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Abstract

The objective of this research was to locate and investigate

specific central nervous system neural circuits involved in respiratory

reflexes in anesthetized cats. This research consisted of two separate

studies.

In the first study I stimulated electrically, the pharyngeal

branch of both glossopharyngeal nerves (PGLN), the internal branch of

superior laryngeal nerves (ISLN), and the carotid sinus nerves (CSN).

I recorded simultaneously, averaged and compared bilaterally evoked

phrenic nerve activity. My objective was to demonstrate a short

latency evoked response in the phrenic nerve contralateral to the

stimulus. Low intensity stimulation of PGLN and ISLN during

inspiration evoked a short latency contralateral excitation with a

latency of 5.2 msec + 0.2 SE (16 cats) for PGLN, and

3.8 msec + 0.1 SE (13 cats) for ISLN. This excitation could follow

stimuli delivered at 100 Hz. Stimulation during expiration did not

result in a lateralized excitation. The excitation is followed by

bilateral inhibition. PGLN stimulation also caused a delayed (latency

18.7 msec + 0.7 SE) bilateral excitation corresponding to the sniff
reflex. CSN stimulation did not result in lateralized excitation.

From these results I suggest that the lateralized evoked response

results from a gated paucisynaptic reflex pathway involving the PGLN

and ISLN, ipsilateral inspiratory neurons, and contralateral phrenic

mOtoneurons.



In the second study I recorded extracellular activity from 200

medullary dorsal respiratory group (DRG) neurons while electrically

stimulating the contralateral cervical spinal cord, the superior

laryngeal nerves (SLN) bilaterally, and inflating the lungs to fixed

levels of tracheal pressure. The objectives were to classify the types

of DRG neurons, to determine properties of their spinal axonal

projections, to establish their role in lung inflation induced

reflexes, and to locate neurons within the DRG responsible for the SLN

evoked lateralized response of the phrenic nerve, and the inhibition

of inspiration which follows higher intensity SLN stimulation.

I found that the DRG contains mostly inspiratory

cells (157 cells); cells that fire synchronously with lung inflation

but do not have inspiratory rhythm of central origin - termed

P cells (32 cells); and non-inspiratory respiratory cells (11 cells).

Inspiratory cells subclassified as Io, (68 cells spinal projecting) and

Iº (20 cells non-spinal projecting) were inhibited with inhibition of
phrenic inspiratory discharge following lung inflation, although most

of these cells also showed a gasp reflex response as did the phrenic

nerve. |g (29 cells spinal projecting) and 'g' (6 cells non-spinal
projecting) were excited by lung inflation in addition to showing a

gasp reflex. The firing pattern of these cells adapted rapidly with

lung inflation; their excitation had a higher threshold than the

threshold for the Hering-Breuer inspiratory inhibitory reflex.



Therefore I conclude that these cells are not inhibitory interneurons

responsible for this reflex but possibly receive excitatory inputs from

pulmonary irritant and J receptors.

A spinal cord collision test error and relative error were

calculated for 93 DRG inspiratory neurons which had demonstrated

collision of antidromic and orthodromic spikes. Only two neurons had a

collision error of zero the rest had positive values. It is concluded

and discussed that these results imply nothing more than a spinal

axonal projection from these 93 units.

Fifty eight per cent of DRG inspiratory cells could be evoked from

the ipsilateral SLN, mean latency 3.9 msec + 0.3 SE (57 cells).
Evoked field potentials from SLN afferent fibers were recorded in

proximity to some of these units. All cells evoked at short latency

could follow stimuli at 100 Hz. Only 24% of SLN evoked DRG cells

exhibited respiratory related gating of this input. No cell within the

DRG could be evoked by the contralateral SLN. From these results I

conclude that some DRG neurons are the Second order neurons of a

disynaptic neural circuit involving SLN afferents, ipsilateral DRG

neurons, and contralateral phrenic motoneurons. The primary site for

respiratory related gating of SLN inputs is at the phrenic nucleus.

Only 2 of 21 P cells could be evoked from the spinal cord.

P cells closely mimic pulmonary stretch receptor afferents in response



to lung inflation. Ipsilateral SLN electrical stimulation evoked with

short latency (mean 3.0 msec + 0.3 SE) 13 of 14 P cells. The
stimulation threshold for evoking these cells was similar to the

threshold for inspiratory inhibition. From these results I suggest

that the P cells may be a general inspiratory inhibitory interneuron,

and that they mediate the Hering-Breuer reflex.



INTRODUCTION

In mammals transection of the brain stem at the intercollicular

level does not significantly alter rhythmic respiration nor the

respiratory motor responses to visceral sensory stimulation. Thus the

neural elements responsible for respiration and the visceral

sensory – respiratory motor act reside in the spinal cord, medulla, and

pons. Of considerable importance and interest is determining the

function of individual neurons and groups of neurons in the regulation

of respiration. The purpose of this thesis is to present results of

two studies, performed in the cat, that primarily concern the role

played in this sensory - motor act by one medullary aggregation of

respiratory neurons. This collection of neurons is termed the dorsal

respiratory group (DRG). This aggregation of neurons will be shown to

be of fundamental importance in the respiratory response to a number of

visceral afferent inputs.

There have been two recent reviews dealing with the overall

subject of the neural regulation of respiration (10,56). This

introduction therefore will concern itself only with those previous

physiological and anatomical studies that directly relate to the

material presented in this thesis.



Respiratory Neuronal Groupings Within the Medulla

The classic model of the respiratory cell sub-populations within

the medulla depicts anatomically separate but neurally interacting

inspiratory and expiratory half centers (38,65). These half centers

were thought to be located about the obex, and early investigators, who

employed single unit recording methods, were unable to associate

specific types of respiratory neurons with known neuroanatomical

structures within the medulla (2,28,37, 41,61, 70,81). These early

investigators only had large recording electrodes available to them,

and this resulted in poor localization of neural activity.

It is now known that the medulla is actually composed of two dense

bilateral aggregations of respiratory neurons. One aggregation of

primarily inspiratory cells, the DRG, is located in the ventrolateral

portion of the nucleus of the tractus solitarius. The second

aggregation, containing both inspiratory and expiratory cells, is

located Ventral and lateral to the DRG and is associated with the

nucleus ambiguus and nucleus retroambigualis. This second aggregation

is called the ventral respiratory group (WRG). Determination of the

function of these aggregations of respiratory neurons has been the

major goal of most recent research concerning the central neural

regulation of respiration. Figure 1 shows a schematic representation



of the DRG and WRG as well as suggested respiratory cellular

nomenclature and some of the neural interconnections that are described

below.

Wentral Respiratory Group

Archard and Bucher (3) were the first to associate respiratory

neural activity with a known neuroanatomical structure, the nucleus

ambiguus. They found a predominance of inspiratory neurons in this

nucleus and its immediate proximity. Subsequently, Batsel (5)

confirmed and extended these results by showing that both inspiratory

and expiratory activity could be found within the lateral medulla in

association with the nucleus ambiguus as well as nucleus

retroambigualis. Batsel (5), clearly pointed out the importance of

associating respiratory activity with this region, since respiratory

neurons lying along this branchial motoneuron column would be the

efferent motor fibers in the glossopharyngeal (GLN) and vagus nerves.

Thus this location and function is compatible with both developmental

and comparative anatomy. For example, cell bodies for the respiratory

motoneurons innervating the laryngeal muscles are located in nucleus

ambiguus, and the efferent axons that innervate these muscles travel

in the recurrent laryngeal nerve (34).



Our understanding of the anatomy and function of VRG neurons has

evolved primarily from the studies of Merrill (52,53) and Bianchi and

co-workers (11-13). These studies have revealed that respiratory

neurons located rostral to the obex in nucleus ambiguus are primarily

vagal respiratory motoneurons, both inspiratory and expiratory (see

Fig. 1). From a region somewhat rostral of the obex and extending

caudally to about the level of the first cervical root there is another

column of respiratory neurons which partially overlaps nucleus ambiguus

but is located more laterally. This column of neurons is the nucleus

retroambigualis. Inspiratory neurons are concentrated in the rostral

portion of the nucleus retroambigualis while expiratory neurons are

located caudally. These neurons either project to the spinal cord -

the expiratory and inspiratory i■ cells, or only within the medulla

among both inspiratory and expiratory cells - a special type of

early-burst inspiratory cell ( $ in Figure 1). Thus the respiratory

neurons within the nucleus retroambigualis are not cranial nerve

motoneurons. The axons from expiratory cells, which project to the

contralateral cord, terminate in segments T1 to L3 and thus drive both

intercostal and abdominal respiratory motoneurons. Approximately 90

per cent of the inspiratory neurons project to the contralateral cord.

Al 1 of these neurons have thoracic cord axon arborizations and

approximately 25 per cent also arborize when passing through the

cervical segments. These results suggest that the majority of the

respiratory neurons of the nucleus retroambigualis function as upper

motoneurons for the intercostal and abdominal lower respiratory



motoneurons, and some neurons also project onto phrenic motoneurons,

Thus most WRG neurons project either to the spinal cord, to the cranial

nerves IX and X, and a few within the brain stem.

Dorsal Respiratory Group.

Baumgarten, et al. (7) located a second concentration of

respiratory neurons in the medullary reticular formation in proximity

to the tractus solitarius. They reported that this region contained

exclusively inspiratory cells. This finding of an exclusive

inspiratory nucleus was subsequently confirmed by Batsel (5) and

Bianchi (11), although more recently Euler, et al. (32) found a few

expiratory cells within the DRG.

Baumgarten and Kanzow (8) classified the inspiratory neurons of

the DRG into two types on the basis of their response to lung

inflation. One type designated Io. (originally designated by them Rex

but changed here to Io, to better signify their inspiratory discharge

pattern) was inhibited with lung inflation when phrenic nerve

inspiratory activity was simultaneously inhibited. These units thus

showed the usual Hering- Breuer inspiratory inhibitory reflex due to

lung inflation. A second type of inspiratory cell designated gshowed
a paradoxical response to lung inflation, that is it was excited by

lung inflation, even during the period of phrenic inhibition when

ongoing inspiratory activity of both the phrenic nerve and the neuron
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ceased. In order to explain this unexpected finding Baumgarten and

Kanzow (8) concluded that the 18 cells were excited by the pulmonary

stretch receptors and that 's cells in turn inhibited the I. cells
causing the observed cessation of ongoing inspiratory activity with

lung inflation. Thus in their model the !g cells are the inhibitory
interneurons of the Hering-Breuer inspiratory inhibitory reflex and the

DRG has a fundamental role in this reflex. Earlier Wyss (82) had

demonstrated that focal lesions of the nucleus of the tractus

solitarius, probably involving DRG destruction, eliminated the

respiratory reflex responses from lung volume changes. These results

suggested an important role for the DRG in these reflexes.

Nakayama and Baumgarten (9,60) investigated whether DRG neurons

had axonal projections to the spinal cord. Their technique was to

activate antidromically these neurons by electrically stimulating the

cord. Although they did not employ the collision test to identify the

axonal projections they found that 50 per cent of the I& and Aneurons
were consistently evoked with short latency. They also concluded that

a majority of the descending fibers from these units crossed to the

contralateral side in the region of the caudal medulla. Another

interesting observation was that antidromic activation of a given

neuron occurred with greater frequency during inspiration, and for

many units activation during expiration could only be accomplished

after the cord stimulation intensity had been increased.
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Bianchi and co-workers (11-13) found that 93 per cent of DRG cells

(not classified as Iez or |g by lung inflation testing) which were
studied could be stimulated antidromically from the contralateral

ventral and lateral columns of the cervical cord. They found that

stimulation caudal to the level of C8 was ineffective in anti dromically

driving DRG inspiratory cells, which suggests that the DRG may function

as the primary rhythmic drive to the phrenic motoneurons, and that

there may exist a strict spatial organization resulting in lower

respiratory motoneurons being driven by contralateral DRG upper

respiratory motoneurons. More specifically stated, DRG inspiratory

cells drive contralateral phrenic motoneurons almost exclusively. More

recent neurophysiological evidence (22,33) also suggests that the

projection from DRG cells is predominantly to the contralateral cord,

although in preliminary reports projections from the region of the DRG

to sites such as the pneumotaxic center in the pons and the WRG have

recently been demonstrated (45,55).

Contrary to earlier studies which showed that the |2 cells

project to the cord (9,60) Euler, et al. (32) found that I/3 cells do

not project to the cord but are intracranial interneurons. They also

concluded, as had Baumgarten and Kanzow (8), as well as Cohen (21),

that these cells may be the intracranial interneurons responsible for

the Hering-Breuer inspiratory inhibitory reflex. All of these

investigators did not determine the threshold and sensitivity of the %
cell evoked response to lung inflation, nor did they compare this with
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the threshold and sensitivity of the inhibition of inspiration observed

in the phrenic nerve. This is important, since in addition to

pulmonary sensory inputs causing reflex inspiratory inhibition, there

are also afferents activated by lung inflation that are inspiratory

excitatory (39,64,70). Thus it is possible that the observed

excitation of I6 cells in response to lung inflation may arise from

sensory inputs other than pulmonary stretch receptors. These latter

receptors are thought to be responsible for the Hering-Breuer

inspiratory inhibitory reflex. Possibly the excitatory afferents may

be derived from the pulmonary irritant receptors and/or the pulmonary J

receptors. This possibility has not been tested but has been suggested

by others as an explanation of the paradoxical *3 cell behavior
(14,21).

In a preliminary report based upon 9 DRG cells Bystrzycka, et al.

(19) claimed to have located cells within the DRG which appear to be

the second order neurons in the Hering-Breuer inspiratory inhibitory

reflex. It is difficult to establish from their preliminary report if

they were referring to the 'g cells found by previous workers or to

some cell with significantly different properties from the IS cells,

Further evidence suggesting a primary role for the DRG in visceral

Sensory - motor acts has come from both anatomical and

neurophysiological studies. Anatomical studies in the monkey and cat

have shown that visceral afferents in both the IXth and Xth cranial

nerves project principally onto neurons of the ipsilateral nucleus of
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the tractus solitarius (23,43,46,67). Of particular interest is

Cottle's study (23) which demonstrated that there was extensive

synaptic terminal degeneration onto neurons in the ventrolateral region

of the nucleus of the tractus solitarius following IXth and Xth nerve

intracranial section. Since the DRG is in the Ventrolateral nucleus of

the tractus solitarius this suggests that many visceral afferent fibers

may make direct synaptic contacts onto DRG neurons. These anatomical

studies (23,43,46,67) did not disclose visceral afferent projections

onto neurons of nucleus ambiguus. This further suggests that visceral

reflexes affecting respiration may first be relayed by the DRG and not

the WRG. Earlier, in 1957, Torvik (79) suggested the existence of a

disynaptic neural circuit between cranial nerve afferents and

contralateral spinal respiratory motoneurons. This was based upon his

anatomical studies that demonstrated spinal cord projections from

neurons of the nucleus of the tractus solitarius as well as

degeneration of afferent nerve fibers in the IXth and Xth nerves onto

these neurons. Such a lateralized overall reflex pathway has never

been demonstrated by neurophysiological studies, but would constitute

a very simple pathway by which sensory information could affect

respiration. Examining this possibility was one of the major goals of

the studies to be presented in this thesis.

