these cross-cor-  
re la t ion h i s tograms  as 1.9___0.5 in teract ion events per  
1000 driver  neuron events. 

Table 1 The distribution of intercostal nerves used for computing 
cross-correlation histograms between the activities of ventral- 
group bulbospinal inspiratory neurons and intercostal nerves 

Spinal External intercostal Internal intercostal 
segment 

Ipsilateral Contralateral Ipsilateral Contralateral 

T2 - 1 2 - 
T3 2 5 - 2 
T4 2 1 - - 
T5 5 1 - - 
T6 3 2 - - 
T7 - 3 - - 
T8 - 2 - - 

Cross -cor re la t ion  h is tograms:  vent ra l -group  
insp i ra tory  neurons  to in tercosta l  nerves 
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Cross -cor re la t ion  h i s tograms  (n=34) were  compu ted  be- 
tween  the act ivi t ies  o f  vent ra l -group  inspi ra tory  neurons 
and the d ischarges  of  the ips i la tera l  and contra la tera l  in- 
ternal  and external  in tercosta l  nerves  at levels T2-8 o f  
the thoracic  spinal  cord as de ta i led  in Table 1. 

F igure  3D-F  shows examples  of  the six (18%) cross-  
corre la t ion  h i s tograms  d i sp lay ing  a peak  (2.5+0.5 ms 
ha l f -ampl i tude  width)  at short  la tency (4.5+1.1 ms).  On- 
ly five (15%) of  the c ross-cor re la t ion  h is tograms dis-  
p l ayed  H F O  at a f requency of  124+18 Hz. The  remain-  
ing c ross -cor re la t ion  h i s tograms  (23, 68%) were  feature-  
less. The  degree  o f  in teract ion which  may  have gone un- 
de tec ted  was ca lcu la ted  for  these c ross -cor re la t ion  histo-  
grams as 9.1_+2.0 in terac t ion  events per  1000 driver  neu- 
ron events.  

Cross -cor re la t ion  h is tograms:  
in tercosta l  nerve to in tercosta l  nerve 

Cross -cor re la t ion  h i s tograms  (n=42) were  also computed  
be tween  the d ischarges  o f  external  in tercosta l  nerves 

Fig. 4A-E Examples of cross- 
correlation histograms comput- 
ed between the discharges of 
various intercostal nerves with 
different intersegmental separa- 
tions (as indicated). Broad 
peaks at time zero were inter- 
preted as evidence for common 
activation of both groups of 
motoneurons. Bin widths are 
0.2 ms; vertical axes, 
counts/bin 
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from different ipsilateral levels of the thoracic spinal 
cord as well as between the discharges of external and 
internal intercostal nerves of the same segment. They 
showed central peaks with the size of the peak generally 
varying inversely with the segmental separation as 
shown in Fig. 4. The displacement of the peaks from 
time zero (0.57+0.59 ms) did not vary with segmental 
separation. 

Discussion 

General observations 

Ventral-group bulbospinal inspiratory neurons 

The ventral-group bulbospinal inspiratory neurons were 
found about the level of the obex, in agreement with the 
observations of others (Saether et al. 1987; Ezure et al. 
1988; Schwarzacher et al. 1991; Zheng et al. 1991, 
1992). As Lipski et al. (1994) noted from their anatomi- 
cal tracing experiments, the contralateral axons of these 
neurons were generally found in the ventral funiculus, 
while the ipsilateral axons were found in the lateral fu- 
niculus. Their firing patterns were always augmenting 
and confined to the inspiratory phase, as observed by 
other investigators. We noted that these bulbospinal neu- 
rons were characterized by a decreasing action potential 
amplitude as firing frequency increased, in contrast to 
other inspiratory neurons observed. 

Although others have noted differences between ipsi- 
lateral and contralateral antidromic activation times 
(Zheng et al. 1992), they did not find the difference to be 
significant as we did. However, our estimate of the mean 
conduction velocity was 11.2 m/s ipsilaterally and 
11.4 m/s contralaterally, using single-point activation 
and assuming linear axon trajectories. A possibly more 
accurate estimation of the conduction velocity was ob- 
tained by using the antidromic latencies less 0.2 Ins al- 
lowed for the axonal activation time; it yielded conduc- 
tion velocities of 12.8 m/s and 12.9 m/s for ipsilateral 
and contralateral projections, similar to that reported by 
Saether et al. (1987) for contralateral axons. In either 
case, these results indicate that the conduction velocities 
of the ipsilateral and contralateral axons are similar and 
considerably slower than that reported for cats (Dick and 
Berger 1985). 

Upper-cervical inspiratory neurons 

which included these neurons and compares favorably to 
the value of 11.7 m/s obtained by Lipski et al. (1993) for 
rats, but is considerably slower than the 32 m/s found in 
cats (Lipski and Duffin 1986). 

Cross-correlation histograms 

We examined the peaks of the cross-correlation histo- 
grams in order to reach conclusions about neuronal con- 
nections, treating the periodic patterns of peaks and 
troughs interpreted as indicating HFO as a cyclic fluctua- 
tion in baseline. The HFO frequencies (135 Hz and 
124 Hz) are similar to our previously reported values 
(Tian and Duffin 1996) and slightly higher than HFOs 
(50-100 Hz) for cats (Cohen et al. 1987). 

Interpretation of the peaks in the cross-correlation 
histograms was based upon separating them into two cat- 
egories; those displaced from time zero by a latency to 
the start of the peak and those which either straddled 
time zero or began at times too short for synaptic trans- 
mission. The latter were considered to result from excita- 
tion from a common source. Peaks with latencies at least 
0.5 ms greater than the conduction times calculated for 
transmission were considered to result from synaptic 
connections (Moore et al. 1970) and interpreted as evi- 
dence for monosynaptic and paucisynaptic connections 
according to their half-amplitude widths (Kirkwood 
1979). 