Neurophysiological studies have shown that the primary afferents

of a number of visceral sensory modalities, including those of

pulmonary origin, synapse onto neurons in the nucleus of the tractus

solitarius. Among these afferents are the carotid chemoreceptors and
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carotid baroreceptors (15,24,27,42,50,57,71), whose sensory information

is conducted in the carotid sinus nerve (CSN); laryngeal receptors

(15,66,68,73,74), whose sensory information is carried in the internal

branch of the superior laryngeal nerve (ISLN); and receptor information

arising from the epipharynx (6,19), and carried in the pharyngeal

branch of the glossopharyngeal nerve (PGLN). All of these afferent

inputs can reflexly alter respiration.

Thus these previous studies suggest that the DRG is the initial

integration and relay site for a number of visceral sensory reflexes

affecting respiration. What is unknown is how specific DRG neurons

participate in the reflex responses to these inputs. A major goal of

this thesis is to establish a role for classified neurons of the DRG in

the visceral sensory - respiratory motor act. The results reported in

this thesis are derived from two experimental studies. The objective

of the first study was to demonstrate the presence of a lateralized

disynaptic neural reflex pathway between cranial nerve afferents and

contralateral phrenic motoneurons as suggested by Torvik's (79)

anatomical observations. To do this I electrically stimulated three

cranial nerve afferents at different intensities and frequencies while

recording bilateral whole phrenic nerve activity. I used signal

averaging in order to compare the responses in both phrenic nerves. I

stimulated the PGLN, the ISLN, and the CSN. I also investigated the

short latency inhibition in ongoing inspiratory phrenic nerve activity

which follows both PGLN and ISLN stimulation; and I investigated the

delayed excitation that had already been reported to be present with
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PGLN stimulation (16,59).

The primary objective of the second study was to employ

extracellular unit recording from identified DRG neurons in order; to

classify these neurons; to determine properties of their axonal

projections to the spinal cord; and to assess the role which

individual neurons play in airway derived reflexes. The response to

steady lung inflation was particularly investigated with the intent of

locating a class of neurons whose response to lung volume changes would

enable them to be classified as the inhibitory interneurons in the

Hering-Breuer inspiratory inhibitory reflex. This was done by

determining the unit's firing pattern, sensitivity, and adaptation

indices, as well as the phrenic nerve response to various degrees of

steady lung inflation. The response of DRG neurons to electrical

stimulation of the superior laryngeal nerve (SLN) was also studied,

The objective was to locate the second order neurons responsible for

the lateralized short latency evoked phrenic nerve response that

follows ISLN stimulation observed in the first study, Another

objective was to locate neurons responsible for the inhibition of

inspiration that follows higher intensity SLN stimulation. Since there

is considerable controversy regarding the spinal projections of DRG

neurons (33), I carefully tested these axonal projections utilizing a

recently published criterion for the collision test (36). Peak firing

rate, firing latency with respect to the onset of phrenic inspiratory

discharge, and the unit's axonal conduction velocity were also

determined.
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These studies will show that the DRG is the initial intracranial

processing site for most airway derived visceral sensory inputs that

alter respiration. Also, that some respiratory reflexes may involve

very simple neuronal circuits. A majority of both Io, and 13 cells

project to the contralateral spinal cord. Within the DRG I located a

class of neurons showing the response characteristics required of the

inhibitory interneurons for the Hering-Breuer inspiratory inhibitory

reflex. These cells are not the I6 cells. These interneurons may be
a general inspiratory inhibitory interneuron, since in addition to

being excited by lung inflation, they are also excited by electrical

stimulation of the SLN at stimulation conditions that produce

inhibition of phrenic inspiratory activity.
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Methods

The experiments were conducted upon adult cats anesthetized by

intraperitoneal injection of chloralose-urethan (40 mg/kg and 200 mg/kg

respectively). The following procedures were common to both studies.

I cannulated the femoral artery and vein as well as the trachea low in

the neck. Tracheal PCO, was continuously recorded using and infrared

analyser (Beckman LB-1) and I maintained end-tidal PCO, at

approximately 35 mm Hg by introducing CO2 into the inspired 02.
Arterial blood pressure, and tracheal pressure (PIR) were continuously

recorded on a polygraph (Grass Model 5). Rectal temperature was

measured and maintained at 37+1 °c using an infra-red heat lamp.

During all experiments the cats were paralyzed with gallamine

triethiodide (5 mg/kg/hr iv), and I wentilated them at about

40 breaths/min and at a low tidal volume.

Experimental Study. 1. - Electrical Stimulation of Respiratory Afferents

Surgical Procedures: These experiments were performed on 19 cats. I

made an anterior midline neck incision extending from the sternum to

the mandible. I ligated and transected the trachea and esophagus above

the tracheal cannulation. The upper portions of the trachea and

esophagus were reflected rostrally to expose the various nerves for

stimulation. The ISLN, PGLN, and CSN were identified and dissected
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free from the surrounding tissue. In each case the nerves were

bi Taterally dissected and cut as distally as possible. I gave special

consideration to obtaining a long piece of CSN to minimize current

spread from the CSN to the GLN (See Results). Typically the CSN was

dissected from its entrance into the carotid body to its union with the

GLN. Both phrenic nerves were isolated and cut distally for recording.

Nerve Recording and Stimulation: With the cat in a Supine position I

desheathed all nerves and covered them with Warmed mineral oil for

recording and stimulation. Bilateral whole phrenic nerve activity was

recorded using bipolar platinum wire electrodes. A monophasic neural

signal was produced by crushing the phrenic nerve between the two wires

of the bipolar electrode. These signals were amplified and filtered

(10 to 10K Hz) on an AC preamplifier (Grass Model P 15) and displayed

on a dual channel CR0 (Tektronix Type 565). The signals were also

recorded for subsequent data analysis on two channels of an FM tape

recorder (Ampex - SP700). Integrated phrenic nerve activity was

measured using a "leaky integrator" circuit and recorded on the

polygraph.

I stimulated the desheathed nerves with bipolar platinum wire

electrodes using a stimulus isolation unit driven by a stimulator

(Grass Model S44). All stimulus pulses were rectangular monophasic and

of 100 microsec duration. Repetitive stimuli were applied during

either inspiration, expiration, or continuously. Audio monitoring of

phrenic nerve activity was used to determine the phase of respiration.
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The PGLN and ISLN were stimulated at 10, 20, 50, and 100 Hz at

intensities (typically less than 2 volts) sufficient to evoke activity

in the phrenic nerve. The CSN was stimulated at 10 and 50 Hz, at

intensities (usually less than 10 volts) which produced changes in

integrated phrenic nerve activity and arterial blood pressure when the

stimulus was applied continuously for a number of seconds,

Data Analysis: I measured and compared, off-line, the evoked bilateral

phrenic nerve responses using a computer of average transients

(Mneumotron C.A.T. Model 1000). I adjusted the amplitudes of the tape

recorded phrenic nerve monophasic signals so that both were equal for a

given animal. I found that these adjustments were small since the

initially recorded phrenic signals were approximately equal in

magnitude. The two balanced phrenic nerve signals were then

simultaneously fed to the C.A.T. whose sweep was externally triggered

to begin 2.3 msec prior to the stimulus. Phrenic nerve activities were

averaged for 30 stimuli and then the averaged results dispayed and

photographed on a CR0. The degree of evoked excitation or inhibition

could be determined and comparisons made between right and left phrenic

evoked activity from the amplitude of the C.A.T. output.

Experimental Study 2. - DRG Unit Recordings and Responses

Surgical Procedures: These experiments were performed on 40 cats. I

made a short anterior midline incision in the neck for the purpose of
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tracheal cannulation and bilaterally to expose and cut distally both

SLN. Following placement of stimulating electrodes around each SLN

these electrodes were then embedded in nearby muscles, and the

anterior incision was closed.

Using a dorsal approach I exposed and cut distally the left

phrenic nerve. The dorsal medullary surface was exposed by first an

occipital craniotomy, then the dura and arachnoid overlying the

medulla were incised, and finally the cerebellum was aspirated. I

performed a laminectomy of the caudal half of the second and the

rostral half of the third cervical vertebrae. The dura overlying the

spinal cord beneath the laminectomy was incised. A bilateral

pneumothorax was performed to aid brain stem stabilization,

Neural Stimulation: All electrical stimuli Were delivered from a

stimulus isolation unit driven by a stimulator (Grass Model S88). All

stimulus pulses were rectangular monophasic and of 100 microsec

duration. Electrical stimuli were applied to both SLN and the

contralateral cervical spinal cord.

The SLN were stimulated using tube type bipolar platinum wire

electrodes which were firmly embedded in but electrically isolated from

nearby muscles. The ventral and lateral columns of the left half of

the cervical spinal cord were stimulated using bipolar tungsten wire

electrodes which were electrically insulated using Epoxylite except for

the etched tips. The tips of the bipolar electrodes were separated by
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approximately 1 mm. The bipolar electrodes were inserted through the

dorsal surface of the cervical cord at approximately the third cervical

dorsal root. The average distance from this location to the

contralateral DRG recording site was 40 mm.

In addition to repetitive, train, and paired shock stimulations

the presence of spinal axonal projections from DRG neurons was

investigated using collision testing from the contralateral cervical

spinal cord. A collision test was started with the detection of a

unit's extracellularly recorded action potential by the internal level

detecting circuit of the CRO (Tektronic 565). This event activated the

internal trigger on the CR0. The internal trigger then initiated the

CR0 horizontal sweep as well as a variable delay circuit also located

within the CR0. At a preselected but variable delay from the onset of

the unit's action potential a pulse trigger was delivered from the CR0

delay circuit. This delayed pulse was used to drive the stimulator

which then delivered a stimulus shock to the spinal cord stimulating

electrodes. The presence or absence of a subsequent stimulus evoked

action potential was monitored on the CR0, and used as the basis for

the collision test.

Unit and Whole Nerve Recording: The cat was rigidly mounted in the

prone position in a stereotaxic head holder and spinal frame.

Extracellular single unit recordings were made using glass

microelectrodes filled with 4M NaCl containing 4%w fast green dye for
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iontophoretic staining. The tips of the electrodes were mechanically

broken back so that the tip resistance was 3 to 5 megohms. The

electrodes were held by a micromanipulator (Narishige, Canberra type)

and they were advanced in as small as 1 micron steps using a hydraulic

piston which was driven by an electronically controlled stepping motor

(David Kopf).

The extracellular signals were fed to a cathode follower,

amplified, filtered (10 to 10K Hz), and displayed on the CR0. In

addition, these signals were also fed to an audio monitor. Unit

activity and whole phrenic nerve activity were also recorded for

subsequent data analysis on an FM tape recorder (Tandburg-100).

Brain stem stabilization was accomplished by using a small

plexiglas pressure foot having a 1 mm diameter hole through which the

electrodes were advanced. In addition, the pia mater over the

recording site was separated with fine dissecting tweezers in order to

prevent dimpling of the brain stem surface with advancement of the

electrode through the medulla.

DRG neurons were located by using the obex and the

intermediolateral sulcus as landmarks (7,32). Explorations were

generally made in the right half of the medulla along the line of the

intermediolateral sulcus, and from the level of the obex to

approximately 2 mm rostral of the obex. Recording of unit activity was
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limited to cells located from 1000 to 2500 microns deep to the dorsal

mullary surface. Neurons found in this location were considered to be

part of the DRG based upon information reported in previous studies

(7,11,32). In addition, on a number of occasions, after recording and

testing a unit the recording site was stained using iontophoretically

applied fast green dye and then the site was subsequently located by

microscopic examination.

The cut left whole phrenic nerve was desheathed and placed in a

pool of warmed mineral oil. I recorded whole phrenic nerve activity

using a bipolar platinum wire electrode. The phrenic neural signal was

amplified and filtered (10 to 10K Hz) on an AC preamplifier (Grass

Model P15) and displayed on the CR0. Integrated phrenic nerve activity

was also measured using a "leaky integrator" circuit and recorded on

the polygraph.

Lung Inflation: The cats were artificially ventilated at a low tidal

volume (typically 15 ml) and high frequency (40 per min) with pure

oxygen containing added C02 to maintain end-tidal PCO, at approximately

35 mm Hg. The lungs were rhythmically inflated from a collapsed

position by the respiratory pump.

To test the effects of lung inflation upon unit and phrenic nerve

activity the lungs were inflated to various levels of PTR using a

solenoid switching device which removed the respiratory pump from the

ventilatory circuit and exposed the cat's trachea to an air supply of
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variable pressure levels. Typical levels of PTR during these test

procedures were 0, 2.5, 5, 7.5, and 10 cm H20. These test step
inflations were begun at some point during the initial 2/3 of the

expiratory pause (TE) in the respiratory cycle as determined by phrenic

nerve activity. Te was defined as the time between the rapid decline

in the integrated phrenic nerve activity at the end of inspiration and

the initial rise in phrenic activity at the start of the next

inspiratory periord of activity (20). The lungs were held in an

inflated position for approximately 10 sec during each test inflation.

Histology: Selected recording sites were stained by iontophoretic

application of fast green dye from the recording electrodes (77).

Following the experiment the medulla was removed, fixed in formalin for

several days, then 50 micron frozen serial sections were cut and

intially mounted in glycerol. Those sections, which contained green

dots, were further processed by dehydration and Nissl staining. The

Nissl stained sections were examined with a light microscope and in all

cases the stained recording sites were found to be in the ventral and

lateral portions of the nucleus of the tractus solitarius.

Experimental Protocol: Neurons located within the anatomically defined

boundaries of the DRG were studied if they had respiratory activity

either related to inspiration or expiration as determined by their

firing pattern in relation to phrenic nerve activity. Also DRG neurons

Were studied that showed activity in phase with lung inflation. Lung

inflation occurred asynchronously in relation to phrenic inspiratory
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activity. In the paralyzed animal ventilating the lungs at low tidal

volume and high frequency minimizes pulmonary related cues to central

respiratory rhythm. Once a unit was isolated, stimuli were delivered

at 5 or 10 Hz to the spinal stimulating electrodes at a number of

stimulus voltages. If the unit could be consistently evoked from the

contralateral spinal cord, then it was collision tested at a stimulus

intensity which consistently evoked the unit. Following the collision

test I determined the minimum inter-stimulus interval for evoking two

antidromic spikes by using pairs of shocks delivered to the spinal

electrodes at the same intensity as that used in the collision test.

Following spinal testing I investigated the units's excitation by

electrical stimulation of the SLN. In addition to determining the

evoked latency, the ability of the unit to follow high frequency

stimuli delivered as trains to the SLN was also investigated. Following

the tests involving electrical stimulations I determined the response

of both the unit and the phrenic nerve to various levels of steady lung

inflation.



26

Results

Experimental Study 1. - Electrical Stimulation of Respiratory Afferents

A. Stimulation of the Pharyngeal Branch of the Glossopharyngeal

Nerve (PGLN)

I recorded and compared bilateral evoked phrenic nerve activity in

response to electrical stimulation of right and left PGLN in 16 cats.

Figure 2A shows bilaterally recorded phrenic nerve activity during

control conditions and the responses evoked by a stimulus of equal

intensity administered to the right and left PGLN during inspiration in

one animal. At the stimulation intensity shown the evoked responses

consisted of a short latency excitation in the phrenic nerve

contralateral to the stimulus followed by delayed bilateral excitation.

Figure 2B shows the averaged evoked response pattern

(C.A.T. generated) as a function of stimulus intensity in the same cat.

At low voltage the predominant response was a short latency excitation

which was greater in the contralateral phrenic nerve. In paired

comparisons the amplitude of the ipsilateral early evoked response was

always smaller than the contralateral response. The early

contralateral evoked excitation had a mean latency to onset of

5.2 msec + 0.2 SE (16 cats) and a latency to peak of 7.3 msec + 0.2 SE.
The ongoing phrenic nerve inspiratory activity was inhibited
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immediately after the contralateral early evoked response. This

inhibition was bilateral and had no lateralized dominance. As the

intensity of stimulation is raised a delayed bilateral excitatory

response develops interrupting the period of bilateral phrenic nerve

inhibition. With increased stimulus strength this delayed response

dominated phrenic nerve activity. This delayed bilateral evoked

excitation occurred with a latency to onset of 18.7 msec + 0.7 SE.

Only at high stimulus strengths were responses in the phrenic

nerve evoked during expiration. The early contralateral excitatory and

bilateral inhibitory responses cannot be evoked; only the delayed

bilateral evoked response occurred (Fig. 20).

Figure 2D shows the effect of frequency of stimulation upon the

evoked response pattern. At stimulation frequencies up to 50 Hz both

the contralateral early evoked response and the bilateral delayed

evoked excitatory response were present. At 100 Hz an excitatory

response occurred only in the contralateral phrenic nerve and the

latency from the stimulus to the response was similar to the early

response observed at lower stimulation frequencies.

B. Stimulation of the Internal Branch of the Superior Laryngeal

Nerve (ISLN

I stimulated right and left ISLN in 13 cats. Some characteristics

of the evoked response patterns were similar to those found with PGLN
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stimulation, but there were also important differences. As with PGLN

stimulation, low intensity ISLN stimulation produced a short latency

contralateral excitation, which occurred even sooner than the PGLN

evoked response (Figs. 3A and 3B). This early contralaterally evoked

excitation occurred in all cats with a mean latency to onset of

3.8 msec + 0.1 SE and a latency to peak of 4.9 msec + 0.2 SE. Again,

the predominant, and in many cases total contralateralization of this

early excitatory response occurred in all animals where I bilaterally

stimulated and compared the evoked response. Raising the stimulus

intensity diminished the amplitude of the lateralized evoked

reponse (Fig. 3B). This corresponded to a decrease in the ongoing

phrenic nerve inspiratory activity found with higher intensity ISLN

stimulation.

The early excitation was followed by bilateral inhibition of the

ongoing phrenic nerve activity (Fig. 3B). It resembled the inhibition

after PGLN stimulation, but was not converted to a bilateral delayed

excitation at higher stimulus intensities. Instead the inhibition

remained and increased with stimulus intensity. Only at high

intensities did I find a delayed bilateral excitation, but this

followed the inhibition.

Stimulation of the ISLN during expiration did not result in an

excitatory response in the phrenic nerve. And stimulation during

expiration failed to evoke the delayed excitatory response even at

intensities 50 times the threshold for the early excitatory response
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evoked during inspiration.

The early evoked excitatory response followed stimulation

frequencies of 100 Hz while the delayed bilaterally evoked excitation

could not follow stimulation frequencies much above 20 Hz (Fig. 3C).

C. Stimulation of the Carotid Sinus Nerve (CSN)

Initial attempts at bipolar electrical stimulation of the cut

distal end of a CSN usually resulted in phrenic nerve evoked response

patterns similar to those found with PGLN stimulation. Since Biscoe

and Sampson (16) reported that inhibition and delayed excitation

followed both glossopharyngeal nerve (GLN) and CSN stimulation my

initial finding of a lateralized early evoked response to both CSN and

PGLN stimulation seemed reasonable. However after attempting to relate

the effects of CSN stimulation to increases in integrated phrenic nerve

activity and arterial blood pressure changes it became apparent that

current spread from the stimulating electrodes on the CSN was

simultaneously activating fibers on the GLN even at low stimulation

voltages (1 to 10 volts). Figure 4A shows the development of a short

latency compound action potential recorded from the cut end of the PGLN

while stimulating the ipsilateral CSN with a bipolar stimulating

electrode. Stimulus intensities which produced activation of nerve

fibers in the PGLN also resulted in evoked activity in the phrenic
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nerve similar to that found with direct stimulation of PGLN (Fig. 4B).

These results show that bipolar electrical stimulation of the CSN can

easily activate fibers in the PGLN,

To minimize the effects of current spread I took the following

steps. 1) The CSN was cut at its entrance into the carotid body and I

dissected free from the surrounding tissue as long a piece of the CSN

as possible including separating it somewhat from the GLN cranial to

the point where the CSN joins the GLN. 2) The bipolar stimulating

electrode was placed as far distal as possible on the CSN. 3) A

grounded electrode was placed on the CSN proximal to the bipolar

stimulating electrode. 4) While stimulating the CSN I simultaneously

recorded from the cut distal end of the PGLN and used those results in

which there was no apparent activation of fibers in the ipsilateral

PGLN. 5) Activation of CSN chemo- and baroreceptors by electrical

stimulation should result in reflex changes in integrated phrenic nerve

and arterial blood pressure (29). After steps 1 to 4 were completed I

considered those results in which continuous stimulation of the CSN

caused these reflex changes. I successfully met these 5 conditions

With 8 CSN in 6 cats and stimulated these CSN at Various intensities

and frequencies.

With all 8 CSN, various combinations of stimulating voltages and

frequencies did not evoke lateralized responses similar to those

observed with either PGLN or ISLN stimulation. It did, however,
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increase the integrated phrenic nerve activity and led to a marked

depressor response at high stimulus intensities (Figs. 5A and 5B). I

observed two distinct types of delayed bilaterally evoked responses.

In 5 of the 8 cases, stimulation at 10 Hz produced a weak delayed

bilateral response that was absent with stimulation at 50 Hz (Fig. 5A).

In 3 of the 8 cases there were shorter latency weak bilateral responses

which included an early inhibition and excitation similar to those

observed with PGLN stimulation (Fig. 5B). In these three cases there

was no apparent activation of simultaneously recorded PGLN fibers

although I could not exclude activation of other fibers in the GLN or

fibers in the PGLN which were damaged proximal to the recording

electrode. It is important that even in these 3 of 8 cases there did

not appear to be a short latency lateralized evoked response to CSN

stimulation.

D. Effects of Strychnine and Picrotoxin

I tested the effects of intraveneously administered strychnine

hydrochloride (0.1 mg/kg - 10 cats), and picrotoxin

(0.5 mg/kg - 2 cats) upon the evoked phrenic nerve response to PGLN and

ISLN stimulation. In all cats these dose levels produced convulsive

discharge patterns in the phrenic nerve but ongoing phrenic nerve

inspiratory activity was maintained. A supplementary dose of

strychnine (0.1 mg/kg) given to 6 of 10 cats about 10 minutes after the
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initial dose did not alter the evoked response found following the

initial dose. Strychnine enhanced the short latency lateralized evoked

excitation in response to PGLN stimulation. The subsequent bilateral

inhibition was maintained, but the delayed bilateral excitation was

markedly diminished (Fig. 6A). Strychnine resulted in little change in

the evoked pattern produced by ISLN stimulation (Fig. 6B). Picrotoxin

did not alter the evoked response produced by stimulation of either

nerve (Figs. 60 and 6D).

Experimental Study 2. - DRG Unit Recordings and Responses

A. Cell Classifications and Population Summary

Within the DRG I recorded activity from a total of 200 cells. I

determined the relationship of the unit's firing pattern to phrenic

nerve inspiratory activity. From this 157 neurons were classified as

inspiratory (Fig. 7), 7 expiratory, and 4 were respiratory phase

spanning expiratory - inspiratory cells. The remaining 32 cells were

designated as another class of cells, termed P cells, because their

activity was directly related to the inflation of the lungs by the

respiratory pump (Fig. 17). The firing pattern of the P cells was very

similar to that of pulmonary stretch receptors. These cells showed
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little adaptation in their activity in response to steady lung

inflation (see below), were very sensitive to the level of lung

distension, and they generally did not show any phrenic related

respiratory activity. In the few instances where they exhibited a

small degree of respiratory modulation of their lung distension related

activity there was simultaneously present a marked respiratory

modulation of bronchomotor tone as evidenced by phrenic related changes

in the higher frequency respiratory pump induced tracheal pressure (PTF
) waves. The results presented here deal exclusively with the

properties of inspiratory and P cells which constitute the vast

majority of DRG units.

DRG inspiratory neurons were subclassified according to their

response to contralateral spinal cord electrical stimulation and lung

inflation (these results are discussed in more detail below). 68

inspiratory cells were classified as Io, because they ceased to fire

with inhibition of phrenic nerve activity (Hering- Breuer inspiratory

inhibitory reflex) following steady lung inflation at elevated levels

of P On a number of occasions elevated step lung inflationTR’

pressures induced a short duration (0.3 - 0.6 sec) burst of phrenic

nerve activity (gasp reflex) followed by inhibition of inspiratory

related phrenic activity. Almost all Izº cells showed a burst of

activity temporally coincident with the phrenic burst but immediately

following the phrenic and unit burst of activity the Izz cells became

totally silent. Thus these cells did not show any residual activity

during the period of phrenic nerve inspiratory inhibition. All cells
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classified as Io. had demonstrated projections to the contralateral

cervical spinal cord based upon a collision test of this projection.

Inspiratory units were classified as I ag' if they exhibited the same

properties as Izz cells except they could not be evoked from the

contralateral spinal cord. A total of 20 Izº cells were identified.

Another 29 inspiratory cells were classified as Ig because they

responded paradoxically to lung inflation. For example, they continued

to fire during the inhibition of phrenic nerve activity that followed

steady lung inflation. On occasion when there was a burst of phrenic

nerve activity at the beginning of the step lung inflation test (gasp

reflex) the unit in addition to exhibiting a similar burst of activity

also had residual activity following this burst. Cells were classified

aS |g if they had axonal projections to the contralateral cervical

spinal cord. Cells were classified as |s' if they could not be evoked

from the spinal cord but exhibited all the other properties of the 18
cells. A total of 6 gcells were located. Thus 83 per cent of the

inspiratory (g and g cells) which exhibited paradoxical lung
inflation responses had axonal projections to the contralateral spinal

cord, and a similar percentage, 77 per cent, of the inspiratory

neurons (Is, and Ix" cells) which exhibited non-paradoxical lung
inflation responses had axonal projections to the contralateral spinal

cord.

The remaining 34 inspiratory cells were designated simply as

I cells because they were not fully tested and classified.



B. Characteristics of the Pattern of the Inspiratory. Neural Discharge

The animals were ventilated at a high frequency, low tidal volume,

so as to dissociate unit and phrenic nerve activity generated by the

central nervous system from that of the actual lung inflation by the

respiratory pump (Fig. 7). Under these conditions the firing frequency

of the unit during 100 msec sampling periods was continuously measured

and recorded. Measurements were made of the difference between the

onset of the unit's inspiratory activity and the onset of phrenic nerve

activity. The onset of phrenic activity, or the beginning of

inspiration, was defined as the time when the integrated phrenic

neurogram just rose off of the baseline level which it had maintained

during the expiratory pause (20). In addition, the unit's peak firing

frequency (100 msec sample bins) during the inspiratory period was

determined. Figure 7 illustrates a typical experimental record and the

measurements which were made during a control period. All of these

measurements were averaged over a period of five consecutive breaths

for each inspiratory neuron. Table 1. presents the average results of

these measurements as a function of inspiratory cell type. The results

show that the average difference in the onset of firing of I2C cells

compared with the onset of phrenic nerve activity was significantly

more delayed (P<0.02) than that observed with '3 cells. Figure 8

presents these onset delay data for all Izz and |g cells. Izz and %3
cells, which had demonstrated axonal projections to the contralateral
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spinal cord, had similar onset delays as their non-projecting

counterparts the Iºy and ºcells respectively.

Average peak firing rate during inspiration was determined during

a 100 msec period for each unit. No significant difference was

observed (PX-0.50) between the peak firing rates of Io, and 16 cells

under these experimental conditions (Table 1.).

C. Spinal Stimulation

The presence of axonal projections to the spinal cord from DRG

inspiratory cells was tested by electrically stimulating the ventral

and lateral columns of the contralateral cervical spinal cord while

recording evoked unit activity. Many cells were evoked only during

inspiration with low stimulus intensity (Fig. 9A(b)). It is only at

higher stimulus intensities that these units were evoked throughout the

respiratory cycle (Fig. 9A(c)),

1. Latency Shift: A shift in the latency of spinal evoked activity

with the respiratory cycle occurred in many cells (Fig. 9B). When a

shift was apparent, the latency was always shorter in inspiration than

in expiration. The latency shift for 111 DRG inspiratory cells was

measured. The range of observed values for the maximum shift was 0.0

to 0.7 msec for these 111 units. The mean shift was

0.17 msec + 0.01 SE. Ioz cells had a mean latency shift of
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0.19 msec + 0.02 SE (64 cells), and |g cells had a mean latency shift
of 0.13 msec + 0.02 SE (27 cells). These values were not significantly
different at the PX 0.1 level.