Connections to phrenic motoneurons 

We interpreted the peaks at short latencies in the cross- 
correlation histograms as evidence for monosynaptic ex- 
citatory connections from ventral-group bulbospinal in- 
spiratory neurons to phrenic motoneurons. The connec- 
tion is strong, since all of the cross-correlation histo- 
grams showed such peaks and they were easily discern- 
ible (mean k-ratio=l.12+0.04). This finding confirms our 
previous observation (Duffin and van Alphen 1995) and 
that of Saether et al. (1987) using cross-correlation, and 
substantiates the conclusions of others using tracing ex- 
periments (e.g., Dobbins and Feldman 1994). 

We also took this observation as an assurance that the 
ventral-group bulbospinal inspiratory neurons studied 
with respect to their connections to upper-cervical inspi- 
ratory neurons and to intercostal motoneurons were in- 
deed transmitters of inspiratory excitation to the spinal 
cord. 

The upper-cervical inspiratory neurons were located in 
spinal segments C1 and C2 beneath the dorsal root entry 
zone at a mean depth of 1.2 mm and with firing patterns 
similar to those described by Lipski et al. (1993). They 
are a subset of those described in our previous report 
(Tian and Duffin 1996). Our single-point stimulation es- 
timate of mean conduction velocity of 9.8 m/s is similar 
to our previous measurements on 79 neurons (11.6 m/s), 

Connections to upper-cervical inspiratory neurons 

We found very few indications of synaptic excitation of 
upper-cervical inspiratory neurons by ventral-group 
bulbospinal inspiratory neurons (12%), and although 
those peaks observed were considered to result from syn- 
aptic connections, they were not easily discernible (mean 



k-ratio=l.08_+0.04). The narrow half-amplitude widths of 
these peaks suggested that they were the result of mono- 
synaptic connections (Kirkwood 1979); and they are the 
first electrophysiological evidence for such connections. 
They confirm the anatomical tracing evidence for such a 
connection obtained by Lipski et al. (1994). 

Based on the evidence for such connections in cats 
(6%; Hoskin and Duffin 1987a) this connection appears 
to be stronger in rats. In both cases the estimate may be 
lower than actual, not because the cross-correlation his- 
tograms were calculated for an insufficient time - the un- 
detected degree of interaction in the featureless cross- 
correlation histograms was estimated at only 1.9 interac- 
tion events per 1000 driver events - but because of the 
limits of  the cross-correlation technique itself, such as its 
low sensitivity to slower postsynaptic potentials (Kirk- 
wood 1979; Aertsen and Gerstein 1985). 
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In cats, the distributed collaterals from dorsal group 
inspiratory neurons (Duffin and Lipski 1987) provide the 
monosynaptic excitation that is a basis of such common 
excitation; the connection from ventral-group bulbospi- 
nal inspiratory neurons is not direct (Davies et al. 1985; 
Merrill and Lipski 1987). In rats the spinal projections of  
dorsal-group inspiratory neurons may be weak (de Cas- 
tro et al. 1994) and therefore ineffective in providing a 
distributed monosynaptic excitation. 

We therefore interpret the observation that the dis- 
placement of peaks in cross-correlation histograms com- 
puted between intercostal nerves did not vary proportion- 
ately with segmental separation, while the strength of the 
connection did, as indicating that the common drive is 
distributed by interneurons such that the transmission de- 
lays are similar for their projections to rostral and caudal 
extremes. 

Connections to intercostal motoneurons 

Despite finding evidence for monosynaptic connections 
from all the ventral-group bulbospinal inspiratory neu- 
rons to phrenic motoneurons, few peaks (18%) could be 
discerned in the cross-correlation histograms for the 
same neurons to the intercostal nerves. The peaks were 
not easily discernible (mean k-ratio=l.06___0.02) and 
were sufficiently wide (2.5 ms) to suggest that the con- 
nections were not made directly but via interneurons. Al- 
though thoracic interneurons have not been described in 
rats, they are known to exist in cats (Kirkwood et al. 
1988). 

Other observations support the idea that connections 
were made via interneurons. The absence of peaks with 
latencies close to zero indicated that the cross-correlation 
process detected no common excitation of ventral-group 
bulbospinal inspiratory neurons and intercostal motoneu- 
rons, a conclusion similar to that made for cats by Da- 
vies et al, (1985), also based on cross-correlation. How- 
ever, we suggest that common activation is likely to be 
present, and that the absence of peaks indicating com- 
mon activation results from the inability of  the cross-cor- 
relation process to detect such common activation when 
it is transmitted via interneurons (Kirkwood 1979). An 
additional argument for the presence of interneurons is 
also suggested by the characteristics of  the cross-correla- 
tion histograms for the intercostal nerves as discussed 
below. 

The cross-correlation histograms computed between 
intercostal nerves usually showed peaks about time zero 
and we interpreted these as indicative of a common 
source of excitation. Although common inhibition could 
also have been responsible (Moore et al. 1970), we con- 
sidered this possibility less likely. If  the shared excitation 
source was from the distributed collaterals of ventral- 
group bulbospinal inspiratory neurons then we would 
have expected the displacement of the peaks from time 
zero to have increased with segmental separation as is 
observed in cats (Kirkwood and Sears 1991). 

Conclusion 

We conclude that in rats all ventral-group bulbospinal in- 
spiratory neurons make monosynaptic connections with 
phrenic motoneurons, a few make such connections to 
upper-cervical inspiratory neurons, and connections to 
intercostal motoneurons are made via interneurons. 
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