2. Axonal Conduction Velocity: The minimum latency to the onset of a

spinal evoked spike was measured and the maximum conduction velocity

calculated for 122 inspiratory cells. The average minimum latency was

1.65 msec + 0.07 SE. The maximum axonal conduction velocities were

calculated using the values of minimum latency and the measured minimum

conduction distance. Iod cells had a mean axonal conduction velocity

of 27.8 m/sec + 1.2 SE (68 cells), Ig cells 32.1 m/sec + 1.7 SE (29
cells), and I cells 24.7 m/sec + 1.6 SE (25 cells), the overall mean
value was 28.2 m/sec + 0.8 SE (122 inspiratory cells). Figure 10

presents a histogram of these data for all I ex and IB cells. The

conduction velocity of the |g cells was significantly greater at the
P4 0.05 level than that of the Io, cells.

3. Inhibition of Unit Inspiratory Activity Following Spinal Stimulation:

Immediately following antidromic excitation there was inhibition of

ongoing inspiratory activity in all DRG inspiratory units which were

evoked from the spinal cord (Figure 11A). The length of the period of

post stimulus inspiratory inhibition was measured from the stimulus to

the first spike of the restarted inspiratory discharge but not

including the short latency antidromic excitation of the unit. The

inhibitory period had a mean length of 20.0 msec + 1.0 SE (110 cells).
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The inhibition in ongoing inspiratory activity was similar to the

inhibition observed bilaterally in the phrenic nerves following

stimulation of the PGLN and ISLN (Figs, 2B and 3B). The length of the

inhibitory period observed in DRG units following spinal cord

stimulation was inversely related to their peak inspiratory firing

rates (Fig. 11B).

4. Minimum Interval Between Two Antidromically. Evoked Spikes: As a
measure of the absolute refractoriness of 93 DRG units that projected

to the spinal cord the minimum inter-stimulus interval for evoking two

antidromically propagated spikes was determined. Figure 12A shows such

a test. The minimum inter-stimulus interval (R) occurred when

approximately one half of the second spikes of the pairs failed to be

evoked (Fig. 12A(b)). Typically the partial failure of the second

spike occurred over a 0.1 msec inter-stimulus interval, For each cell

which was tested the stimulus intensity for both stimuli of the pair

was the same, and was that intensity which just consistently evoked

the unit throughout the respiratory cycle. In the few instances where

the unit was found to be totally refractory during expiration at all

intensity levels, then that intensity which just caused the unit to be

evoked throughout inspiration was used for the paired shock test. The

mean minimum inter-stimulus interval was 1.03 msec + 0.04 SE (93
cells). The range of values of R was 0.5 to 2.8 msec.

5. Collision Test: The presence of axonal projections from DRG

inspiratory cells to the contralateral cervical spinal cord was
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determined by collision testing. If two action potentials travel in

the same axon in opposite directions, then upon collision they will not

propagate past the point of collision because the axon is absolutely

refractory during each spike. For example, if a neuron fires a spike

during the inspiratory phase of the respiratory cycle, and at some

time after that spike a stimulus is applied to the descending axon at

an intensity which would evoke the unit if it had not previously fired,

then if the time of the stimulus following the spike is greater than

some critical delay (C), the unit will be antidromically evoked by the

stimulus (Fig. 12B(a)). If the stimulus is applied at times less than

C, then no antidromically evoked spike will be observed because of

collision of the antidromic and orthodromic spikes (Fig. 12B(c)). At

times equal to C the unit will be antidromically evoked approximately

half of the time (Fig. 12B(b)). Theoretically the value of C should be

equal to the antidromic conduction time (L) from the point of

stimulation plus the refractoriness (R) of the neuron, that is

C = L + R.

114 DRG inspiratory cells which were consistently evoked by spinal

stimulation were collision tested at the same conditions of intensity

as those specified above in the twin shock test. Of these, 111 units

demonstrated collision. Spinal evoked activity in the 3 other DRG

inspiratory cells could not be collided at delay values as small as

0.1 msec between the onset of the orthodromic spike and the stimulus.

Therefore, these 3 cells were assumed to be driven by orthodromic
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inputs from the cord.

Recent evidence (36) has indicated that the theoretical collision

relationship, C = L + R, does not generally hold (see discussion), and

that a collision test error (EC), defined as E. - (L + R) - C, is
greater than zero even for units where known axonal projections were

stimulated such as the pyramidal tracts for cortical pyramidal tract

cells (36). Ideally Fe should equal zero. I determined Fe for 93 DRG

inspiratory cells where C, L and R were experimentally measured. For

each cell all these variables were determined at the same spinal

stimulus intensity. C was measured from the extrapolated initiation of

the CRO observed spike to the initiation of the stimulus artifact (Fig.

12B(b)), L was the minimum antidromic conduction time determined during

the period of inspiration (Fig. 9B), and R was found from the twin

shock test (Fig. 12A(b)). Figure 12C shows a histogram of Ec for these

93 cells. The figure shows that the maximum value of Fc was 2.3 msec,

the mean 0.69 msec + 0.04 SE, and the minimum value of zero was found

in the case of 2 cells. No cell had an Ec Value of less than zero.

Another criterion which has been developed from the collision test

to evaluate the presence of axonal projections is the relative

collision error (36), Frc' Where Frc
-

E./(L + R). If the theoretical

collision relationship applied that is E. equal to zero, then Frc Would

also equal zero. If there was no collision, and an orthodromic

projection existed, then a value of C = 0. could be demonstrated and
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an Frc Value of 1. calculated. Frc Was determined for all 93 DRG

inspiratory cells. Figure 12D shows a histogram of Frc for these 93

cells. This figure shows that the maximum value of Frc was 0.50, the

mean 0.26 + 0.01 SE and the minimum value zero. In no case involving

these 93 cells was a value of Ere greater than 0.50 observed.

6. P. Cell Axonal Projections to the Spinal Cord: 21 of 32 P cells

were tested for projections to the contralateral cervical spinal cord.

19 of 21 P cells could not be evoked from the contralateral spinal

cord. The two remaining units both had positive collision tests.

Walues of Fc of 0.4 msec and 0.5 msec and Frc of 0.18 and 0.20

respectively were obtained for these units.

D. Lung Inflation Responses

DRG cells were tested for their response to step lung inflations

at various levels of PTR. The lungs were inflated from the collapsed

position to a fixed level of Prs Sometime during the initial two thirds

of the expiratory pause. Figure 13 shows the affect of this maneuver

upon integrated phrenic nerve activity at two levels of maintained PTR.
At the lower level of Prs (Fig. 13A) there is an increase in the

expiratory duration (TE) Over the control value (TEC). The ratio

"E/"Ec' when larger than unity, indicates inhibition of inspiration due
to the lung distension; this is the classic Hering-Breuer inspiratory
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inhibitory reflex. On many occasions, at higher levels of PTR’ d

second phenomenon was associated with the onset of the lung volume

increase. There was a sudden burst of activity in the phrenic nerve

(Fig. 13B), which occurred before the next expected inspiratory

discharge. It was of short duration (0.3 to 0.6 sec), shorter than the

normal inspiratory period of phrenic activity (Fig. 13B). This reflex

activation of phrenic motoneurons has been termed the gasp reflex (25).

Following the sudden burst there was invariably low amplitude residual

activity in the phrenic nerve which decreased during the period of

maintained lung distension. This residual activity is shown in the

higher gain record of integrated phrenic activity illustrated in

Figure 13B. The residual activity was unassociated with any normal

inspiratory phrenic discharge occurring during the period of lung

distension and inspiratory inhibition.

These results show that lung distension produces three important

affects upon phrenic nerve activity. Lung volume increases result in

inhibition of inspiration (Hering-Breuer inspiratory inhibitory reflex),

at high levels of lung distension there is sometimes observed a sudden

burst of phrenic activity at the onset of the inflation (gasp reflex),

and finally the burst of activity is followed by low level, adapting,

residual phrenic nerve activity.

1. Io, and Leº Cell Responses to Lung Inflation: A total of 88 DRG

Cells were classified as Izz or Iez, based upon their response to step



43

lung inflations. All of these cells were inhibited when there was

inhibition of phrenic nerve inspiratory activity during the period of

lung inflation. Figure 14A shows that when the lungs were inflated, and

there was slowing of respiration, TE/"Ec greater than one, the unit did

not fire during the period of the inhibition of inspiration. In

addition, 36 of these 88 cells were tested at elevated P R levels whichT

produced the sudden burst of activity in the phrenic nerve at the onset

of the step lung inflations. 34 of these 36 cells also showed a burst

of activity which was coincident in time with the burst of phrenic nerve

activity (Fig. 14B). Following this burst of activity the unit

exhibited no residual activity during the phrenic inspiratory

inhibition. Thus 34 Ioz and I ext cells had a 100 per cent initial

adaptation index (AI1) where this adaptation index is defined by the

relationship:

400 msec Bin 2.4 mSec Post É...) X 100 %

1 ( Peak Firing Rate- 400 msec Bin

(*# Firing **). (º Rate 1.2 to
AI =

All firing rates in this relationship were computed in impulses per

second.

2. Ié and la' Cell Responses to Lung Inflation: A total of 35 DRG

inspiratory cells were classified as IB Or 'a' based upon their
responses to step lung inflations. Figure 15 shows the response of one

Such ce1l to two levels of PTR. At low *TR most of these units showed
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no activity during the period of inspiratory inhibition even though

TE/"Ec was greater than unity (Fig. 15A). It was only at elevated *TR
that all of these units showed activity during the period of phrenic

nerve inspiratory inhibition exclusive of the sudden burst of activity

which was observed on most occasions in both the unit and phrenic nerve

discharge at the onset of lung inflation tests. 24 of 35 I■ º and We'
cells were tested With elevated PTR While there was observed a sudden

burst of activity in the phrenic nerve. All of these 24 units also

showed a burst of activity coincident with that in the phrenic (Fig.

15B). In addition, all of these units exhibited some residual activity

after 1.2 seconds following the burst of activity (Fig. 15B).

Figure 16 shows the average firing rates, exclusive of inspiratory

discharge, for 31 g and g cells as a function of both Prº and time
interval during the lung inflation test. The time intervals used to

compute the data presented in Figure 16 were taken with respect to the

occurrence of peak unit discharge and the period of inspiratory

inhibition during the lung inflation test. Peak discharge was

coincident either with the reflex burst of activity in the phrenic nerve

(gasp reflex), or when this phrenic burst did not occur, these units

when excited, exhibited peak discharge at the onset of the inflation

test. Only in one case was burst type activity observed in the phrenic

nerve at Pip Values as small as 5 cm H,0. This figure shows that: 1) No
unit was activated when the lungs were held in a collapsed position

(PTP = 0), other than these units exhibiting the normal inspiratory
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phase related activity; and there was no unit activity at times greater

than 4.8 sec at Pm = 2.5 Cm H.0. 2) There was little increase in lung

volume related unit activity until Prº - 5 cm H.0. 3) At 7.5 and
10 cm H20 there was rapid but not complete adaptation of these units2

during the first 1.2 sec after the peak firing. This rapid adaptation

was due to the sudden burst of activity in most of these units. Mean

values of AI1 Were 71% and 61% at 7.5 and 10 cm H.0 respectively for
these units. 4) At these same pressure levels there was continued, but

slower adaptation, from 2.4 to 4.8 sec after the peak firing this

corresponded to the adapting residual activity observed in these units

(Fig. 15B). An adaptation index was calculated for these units based

upon the period 4.8 sec to 6.0 sec versus 1.2 sec to 2.4 sec post peak

activity. This adaptation index was designated as AI2 had mean values

of 38% and 45% at 7.5 and 10 cm H20 respectively.2

3. P. Cell_Responses to Lung Inflation: A total of 32 DRG cells were

classified as P cells because their activity was very sensitive to the

degree of lung distension, their activity showed little adaptation to

steady lung inflation, and generally their lung related activity was

not modulated by respiratory activity associated with phrenic

inspiratory discharge. Figure 17A shows the activity of a P cell in

response to the rhythmic high frequency low tidal volume inflations of

the lungs by the respiratory pump. Figure 17B shows the response to

steady lung inflation, this produced slowing of respiration (TE/"Ec
greater than unity) without the burst of phrenic activity at the onset

of the inflation. Note that the pattern of P cell discharge shows

little adaptation. Figure 17B and 170 also illustrate another
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characteristic of these cells, a post inflation inhibition with the

release of the lungs from their inflated position. Figure 17C from the

same P cell shows the response to inflation at a higher level of PTR}
this produced a sudden burst of phrenic activity but did not produce a

rapidly adapting burst of activity in the P cell. Greater inflation

increased the level of slow adapting discharge in the P cell. Figure 18

shows the average firing rate for 26 P cells as a function of both PTP
and time interval during the period of lung inflation. This figure

shows that: 1) P cells were active when the lungs were held in a

collapsed position (PTP = 0 cm H,0). 2) The activity of these P cells

rose monotonically over the entire range of PTP which was studied, 0 to

10 cm H.0. 3) P cells exhibit little adaptation throughout the pressure
and time range studied (see also Table 2.).

4. Comparison of P. Cell and IG - Ia' Cell Activity During Inhibition
T F

of Phrenic Inspiratory Activity: Figure 19 shows the average

inspiratory inhibitory index, TE/"Ec' as a function of PTP, Over the

range of PTp from 0 to 7.5 cm H,0. Above 7,5 cm H.0 inspiratory
activity was inhibited throughout the lung inflation test, and thus the

ratio TE/"Ec could not be calculated. If a burst of phrenic activity

occurred, particularly at 7.5 cm H20, this burst of phrenic activity
was not included in calculating the inhibitory index. This figure shows

that the inhibitory index increases monotonically throughout the

tracheal pressure range even from the collapsed lung position when

PTp = 0 Cm H,0. Figure 19 also compares the average firing rates for
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both P cells and '3 -3 cells during the interval 4.8 sec to 6.0 sec
post peak firing activity (Data from Figs. 18 and 16, respectively).

This time interval was chosen in order to make a comparison between

these classes of cells because during this interval any burst of phrenic

activity (gasp reflex) had terminated, and in most instances during this

interval there was sustained inhibition of inspiration due to the lung

inflation. This figure clearly shows that there was little firing of

the % -'A' population for Prp Values of 0 to 5 cm H20, yet the
inhibitory index doubled in this range. On the other hand P cells were

active throughout this range of PTp. and actually showed over a four

fold increase in activity. Above 5 cm H20 there was increased activity

in both the '3 -2' cells of approximately the same sensitivity as the

P cells but the absolute levels of activity of the |g
-

A' cells were
of much smaller magnitude.

E. DRG Unit Responses to Electrical Stimulation of the Superior

Laryngeal Nerves

The SLN was electrically stimulated in order to locate DRG cells

which could be evoked by this stimulation. The primary objectives of

this portion of study 2 were: 1) to locate DRG units whose latency to

SLN stimulation and spinal axonal projections would make them

responsible for the lateralized short latency evoked response in the

phrenic nerve that was observed in study 1 reported above; 2) to
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investigate the possible gating with respiratory cycle of the SLN input

at the level of the DRG, as well as to investigate the synapticity of

this input; 3) to investigate the possible role of P cells in the

inhibition of inspiration found with higher intensity SLN electrical

Stimulation.

1. Evoking of DRG Inspiratory Units by SLN Stimulation: The SLN was

electrically stimulated at various voltages and frequencies while

recording the activity of 99 DRG inspiratory cells. 57 of 99 or 58% of

DRG inspiratory cells could be consistently evoked at latencies less

than 25 msec by electrical stimulation of the ipsilateral SLN.

Figure 20A shows the evoked response of two such units. Figure 20B

shows a distribution of the minimum latency to onset of spike activity

found for the 57 DRG inspiratory cells. The mean latency for evoked

activity was 3.9 msec + 0.3 SE. In addition, 41 of these 57 cells had

demonstrated axonal projections to the contralateral cervical spinal

cord. The mean latency for these 41 cells was 4.0 msec + 0.4 SE. I

also determined that the mean latency of those º and I2. cells which

were evoked was 3.7 msec + 0.5 SE (29 cells) while that of the 's and |A
cells was 4.4 msec + 0.5 SE (19 cells), and these values were not

significantly different (PX 0.5). On a number of occasions DRG cells

which were evoked by SLN stimulation were also collision tested from the

SLN. In no case did collision occur, demonstrating that the short

latency projection from the ipsilateral SLN onto many of these cells was
Orthodromic.
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2. Evoked Response to Trains of Stimuli of Various Frequencies: I

determined the percentage following of 13 DRG cells (10 having

demonstrated projections to the contralateral spinal cord) to train

stimuli delivered to the SLN. The purpose of this was to obtain

information regarding the synapticity of SLN inputs onto units which

were consistently evoked at short latency, range 2.0 to 2.5 msec. The

trains were delivered at 1 per second, with approximately 10 stimuli

per train, and stimulation frequencies of 100 to 1000 Hz in steps of

100 Hz. Figure 21A shows the response of one such unit to a train of

stimuli delivered at 100, 300, 600, and 900 Hz to the ipsilateral SLN.

This figure shows that this neuron consistently followed stimuli

delivered at 100 and 300 Hz, there was some attenuation in following at

600 Hz, and almost total failure to follow at 900 Hz. Figure 21B shows

the mean percentage of following of the 13 DRG cells which were tested

by SLN trains. Figure 21B indicates that all cells followed faithfully

stimuli delivered at 100 Hz, there was little decrement in the ability

of these cells to follow stimuli delivered at 300 Hz, there was 55%

following to stimuli delivered at 500 Hz, and little following of

Stimuli delivered at 1000 Hz.

3. Evoked Field Responses: On several occasions an evoked field

potential was recorded which preceded the evoked unit response (See

Figure 20A(a) and (b) illustrating two such cells). Figure 22 shows an

observed field potential at four intensity levels of SLN stimulation.

This field potential was likely due to the incoming SLN afferent tract
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because the field increases with stimulus intensity; the field is of

short delay from the stimulus, in Figure 22B of 1.1 mSec; and the

evoked unit activity comes after the field but only after a delay

indicative of monosynaptic driving from this afferent input (Fig. 22A).

4. Gating of Evoked Unit Activity With Respiratory Cycle: The results

presented in study 1 have indicated that the short latency lateralized

evoked phrenic nerve response to SLN stimulation does not occur when

stimuli were given during expiration. I studied the evoked response of

45 DRG inspiratory cells with ipsilateral SLN stimuli applied during

inspiration, expiration, and when ongoing inspiratory activity was

inhibited by continuous electrical stimulation of the SLN at

sufficiently high intensity. I found that 11 of 45 DRG inspiratory

cells were evoked with stimuli applied in inspiration, but not in

expiration or when ongoing inspiratory activity was inhibited by the

stimulus (Figure 23A). On the other hand the remaining 34 of 45 or 76%

of the DRG inspiratory cells were evoked continuously throughout the

respiratory cycle and even could be evoked in the absence of ongoing

inspiratory activity (Fig. 23B). Thus while it is apparent that some

respiratory related gating takes place at the level of the DRG the bulk

of the gating of the phrenic lateralized evoked response probably takes

place at the level of the phrenic motor nucleus.

5. Post Stimulus Inhibition of Units' Inspiratory_Activity: The results

presented in study 1 indicated that stimulation of the ISLN during
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inspiration resulted in a bilateral inhibition of ongoing phrenic

inspiratory activity which came only after the short latency lateralized

evoked response. I found that all DRG units which were evoked at short

latency in inspiration displayed an inhibition of their inspiratory

activity following this evoked response. Figure 24 illustrates the

inhibition of ongoing inspiratory activity of one such unit following

SLN stimulation.

6. Evoked Response to Contralateral SLN Stimulation: I recorded

activity of 39 DRG inspiratory units while stimulating the contralateral

SLN at intensities and frequencies above and below the inhibition of

ongoing inspiratory activity. In no instance were any of the

contralateral DRG units evoked by this stimulus. This indicates that

there was a strict degree of spatial organization between SLN inputs and

DRG unit responses.

7. Evoked Response of P Cells to SLN. Stimulation: I determined the

evoked response of 14 P cells to electrical stimulation of the

ipsilateral SLN. 13 of 14 P cells were evoked with a mean latency of

3.0 msec + 0.3 SE and a latency range of 1.7 to 5.4 msec. The response
of these units was tested at stimulation intensities below and above

those that produced the inhibition of ongoing phrenic nerve activity.

All units were consistently evoked at stimulation conditions which

produced the inhibition of ongoing phrenic nerve activity. There was no

apparent gating of P cell evoking with the inhibition of phrenic nerve
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activity (Fig. 25). In other words if a P cell was evoked at

stimulation conditions below those that resulted in inhibition of

phrenic activity (Fig. 25A), then the unit was evoked at higher

intensity stimulation conditions which simultaneously produced a total

inhibition of phrenic inspiratory activity (Fig. 25B).
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Discussion

These results suggest that the DRG is of primary importance in the

visceral sensory - respiratory motor act. The DRG possessed inspiratory

neurons, many of which project to the contralateral cervical spinal cord

and function, therefore, as inspiratory upper motoneurons. The DRG also

contains a unique class of neurons, which are probably general

inspiratory inhibitory interneurons, that receive excitatory inputs from

the upper and lower airways, afferent induced excitation of these

interneurons leads to reflex inhibition of inspiration. The neural

circuitry involving visceral afferents, DRG neurons, and contralateral

phrenic motorneurons may be very simple for a number of input sensory

modalities which result in respiratory motor reflex responses.

Study 1 - Electrical Stimulation of Respiratory Afferents

As mentioned previously, Torvik (79) suggested that there was

anatomic evidence for a disynaptic reflex pathway which involved IXth

and Xth cranial nerve visceral afferents, ipsilateral neurons in the

nucleus of the tractus solitarius, and contralateral spinal respiratory

motoneurons. My demonstration of a contralateralized short latency

evoked response in the phrenic nerve following electrical stimulation of

ISLN and PGLN, as well as DRG unit responses to SLN stimulation,

(discussed below) provide neurophysiological evidence for this reflex

pathway. This conclusion is based upon the short latencies of the

lateralized excitation which indicates a paucisynaptic (likely
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disynaptic) neural circuit. This conclusion is also supported by

previous studies of conduction times within this neural circuit compared

with my overall conduction time measurements.

Rudomin (68) showed that the antidromic conduction time from the

ipsilateral nucleus of the tractus solitarius to the SLN was on the

average 1.2 msec. Cohen, et al. (22) using cross-correlation analysis

showed that inspiratory neurons in the DRG project to the contralateral

phrenic motoneurons and the latency of spike activity of these neurons

to the onset of contralateral phrenic nerve activity had a range of 1.5

to 2.4 mSec. Thus the overall conduction times between SLN afferents

and contralateral phrenic nerve responses, excluding a central

excitatory synaptic delay within the nucleus of the tractus solitarius,

should range from 2.7 to 3.6 msec. Inclusion of a 0.5 msec chemical

synaptic delay results in a latency range of 3.2 to 4.1 msec. My

overall average latency measurement was 3.8 msec for ISLN stimulation to

phrenic nerve response. This value, lying in the middle of the

calculated range, substantiates the possibility that an excitatory

synaptic pathway involving just two synapses and three neurons was

activated by ISLN stimulation. The evidence to be discussed below

concerning the responses of DRG neurons to SLN stimulation lend much

support to this conclusion,

Biscoe and Sampson (15) commented that in one experiment the

earliest field potential observed in the nucleus of the tractus

solitarius after GLN stimulation had a latency of 2.7 mSec, and if we
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apply similar reasoning with respect to conduction and synaptic delay

times as mentioned above the range of calculated overall latencies for

GLN stimulation to contralateral phrenic nerve response is 4.7 to

5.6 msec. Again, the measured conduction latency from PGLN to evoked

phrenic nerve response of 5.2 msec lies within the range of a disynaptic

neuronal circuit.

Therefore, my results from both ISLN and PGLN stimulation suggest

the existence of a simple disynaptic excitatory reflex pathway involving

cranial nerve afferents, respiratory neurons within the ipsilateral

DRG, and contralateral phrenic motoneurons. These results also suggest

that primitive visceral reflexes associated with the pharynx and larynx

may involve very simple neuronal circuitry. My ability to demonstrate

this lateralized response while others (16,57,59) have failed to observe

this effect was probably due to the method of simultaneous bilateral

phrenic nerve recording and comparison following signal averaging.

The results show also that a similar lateralized excitation does

not follow stimulation of the CSN. By associating the stimulation

conditions with the effects upon integrated phrenic nerve activity and

arterial blood pressure changes it is certain that both chemo- and

baroreceptors were activated. Yet stimulation of the ipsilateral nucleus

of the tractus solitarius has been shown to antidromically evoke

activity in the CSN (24). Davies and Edwards (26) found that

stimulation of the GLN did not give early field potentials in the same

locations as did CSN stimulation. This latter result along with my
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inability to activate an overall lateralized response suggests that CSN

afferents may not directly excite contralaterally projecting DRG

inspiratory neurons but other sites in the nucleus of the tractus

solitarius complex. Another explanation of these findings is that since

I was observing overall input-output relationships CSN excitation may

not be sufficient to excite large numbers of projecting neurons and

therefore a lateralized response was not observed. However, the method

of signal averaging should have unmasked this neural connection.

I have demonstrated that care must be exercised in obtaining and

interpreting data from CSN electrical stimulation. Spyer and

Wolstencroft (75) showed that CSN stimulation may lead to activation of

fibers in the hypoglossal nerve via current spread. I have shown that

spread and activation of the GLN occurs quite easily and could confuse

the results since the reflexes produced by GLN and CSN stimulation are

different. In the cat, PGLN stimulation produces what has been termed

the sniff or aspiration reflex (6,58,59,78). This reflex is produced by

mechanical stimulation of the epipharynx and involves strong

diaphragmatic contractions with each stimulus, as well as hypertension.

This reflex can occur with stimulation during both inspiration and

expiration. On the other hand CSN stimulation results in a smooth

increase in phrenic activity and this effect has been shown to be absent

with electrical stimuli delivered only during expiration (31). In

addition, higher intensity CSN stimulation leads to little increase in

integrated phrenic activity but a marked systemic hypotension due

primarily to activation of baroreceptor C fibers (29,35).
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The bilateral short latency inhibition of ongoing phrenic nerve

inspiratory activity which was observed following both PGLN and ISLN

stimulation has been seen previously with unilateral phrenic recording

(16,59). The results of this study have shown that this inhibition

occurs bilaterally, and has approximately the same threshold intensity

as the lateralized early evoked response. It is possible that the same

afferent fiber group was involved in producing both evoked responses.

Biscoe and Sampson (15) have convincingly shown that the phrenic

inhibition did not arise from activation of an inhibitory synapse

impinging directly on phrenic motoneurons, rather the inhibition

resulted from some form of central disfacilitation of inspiratory

activity. As discussed below the site of this central disfacilitation

maybe the DRG.

I observed that convulsive doses of strychnine did not alter the

bilateral inhibition found With either PGLN Or ISLN Stimulation

indicating that the inhibitory synapse producing the inhibition of

ongoing inspiratory activity may be strychnine resistant. Such

resistant synapses in the CNS have been described by Ryall, et al. (69).

My results differ from those reported by Biscoe and Sampson (16). They

reported that in an unspecified number of cats the inhibition was

blocked by similar doses of strychnine. I have no explanation for this

discrepancy, although signal averaging, by enhancing the evoked effects,

may yield more valid comparisons.
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I showed that high intensity stimulation of the PGLN leads to a

bilateral delayed excitation in the phrenic nerve. This excitation

increases with increasing stimulus intensity. Based upon single phrenic

motor nerve fiber recordings ipsilateral to the stimulus Nail, et al.

(59) reported that the latency from GLN stimulation to an evoked

response in the phrenic units ranged from 15 to 30 msec. I found a

latency to onset and end of this delayed excitation of

18.7 msec + 0.7 SE and 31.4 msec + 0.9 SE respectively. These values

are almost identical with the range of values reported by Nail, et al.

(59). They also made the association of this delayed excitatory

response with the aspiration or sniff reflex. I find it important that

the sniff reflex occurs at intensities which are much higher than those

which cause the early lateralized response and the bilateral inhibition,

It is likely that this is a consequence of the sniff reflex arising from

activation of a higher threshold afferent fiber group. In addition, the

delayed bilateral excitation being evoked by stimulation during either

expiration or inspiration, while the contralateral excitation can only

be evoked during inspiration, suggests that some form of gating of the

early excitation takes place either at the DRG or the phrenic motor

nucleus level or both. These results along with the different effects

of strychnine on the early contralateral response and the delayed

bilateral excitation can be interpreted as indicating that the two forms

of excitatory responses arise from different intracranial neural

pathways and not just different threshold fibers in the PGLN.
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Study 2 - DRG Unit Recordings and Responses

This study has shown that the DRG is not exclusively composed of

inspiratory cells. Of the 168 respiratory cells which were investigated

7 were classified as expiratory, 4 as phase spanning

expiratory-inspiratory cells, and the remainder inspiratory. This

distribution of types of respiratory cells is similar to that found by

Euler, et al. (32), but differs from earlier studies which claimed that

the DRG was composed exclusively of inspiratory neurons (5,7,11). Since

only 10 per cent of the respiratory cells within the DRG are

non-inspiratory it is understandable that these cells could have gone

unnoticed in these previous studies.

Spinal Projections

Almost all inspiratory DRG neurons have been shown to have

descending axons to the contralateral cervical spinal cord. These

results are in agreement with the findings of Bianchi (13) but differ

from those of Euler, et al. (32) who claimed that I6 type cells could
not be evoked from the cord. Those neurons that could not be evoked

from the contralateral cord (Izz" and 13) ) may project to the
ipsilateral cord, this possibility was not tested.

There are a number of interesting properties related to the spinal

cord evoked activity of DRG units. First, many cells were found which
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could only be evoked in inspiration at low intensity stimulation, and

higher intensities were required to evoke these same units throughout

the respiratory cycle. This has previously been observed (9,11,33) in

other DRG studies, and is also a property of VRG neurons (11,54).

Merrill (54) has recently suggested that this property may not arise

from excitatory synaptic interconnections between spinally projecting

medullary respiratory neurons as originally proposed by Baumgarten and

Nakayama (9) but is due to excitability variations with the respiratory

cycle of the descending axons. The results of the present study do not

resolve this question.

A second property of the spinal axonal projection of DRG neurons is

that antidromic latency shifts as great as 0.7 msec were observed and

these are a function of the respiratory cycle. Latency being the

shortest during inspiration for DRG inspiratory neurons. Such latency

shifts have previously been observed in these cells (9,11,33) as well as

in WRG neurons (11,53). These shifts were probably due to the more

depolarized state of the inspiratory neurons during inspiration compared

with their state in expiration.

A third property of the spinal axonal projections was that

following spinal antidromic stimulation of a neuron during the

inspiratory phase of the respiratory cycle there was observed an

inhibition of ongoing inspiratory activity in the unit. The length of

the inhibitory period was found to be inversely related to the peak
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firing frequency of a given unit during inspiration. Stimulation of

peripheral nerves has been shown to result in a similar inhibition in

phrenic motoneurons (16). The present study has also shown that SLN

stimulation similarly inhibits inspiratory activity in DRG cells.

The mechanism for the post stimulus inhibition cannot be discerned

by the present study. What is of interest is that DRG neurons show this

inhibition and since these same neurons may excite most other CNS sites,

which are of importance in respiration, the mechanism for the short

latency inhibition of inspiration may originate in the DRG. The

inhibition could be due to primary afferents directly inhibiting DRG

neurons. Another explanation is that simultaneous excitation of large

numbers of DRG inspiratory cells, whether due to antidromic or

orthodromic stimulation, synchronizes their discharge thus all cells

simultaneously enter a phase of inexcitability and the ongoing

inspiratory discharge is transiently inhibited (18).

A fourth property of the spinal projection of DRG units is related

to the collision test used to demonstrate spinal axonal projections from

this site. Euler, et al. (33) recently collision tested 17 DRG

inspiratory cells having spinal axonal projections. In 12 of the 17

cases they found that the critical delay (C) was less than the

antidromic conduction time (L). In another four cases, if they added an

arbitrary factor for axonal refractoriness (R) of 0.5 msec, then they

found that C <L + R for 16 of 17 DRG cells tested. To explain this
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apparent discrepancy from the theoretical collision relationship

(C = L + R) Euler, et al. (33) concluded that there was a local

recurrent presynaptic inhibition from the projecting DRG cells onto

excitatory orthodromic inputs arising from the spinal cord which also

excited the same DRG cell. While the experimental results of the

current study are generally in agreement with the observations of Euler,

et al. (33) a complex interacting neural network may not be needed to

explain these results.

In the current study the variables C, L, and R were determined for

93 DRG cells which demonstrated collision of antidromic and Orthodromic

spikes. In all cases the collision test error, Fc. Was found to be

greater than or equal to zero. These results are equivalent to the

relationship C+L + R . In only 3 of the 93 cells C was equal to L + R.

These results are analogous to the findings of Euler, et al. (33). Wery

recently, Fuller and Schlag (36) utilized a similar collision test

procedure and found that Fo Was greater than zero for all CNS neurons

which they tested. This finding included collision tests of monkey

motor cortex neurons whose descending axons were stimulated at the level

of the pyramidal tracts in the medulla. Faced with their finding that

Fo was greater than zero, Fuller and Schlag (36) derived an alternate
collision criterion. They empirically found that calculation of a

relative collision error, Ere (where Ere - E/(R + 1)), of less than
0.50 included most neurons which they tested. Thus units which

demonstrated collision and where Ere was less than 0.50 would merely
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have projecting axons to the stimulated site. There was no need to

postulate another pathway or interacting network as Euler, et al. (33)

had done. In the present study 92 of the 93 DRG neurons had Frc Values

less than 0.50 and the remaining unit had and Er, equal to 0.50 .

It is worthwhile to restate some of the reasons ennumerated by

Fuller and Schlag (36) to explain their consistent finding of C&L + R

as well as this same finding in the present study and the previous study

by Euler, et al. (33). First, Eccles (30), based upon spinal

motoneuron studies, pointed out that the initial segment interval prior

to the soma-dendritic spike may be as much as 0.3 msec shorter for

orthodromic spikes (presumably arising from excitatory post synaptic

potentials) than for antidromic spikes. In the former case the cell

somal membrane is already somewhat depolarized. Therefore with

orthodromic excitation the soma-dendritic spike will occur sooner with

respect to the onset of the initial segment spike. The net result of

this will be to increase Fo because the starting time of the orthodromic
and antidromic evoked soma-dendritic spikes from the start of the

initial segment spike will not be the same.

Secondly, the measured axonal conduction time for an antidromically

generated spike may not be the same as the true orthodromic or

antidromic axonal conduction time. This does not imply that conduction

velocities are different in either direction. In the tests reported

here the antidromic conduction time, L, is measured from the start of
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the stimulus to the start of the extracellularly recorded evoked spike

at the cell body. L includes the time before the stimulus can cause a

generated axonal spike. This additional time is due to a period for

charging of the capacitance of the tissue as well as bringing the axon

to its threshold. The time for axonal spikes to propagate

orthodromically to the spinal stimulating electrodes does not involve

these artifacts. The net effect of this is to increase Fo because L is

incorrectly high, and should only include the time of conduction within

the axon to the stimulating site. Thus it is concluded that all DRG

cells which demonstrate collision merely have projecting axons to the

stimulation site in the contralateral cervical spinal cord.

DRG Unit Responses to Lung Inflation

The inspiratory cells of the DRG were further classified based upon

their response to lung inflation. Previous workers (8,14, 19,21,32,62)

have classified DRG inspiratory cells on the basis of their response to

lung inflation, but there are important distinctions between the results

of the present study and the previous ones. Previous studies

(8, 14,19,21,32,62) showed that some medullary inspiratory neurons

exhibit paradoxical responses to lung inflation. The paradoxical

response takes the form of continuous firing of the inspiratory neurons

with inflation of the lungs while there is an inhibition of ongoing

phrenic and unit inspiratory activity. The paradoxical response of the
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13 and '3. DRG inspiratory units has led some workers to propose that
these cells were responsible for the Hering-Breuer inspiratory

inhibitory reflex (8,32), as well as the inspiratory cut-off brought

about by the expansion of the lungs during normal inspiration (32).

Euler, et al. (32) concluded that the DRG contained two types of

inspiratory neurons. One type excited by lung inflation could also be

evoked at short latency by electrical stimulation of the vagus nerve but

not by stimulation of the spinal cord. Another type was inhibited by

lung inflation, could be driven with short latency from the spinal cord

but not from the vagus nerve. They were able to fully test these

criteria on a total of 50 cells and found 16 cells (32%) in the former

class and 34 cells (68%) in the latter class. It is of interest that in

the present study I found that of the 123 fully tested DRG inspiratory

cells 35 cells (28%) were excited by lung inflation, and 88 cells (72%)

were inhibited by lung inflation. These responses were exclusive of the

gasp reflex response. Thus the percentages of each class of cells found

in both studies is strikingly similar. What is dissimilar between these

studies is my finding that approximately 80% of either class of DRG

inspiratory cell had demonstrated axonal projections to the

contralateral spinal cord. Euler, et al. (32) found a total absence of

such connections for all cells which exhibited a paradoxical response to

lung inflation. I do not have an explanation for this discrepancy,

although previous studies have reported that either º cells had
axonal projections to the spinal cord (60) or that 93% of all DRG

inspiratory neurons, presumably including some % cells, projected to
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the cord (13).

Euler, et al. (32) further concluded that the vagal, non-spinal DRG

inspiratory cells (g -'A' types) were responsible for the time course
of the inspiratory cut-off curve brought about by lung inflation. This

curve expresses the relationship that the lung volume necessary to

terminate a breath rapidly decreases as the breath progresses (20).

Euler, et al. (32) based their conclusion not on the lung volume

responses of '3 cells as a function of inspiratory time, which they
could not obtain, but on the similarity of the temporal pattern of

excitability of |g cells to electrical stimulation of the vagi and the
volume threshold relationship described above. That is the excitability

of these neurons to vagal stimulation rapidly increases as inspiration

progresses. This association may not be specific. In this study I

found that both OZ and ■ º types of inspiratory cells generally have an

augmenting pattern of discharge as inspiration progresses. Thus they

are likely to be more easily evoked by excitatory inputs as inspiration

progresses. Therefore the conclusions drawn by Euler, et al. (32)

regarding the role of the Ig -12 type cells may not be correct on the
basis of the tests which they applied.

None of the previous studies (8,32) dealing with the lung inflation

response of DRG inspiratory neurons have investigated in a quantitative

manner the correspondence between the slowing of respiration (the

increase in the inspiratory inhibition index, TE/EC) due to increased

levels of lung inflation and the corresponding activation of the %3 -'a'
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cells. Such a correspondence is illustrated in Figure 19. From this it

is apparent that there was slowing of respiration at lung volume levels

When none of the 13 -'A' cells were significantly excited due to the
lung inflation. Although, as illustrated in Figure 16, there was

limited excitation of these units at tracheal pressure levels as low as

2.5 cm H20 during the interval 1.2 to 2.4 seconds after peak discharge,2

Significant lung inflation induced excitation of these units did not

occur until higher levels of Pip (Prºx 5 Cm H.0). These studies have

also revealed that approximately 80% of these cells also have axonal

projections to the spinal cord. It is likely that these projections are

excitatory onto phrenic motoneurons. Since the IA -2 cells show
limited non-inspiratory related activity even when there is some

inhibition of inspiration, and most of these neurons have spinal

projections, then it is unlikely that these cells are the inspiratory

inhibitory neurons of the Hering-Breuer inspiratory inhibitory reflex,

A key question then is what is the function of the % and 'g Ce] 1s?

Although favoring a key role for the ■ º and 2 cel Ts in the
Hering-Breuer inspiratory inhibitory reflex Cohen (21) was the first to

suggest that these cells could be part of a lung inflation inspiratory

excitatory reflex arc. Cohen (21) associated their behavior with the

gasp reflex. Recently, Bianchi and Barillot (14) based upon the lung

inflation response of 8 DRG neurons have come to the same conclusion. I

believe that the results presented here lend support, but only in part,

to this conclusion.
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In the cat rapid inflation of the lungs causes excitation of a

number of different types of vagal pulmonary afferent fibers (1,4,47).

Pulmonary afferent fibers originating from pulmonary stretch receptors

are excited by lung inflation, some continue to fire even when the lungs

are collapsed. There is little adaptation of their activity with

maintained inflation of the lungs, and when the lungs are returned to

their pre-inflated state these fibers are somewhat inhibited, thus

exhibiting a form of post excitation depression (1,47). The results

presented in this study showed that the response of Is -2' cells to

lung inflation has different characteristics. These cells were excited

by elevated levels of lung inflation, rapidly adapted, and were

marginally excited when the lungs were held at small lung volume. Thus

|g -g cells are probably not directly excited by pulmonary fibers
originating from pulmonary stretch receptors. Since pulmonary stretch

receptors have been shown (64,80) to mediate the Hering-Breuer

inspiratory inhibitory reflex, and the results presented in this thesis

have shown that the behavior of the *3 -3' Cell S is different from

the pulmonary stretch receptors, it is unlikely that the Ig -gcells
are the central nervous system inhibitory interneurons for this reflex.

While it is possible that these cells are excited by pulmonary stretch

receptors it seems more probable that they are excited by other types of

pulmonary afferent fibers.

In addition to fibers originating from pulmonary stretch receptors

it is now agreed that there are two other types of pulmonary vagal

fibers originating from the lungs (64). In the cat pulmonary irritant
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receptors are excited by both inflation and deflation of the lungs in

addition to being stimulated by histamine and ammonia (4). Armstrong

and Luck (4) have found that these fibers rapidly adapted to lung

inflation (the mean initial adaptation index was 91%). Activation of

pulmonary irritant receptors is probably responsible for the sudden

burst of phrenic nerve activity which is observed with rapid inflation

of the lungs - the gasp reflex (49,72), although this is not agreed to

by all (63). It has been concluded that the gasp reflex is analogous to

the Head's paradoxical reflex (25).

This study showed that 95% of the Io, and I & cells exhibited a

gasp reflex response but only when a similar burst of activity took

place simultaneously in the discharge of the phrenic nerve. In addition

there was 100% adaptation of the activity of these units at the end of

1.2 sec following the gasp reflex type response. All |2 and ■ e' cells

showed an initial burst of activity at elevated levels of PTP, and these

cells had mean adaptation indices above 60% at the end of 1.2 sec

compared with the peak response. Thus it is likely that vagal fibers

from pulmonary irritant receptors, which are responsible for the gasp

reflex, excite either directly or indirectly all of these neurons.

The distinguishing feature between the reflex responses of the I.-I."

cells and the 'p -12) cells was either the residual activity observed

in the ! ■ º -2. cells following the gasp reflex response, and/or the
activation of these cells following lung inflation but without the
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presence of a burst type activity in the phrenic nerve at times longer

than 1.2 sec following peak unit activity. It is of importance that

inflation pressures generally in excess of 5 cm H.0 were required in

order to evoke any significant non-inspiratory related activity in the %
-Is' cells. On the other hand the I2C -Iº cells do not exhibit any
form of residual activity; nor did they show a gasp reflex response

unless the phrenic was simultaneously exhibiting this reflex response.

There are a number of possible explanations for the complex

behavior Of the Ig -■ º cells in response to the lung inflation
stimulus. One explanation is that these cells are excited by the

pulmonary stretch receptors but because their thresholds to these inputs

are high or the synaptic driving from this source is small the input

from these receptors does not affect these units until high lung volumes

are reached. This explanation although possible seems unlikely because

of the reasons described previously regarding the nature of the

inspiratory inhibitory reflex response activated by these receptors, and

the lack of a corresponding response of the |2 -'s cells until large

lung volumes were reached. A second explanation is that the is -2
cells are excited directly by vagal afferent fibers originating from the

pulmonary irritant receptors. The irritant receptors have a higher

volume threshold for their activation than the pulmonary stretch

receptors (47). This could explain why the º -g cells are not

significantly activated by lung inflation until Prp? 5 Cm H,0. AS

mentioned above the irritant receptors are thought to be responsible for

the gasp reflex. All '8 -'g cells which were tested at conditions
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where this reflex occurred in the phrenic nerve also exhibited this

burst of activity. The lung inflation induced post gasp reflex residual

activity which was observed in both the IA -■ º cells and the phrenic
nerve may be due to slower adapting inputs, possibly of irritant

receptor origin, which excite these cells. These inputs are of

insufficient magnitude to sustain the burst activity in the DRG complex.

In this schema the Io. -Idº cells would only be indirectly excited by

the irritant fibers through excitatory connections from I■ s -■ º cells.

A third explanation for the behavior of the ■ º
-
º cells is that they

receive excitatory inputs from another class of pulmonary afferent

fiber. These are the unmyelinated slow conducting C fibers arising from

the pulmonary J receptors. In the cat these receptors have been shown

to be excited by hyperinflation of the lungs (4). Their initial

adaptation indices were found to be somewhat less than irritant

receptors (4). Thus the residual activity may be due to excitation from

C fibers arising from pulmonary J receptors. It is difficult to excite

selectively these fibers in order to study their reflex effects, because

for example, drugs such as phenyldiguanide which were thought to excite

selectively J receptors (64) recently have been shown in the cat also to

excite irritant receptors (4). Whether the º -'s cells are also
excited by these pulmonary J receptors cannot be answered by the present

study.
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Selective Innervation of Two Types of Phrenic Motoneurons

By 12, and If Cells

In addition to their distinct response to lung inflation, the

results of the present study have shown that other significant

differences exist between Io, and % cells. A cells started to fire
sooner with respect to the onset of the inspiratory phase of phrenic

discharge than 12 cells. A similar difference was observed between |A
and I cº" cells respectively. Secondly, the axonal conduction velocities

were significantly greater for |g cells than for Io, cells.
Distinguishing characteristics have also been reported for two types of

phrenic motoneurons based upon single fiber studies (40,59). These

studies showed that the phrenic motoneurons are made up of two type of

cells. First, based upon their inspiratory firing onset with respect to

the global phrenic discharge, one cell type begins to fire with some

delay after the onset of phrenic inspiratory discharge (termed here

phrenic type A cells), the other cell type begins to fire closer to the

onset of phrenic inspiratory discharge (termed here phrenic type B

cells). Secondly, in addition to a gasp reflex response phrenic type B

cells had a residual activity following lung hyper-inflation. Phrenic

type A cells exhibited the gasp reflex but no residual activity.

Hilaire, et al. (40) suggested that the different behavior of the two

types of phrenic motoneurons arose from excitatory connections from two

different type of medullary respiratory neurons, although recently
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Iscoe, et al. (44) have disgreed with this analysis. The results of the

present study demonstrated similar characteristics among the two types

of DRG inspiratory cells would support the suggestion of Hilaire, et al.

(40). Thus it is proposed that the Iez and e cells project to and
excite the phrenic type A and type B cells, respectively.

P Cells - The Interneurons for the Hering-Breuer Inspiratory

Inhibitory Reflex

The results presented here are the first reported study of another

class of DRG cells, the P cells. I suggest that these are the

inhibitory interneurons for the Hering-Breuer inspiratory inhibitory

reflex. Several previous studies (32,74) have reported encountering a

few cells, which from the description of these authors may be described

as P cells. No information regarding properties of these cells has been

published with the possible exception of a preliminary report (19)

dealing with 7 such cells. The results presented here showed that

P cells are DRG neurons and not vagal afferent fibers. This conclusion

was based upon the observation that a single P cell was excited by

inputs from both the lungs and electrical stimulation of the SLN.

P cells were recorded as single units with medium size (3 to 5 megohms)

extracellular microelectrodes, and if they were merely afferent fibers,

and part of the fiber bundle of the tractus solitarius, then it is

unlikely such easy isolation could have been achieved. Although 10% of

the P cells were found to have axonal projections to the contralateral
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cervical spinal cord, the vast majority were brain stem interneurons.

All characteristics of the response of the P cells to changes in

lung volume parallel those of pulmonary stretch receptors (47). Many

P cells were active even when the lungs were collapsed. Their firing

rate was very sensitive to the degree of lung distension; they show

little adaptation with maintained lung inflation. They did not exhibit

a rapidly adapting burst of activity at the onset of elevated lung

inflation. The activity of these cells was markedly diminished on

return to the control pattern of lung distension following a step lung

inflation compared with the activity prior to the step inflation.

Important questions remain to be answered with regard to the role

of the P cells. For example, if the P cells are the inhibitory

interneurons of the Hering-Breuer inspiratory inhibitory reflex then how

do they effect their action? Do they directly inhibit cells in their

local domain, the inspiratory cells of the DRG, or do P cells act at a

more distant site? What is the importance of the P cells in normal

respiration when the lungs are expanding in phase with the inspiratory

portion of the respiratory cycle? Do they contribute to the inspiratory

Cut-Off?

It is of considerable interest that both pulmonary afferents and

SLN afferents project onto the P cells. Input from both of these

peripheral sources, the lungs and the larynx (17,74), can inhibit

inspiration. Based upon this, as well as the observed threshold for
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activation of P cells from these inputs compared with the similar

threshold for the reflex inhibition of inspiration, I would suggest

that the P cells are a general inhibitory interneuron excited by

inspiratory inhibitory airway receptor afferents.

Rudomin (68) showed that vagal afferent fibers arising from

pulmonary stretch receptors inhibit SLN afferent fibers by a presynaptic

mechanism. From the observations of my study it may be concluded that P

cells receive inputs from both pulmonary stretch receptor fibers and SLN

afferents, and that the SLN afferents are in turn inhibited

presynaptically by these pulmonary fibers at this site.

DRG Unit Responses to SLN Stimulation

One of the objectives of electrically stimulating the SLN was to

locate within the DRG inspiratory cells that were evoked with a short

latency by SLN stimulation. In addition, I wished to demonstrate that

many of these units had axonal projections to the contralateral spinal

cord, which would implicate them as being the second order neuron of a

three neuron reflex arc. This neural pathway involves SLN afferents,

ipsilateral DRG neurons and contralateral phrenic motoneurons. This

neural pathway would be the lateralized neural circuit demonstrated by

the results of the first study reported in this thesis.

I found that 58% of DRG inspiratory neurons could be consistently

evoked with a short latency by ipsilateral SLN stimulation. This
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compares well with the preliminary investigation reported by Sessle, et

al. (74) where 63% of DRG neurons could be evoked by stimulation of the

SLN, the GLN, and/or the vagus. I found that the average latency was

3.9 msec and the shortest latency was 2.0 msec. Sessle (73) reported

that unspecified nucleus of the tractus solitarius neurons had a mean

evoked latency of 3.5 msec and a shortest latency of 2.1 mSec. These

findings agree almost exactly with the values found in the current

study. Studying these same cells and stimulating the SLN Porter (66)

reported a minimum evoked latency of 2.2 m.sec.

An indication of the synapticity between SLN afferents and DRG

inspiratory cells, which were evoked with latencies ranging from 2.5 to

2.0 msec, was obtained from my results of train stimulation. An

excitatory monosynaptic connection was strongly suggested since all DRG

units which were tested consistently followed with fixed latency stimuli

delivered at 100 Hz and there was an average 55% following to stimuli

delivered at 500 Hz. It is of interest that in a few cases where DRG

units were evoked with latencies less than 2.5 msec a field potential

having a delay to onset of about 1.1 msec was simultaneously recorded.

It is likely that this field potential was produced by the SLN afferent

volley. Sessle (73) reported a minimum latency for afferent fibers to

this site of 1.0 msec, Rudomin (68) reported a minimum value of

1.3 msec, both values are similar to the value found here. Therefore

based upon the spatial proximity of the SLN afferent fiber tract to the

evoked DRG cells, the results of the train stimulation study, and the

short latency of the unit responses, I conclude that there is a
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monosynaptic exctatory synaptic connection between afferent fibers in

the SLN and some ipsi lateral DRG inspiratory neurons.

In study 1 I observed a mean onset delay in the overall

contralateral phrenic nerve response of 3.8 msec following ISLN

stimulation. A similar overall conduction time can be calculated using

the results found in this study. The measured minimum evoked latency

from SLN stimulation of spinally projecting DRG neurons was 2.0 msec.

As stated above, Cohen, et al. (22) using cross-correlation analysis

found that inspiratory neurons in the DRG project to the contralateral

phrenic motoneurons and the latency of spike activity (it is unclear if

the measurements of Cohen, et al. (22) were based on onset of spike

activity) to the onset of contralateral phrenic nerve activity ranged

from 1.5 to 2.4 mSec. Thus the calculated overall latency range from

SLN to phrenic nerve is 3.5 to 4.4 msec. The predicted range includes

the previously measured value. This result supports the conclusion that

it is the SLN evoked DRG neurons which project to the spinal cord and

these units were responsible for the lateralized short latency evoked

response in the phrenic nerve.

This study has revealed that there was a strict spatial laterality

for evoking of the DRG neurons. It was only the ipsilateral SLN that

could evoke these neurons. This suggests a specific spatial

organization between cranial nerve visceral afferents and ipsilateral

DRG neurons. This result coupled with the previous finding (study 1)

that a small short latency evoked response was observed in the
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ipsilateral phrenic nerve following contralateral ISLN stimulation

suggests that either: there is crossing of descending DRG upper

motoneuron fibers at the level of the phrenic motor nucleus; or perhaps

that the DRG inspiratory neurons which could not be evoked from the

contralateral cervical spinal cord stimulation, but were evoked by

ipsilateral SLN stimulation, may have ipsilateral spinal cord

projections.

In the first study I showed that there was gating with the

respiratory cycle of the ISLN evoked short latency phrenic nerve

excitation. The present study showed that about 75% of DRG cells could

be continuously evoked without respect to respiratory cycle or even when

there was total inhibition of ongoing phrenic inspiratory discharge

produced by higher intensity SLN stimulation. From these results it

appears that there was respiratory related gating of this input at the

level of the DRG, but the dominant locus for this phenomenon was at the

level of the phrenic motor nucleus. A possible explanation for the

respiratory related gating is that during inspiration there is summation

of inputs onto phrenic motoneurons from the DRG and from other brain

stem sites such as the WRG. It should be recalled that Merrill (53)

found that 25% of descending WRG inspiratory axons had arborizations in

the phrenic motor nucleus suggesting phrenic driving from the WRG.

Consistent with this notion of multiple brain stem site driving of

phrenic motoneurons is the preliminary report of Koepchen, et al. (48),

who destroyed the DRG in anesthetized cats and found that phrenic

activity persisted, albeit that the respiratory pattern was altered.

Thus the observed gating of the lateralized short latency evoked
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response may be merely a failure of the DRG to drive the phrenic

motoneurons to their firing threshold.

Stimulation of the ipsilateral SLN during inspiration produced a

post stimulus inhibition of ongoing inspiratory discharge in DRG

inspiratory units. Biscoe and Sampson (16) previously observed a

similar inhibition of reticular formation inspiratory cells. This

inhibition should not be confused with the total inhibition of

inspiration which follows continuous higher intensity SLN stimulation,

although these may have a similar neural basis. The importance of the

present study is the association of the short duration inhibition with

cells that have demonstrated axonal projections to the spinal cord.

Biscoe and Sampson (16) concluded that a similar inhibiton which they

observed at the level of the phrenic motoneuron arose from a

disfacilitation of the inspiratory drive onto these phrenic motoneurons.

Since it is likely that the DRG, at least in part, drives these

motoneurons, and I observed that the short duration inhibition occurs

among these cells, then the site of origin of the inhibition may be at

the level of these DRG neurons.

The response of the P cells to ipsilateral SLN stimulation may be

of importance in explaining the sustained apnea which can occur with

stimulation of the larynx (17,76). In this study I showed that the P

cells were activated by both lung distension and at short latency by

electrical stimulation of the SLN. Both of these sensory inputs were

shown to result either in a slowing of respiration or complete apnea
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inhibitory stimuli had analogous threshold and sensitivity as the reflex

inhibition of inspiration. I conclude that the P cell may be a general

inspiratory inhibitory interneuron for airway afferent information.
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Conclusions

Figure 26 is a schematic representation based upon these studies of

a model of the cell types and neural connections of the DRG. The DRG is

primarily composed of three types of neurons, Io, , !º and P neurons,
although a small number of other types of respiratory neurons are

present.

The P cells are driven from the ipsilateral periphery. This drive

is derived at least in part from inputs originating in the lungs, the

pulmonary stretch receptors (PSR), and from the larynx, via afferents

in the SLN. The function of these inputs, I conclude, is to excite

P cells and by so doing cause a reflex inhibition of inspiration. Thus

P cells may be a general inspiratory inhibitory interneuron for all

airway inspiratory inhibitory sensory inputs. The resultant inhibition

of inspiration can be due to direct inhibition of neighboring Icº and '3
cells or inhibiton of an inspiratory rhythm generator located at another

brain stem site.

The inspiratory cells of the DRG are distinguished on the basis of

their sensory inputs, projections, and possible interconnections.

Almost all 12, and % cells have axonal projections to the
contralateral spinal cord. Since the phrenic motoneurons have been

shown to be composed of two types, here designated as types A and B,

and the Io, and '3 cells have been shown to possess analogous
properties to each of these respective types of phrenic motoneurons it
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is suggested that there is selective driving of phrenic type A

motoneurons by Izz cells and phrenic type B motoneurons by 's cells.

Many Io, and '3 cells have been shown to receive direct, probably
monosynaptic excitatory inputs from the SLN.

The response of the Io, and %3 cells to steady lung inflation is
different. Because both cells exhibit the gasp reflex (Head's

paradoxical reflex) at the onset of lung hyperinflation, and in

addition '3 cells show a residual response following this input as well
as some activation even without this reflex response, I suggest that

pulmonary irritant receptor (PIR) afferent fibers may directly excite

the º cells. The lung inflation induced excitation of the Iaz cell

(gasp reflex) arises from excitatory driving by the 'g cells.

Alternatively fibers of PIR origin could directly excite Ia cells.

Pulmonary J receptor derived afferent fibers may also excite '8 cells.

The model presented in Figure 26 leaves a number of questions

unanswered. For example, when the cervical spinal cord is electrically

stimulated there is a transient inhibition of ongoing inspiratory

activity in both Io, and 13 cells. How does this inhibition arise? Is
it related to the transient inhibition observed following SLN

stimulation? A question of paramount importance is how does respiratory

rhythmicity arise? This model of the DRG does not attempt to answer

these questions.
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In conclusion the DRG is the initial intracranial processing

station for many visceral sensory inputs which affect respiration. Many

neurons within the DRG send axonal projections to the contralateral

cervical spinal cord and this probably serves as a principal respiratory

drive to phrenic motoneurons. Within the DRG cells can be evoked at

very short latency from the periphery; and there are DRG cells whose

behavior very closely mimics peripheral sensory inputs. This suggests

that primitive respiratory reflexes may involve simple neuronal circuits

among these neural elements.
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Table of Abbreviations

Adaptation Index

Critical delay of collision test. Time between the start of an

orthodromic spike and a stimulus applied to the descending

axon which evokes an antidromic spike approximately half of the

time.

Carotid Sinus Nerve

Dorsal Respiratory Group

Collision error defined as Fe = (L + R) - C; theoretically zero

Relative collision error defined as Fre " E./(L + R)
Glossopharyngeal Nerve

Internal Branch of the Superior Laryngeal Nerve

Antidromic latency

Nucleus Ambiguus

Nucleus Retroambigualis

Nucleus of the Tractus Solitarius

Cell driven in a slowly adapting manner by lung inflation

Pharyngeal Branch of the Glossopharyngeal Nerve

Pulmonary irritant receptors

Pulmonary stretch receptors

Tracheal pressure

Minimum inter-stimulus interval which sometimes evokes two

antidromic spikes. The second spike fails to be evoked approximately

50% of the time.

Superior Laryngeal Nerve

Expiratory time during lung inflation test.
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Ecº
WRG:

Control expiratory time prior to lung inflation test

Wentral Respiratory Group
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Table 1.

Comparison of DRG Inspiratory Cell Firing Delay and Peak Firing Rates

Delay in firing with Peak firing, rates
Cell T respect to Phrenic onset(msec) 100 msec bins (impulses/sec

■ oc 311° 57° (66)" 80", 9 (68)
Iow." 314 + 66 (20) 7. 8 (20)
I■ º 64°t 57 (28) 84 + 8 (29)
■ º 77 £169 (5) 93 + 42 (5)
I 209 + 74 (33) 92 + 11 (34)

All Inspiratory 236 + 34 (152) 82 + 5(156)Cells
- -

: Mean + SE
Number of cells

Difference P × 0.02
Difference P × 0.50
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Table 2.

Mean Adaptation Indices (%) for 26 P Cells

Period of Tracheal Pressure, cm H20
Comparison 2.5 5. }.5 10.

AI, - Peak Activity
vs11.2 to 2.4 sec 18 21 24 18

AI2 - 1.2 to 2.4 sec 13 6 12 17W$24.8 to 6.0 sec

Average

20

12
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Figure 1. Schematic representation of medullary respiratory groups,

cell types and some of the suggested interconnections. The DRG, located

in the ventrolateral NTS, is the site where vagal sensory information iS

first incorporated into a respiratory motor response. The DRG drives

the WRG and some spinal inspiratory motoneurons. The WRG is composed of

NA and NRA. Wagal respiratory motoneurons arise from NA. Axons from

NRA project to some spinal inspiratory and probably all spinal

expiratory motoneurons. Inspiratory cells are indicated by open

circles, expiratory cells by circles with lines. Dashed lines indicate

some of the hypothetized intramedullary neural interconnections. For a

more detailed model of the WRG see Merrill (53). Inhibitory synapses

indicated by -. Abbreviations: DRG - dorsal respiratory group;

C1 - first cervical dorsal root; NA - nucleus ambiguus; NRA - nucleus

retroambigualis; NTS - nucleus tractus solitarius; WRG - ventral

respiratory group; CC, 6 • 3 8
subscripts - inspiratory cell subtype designations.
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Figure 2. Right and left phrenic nerve evoked responses to electrical

stimulation of PGLN. In each record upper trace is from the right

phrenic nerve lower trace from the left phrenic nerve. All records

taken during inspiration except as specified in C. A, B, C from the

same cat. Stimuli delivered 2.3 msec from the start of each trace

except in D where at 50 and 100 Hz stimuli delivered also within the

trace.

A: Unaveraged single sweep data: left - control; middle - stimulation

right PGLN at 1. volt; right - stimulation left PGLN at 1, volt,

B: Bilateral averaged phrenic responses as a function of laterality and

intensity of the stimulus. C.A.T. generated averages to 30 stimuli

delivered at 10 Hz with all records at the same amplifier gains.

C: Comparison of averaged phrenic responses (30 stimuli delivered at

10 Hz, 2. volts) to left PGLN stimulation during inspiration and

expiration.

D: Evoked averaged phrenic nerve responses as a function of stimulus

frequency. Stimulation of right PGLN in one cat. 30 responses averaged

per shock.
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Figure 3. Right and left phrenic nerve evoked responses to electrical

stimulation of ISLN. In each record the upper trace is from the right

phrenic nerve and lower trace from the left phrenic nerve. All records

taken during inspiration. A and B from the same cat. Stimuli

delivered 2.3 msec from the start of each trace except in C where at 50

and 100 Hz stimuli delivered also within the trace.

A: Unaveraged single sweep data: left - control; middle - stimulation

right ISLN at 0.08 volts; right - stimulation left ISLN at 0.08 volts.

B: Bilateral averaged phrenic nerve responses as a function of

laterality and intensity of the stimulus. C. A.T. generated averages to

30 stimuli delivered at 10 Hz with all records at the same amplifier

gains.

C: Evoked averaged phrenic nerve responses as a function of stimulus

frequency. Stimulation of right ISLN in one cat. 30 responses averaged

per shock.
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Figure 4. Current spread to the PGLN from stimulating the CSN and the

effects of this artifact upon all evoked phrenic nerve activity. A, B

from the same cat. Stimuli delivered 2.3 msec from the start of each

trace.

A: Development of a short latency compound action potential recorded

from the cut end of the right PGLN while stimulating the right CSN,

Initial downward upward deflection is the shock artifact. Records are

Single sweep recordings.

B: Corresponding evoked phrenic nerve activity to stimulating the right

CSN at the same intensities in A. In each record upper trace is from

the right phrenic nerve, lower trace the left phrenic nerve. All

records are C.A.T. averages to 30 stimuli delivered during inspiration

at 10 Hz.
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Figure 5. Effects of electrical stimulation of the CSN upon

integrated phrenic nerve activity, arterial blood pressure, and evoked

phrenic nerve responses. For a given stimulus intensity and frequency

the record on the left shows the integrated whole right phrenic nerve

activity in the top trace, period of continuous stimulation indicated

as well as 1 second time marks in the middle trace, and arterial blood

pressure bottom trace. Arterial blood pressure calibration is 0 to

200 mm Hg. The corresponding record on the right is the evoked phrenic

nerve activity to stimulation of the CSN during inspiration. In each of

these C.A.T. records the upper trace is from the right phrenic nerve,

lower trace from the left phrenic nerve. Each trace is the average

response to 30 stimuli. Stimuli were delivered 2.3 msec from the start

of each trace and at 50 Hz stimuli also delivered within the trace.

Note the different time calibrations for Stimulations at 10 and 50 Hz.

A and B are from different animals,

A: Stimulation of left CSN showing a bilateral delayed evoked reponse

pattern different from that recorded with PGLN stimulation.

B: Stimulation of right CSN showing a delayed evoked response pattern

similar to that in A and also similar to that observed with PGLN

stimulation.
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Figure 6. Effects of intravenously administered strychnine and

picrotoxin upon evoked phrenic nerve responses to PGLN and ISLN

stimulation. In each record upper trace is from the right phrenic

nerve, lower trace from the left phrenic nerve. All records are C, A, T,

averages to 30 stimuli delivered during inspiration at 10 Hz, Control

records taken immediately before drug administration, Strychnine and

picrotoxin results are from different cats. Stimuli were delivered

2.3 msec from the start of each trace. Time calibration is the same for

A, B, C, and D.

Evoked responses before and after 0.1 mg/kg strychnine,

A: Right PGLN stimulation at 0.25 volts.

B: Right ISLN stimulation at 0.1 volts.

Evoked responses before and after 0.5 mg/kg picrotoxin,

C: Left PGLN Stimulation at 0.8 Volts,

D: Left ISLN Stimulation at 0.8 Volts.
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Figure 7. Control period firing pattern of dorsal respiratory group

inspiratory neuron and experimental measurements. Traces are from top

downward: tracheal pressure, PTR (cm H.0); integrated phrenic
neurogram; unit activity; unit's firing frequency (impulses/sec) sample

bin width 100 msec. Downward arrows indicates start of inspiration,

upward arrows start of expiration. TE is length of expiratory pause.
Also illustrated is the measurement of the unit's firing onset delay

with respect to phrenic onset, and the peak firing rate of the unit.
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Figure 8. Histogram showing the distribution of the time of onset of

inspiratory activity of Ioz cell (shaded area; n = 66 cells), and

18 cell (clear area; n = 28 cells) compared with onset of integrated
phrenic. Downward directed arrows indicate mean values.
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Figure 9, Properties of evoked activity of dorsal respiratory group
neurons to spinal cord stimulation. In each record continuous vertical

trace is whole phrenic neurogram, slow time base; discontinuous

horizontal records of unit, sweep triggered by stimulus, fast time

base. Time proceeds in vertical trace from bottom to top; in horizontal

trace from left to right. Horizontal time calibration 2 msec in A, 0.9

msec in B.

A: Shows the effect of intensity of stimulation upon the evoked

response of a single inspiratory neuron. (a) neuron not evoked - 5

volts; (b) neuron evoked in inspiration only - 7.5 volts; and (c) neuron

continuously evoked - 10 volts.

B: Shows the shift in evoked latency of a different neuron from A as a

function of respiratory cycle.



111

—

-

:

iF

*—#
*—s'

M-M.M.…
.

- *.

- -
-

º
-i - :- \, \,--~~~

wº
+- U--—
–4– wº
+ ºv--—
+ \,--
-º- wº
— — yv
+3– sv —
F --~~

/ Sec



112

Figure 10. Histogram showing the distribution of the Izz cell (shaded

area; n = 68 cells) and |g cell (clear area; n = 29 cells) maximum
axonal conduction velocity. Downward directed arrows indicate mean

Values.
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Figure 11. Post spinal stimulation inhibition of ongoing inspiratory

activity.

A: Shows a dot raster of the activity of a dorsal respiratory group

inspiratory neuron. In (a) unit's inspiratory control firing pattern,

showing two inspiratory bursts of activity; in (b) at the arrow a

stimulus (first vertical row of dots due to shock artifacts) was applied

to contralateral cord eliciting a consistent antidromic evoked unit

response which is followed by inhibition of inspiratory activity

followed by resumption of unit's ongoing inspiratory activity.

B: Shows a histogram of the post spinal stimulus inspiratory

inhibitory period as a function of the peak firing frequency for 110

inspiratory cells evoked from cord. Histogram values are means # SE,

and numbers in parentheses are number of cells in each sample.
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Figure 12. Twin shock and collision tests of dorsal respiratory group

cells from spinal cord electrical stimulation.

A: Determination of the minimum inter-Stimulus interval able to evoke

two antidromically propagated spikes following cord stimulation. In (a)

interstimulus interval 1.20 msec, both spikes evoked, first spike

partially obscured by second shock artifact; (b) interstimulus interval

reduced to 1.13 msec, second spike evoked approximately half of the

time, this minimum interstimulus interval is designated R; (c) inter

stimulus interval further reduced to 1.09 msec, second spike not evoked.

B: Collision test of a unit evoked by cord stimulation and

determination of the critical delay (C). In (a) stimulus applied 1.96

msec after extrapolated start of orthodromic spike, unit consistently

antidromically evoked; (b) stimulus applied 1.80 msec after orthodromic

spike, unit evoked approximately half of the time, this interval of

1.80 msec designated C the critical delay; (c) stimulus applied 1.67

msec after spike, unit not evoked, therefore consistent collision.

A and B from different dorsal respiratory group inspiratory cells. Each

figure contains 5 consecutive superimposed tests, asterisks indicate

start of Stimulus.

C: Histogram showing the distribution of the collision test error, Fo
(L + R) - C, for 93 dorsal respiratory group inspiratory cells. Where

L is the minimum antidromic conduction time, R and C defined above.

: Histogram shows the distribution of the relative collision test error,

Frc
=

E./(L + R) for 93 dorsal respiratory group inspiratory cells.

In C and D arrows indicate mean values.



E

i

Collisionerror,Ec=
(L+R)-C(msec)

o)b)

A|+|

|,2OmSec
l.13mSec

AP +

|.96mSec

C

W

IlDºlIlD.

l||II|I OO.4O.81.21.62.O2.4

i
4O 3O 2O

c)
I.O.9mSec |.67mSec

H 2/77sec
-

| O

| O.

| O.2

| O.3

I O4

Relativecollisionerror, Erc=
Ec/(L4-R)

I O.5



118

Figure 13. Effects of steady lung inflation upon integrated phrenic

activity. In A and B top trace is tracheal pressure, PTR (cm H.0);
bottom trace integrated phrenic activity. Records from same animal

at different times. Leaky phrenic integrator decay constant 60 msec.

A: Phrenic response to low level of maintained PTR. "Ec expiratory

time without steady lung inflation, TE expiratory time with steady
inflation.

B: Phrenic response to higher level of maintained Prs Gain of

integrated phrenic record increased to illustrate residual phrenic

activity which follows gasp reflex at onset of lung inflation period.
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Figure 14. Typical response of Io, and I-A cells to lung inflation.
Records A and B are from same cell. Traces are from top downward:

TR (cm H.0); integrated phrenic neurogram; unit

activity; unit's firing frequency (impulses/sec) sample bin width 100 msec.

tracheal pressure, P

A: Low pressure lung inflation.

B: High pressure lung inflation.
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Figure 15, Typical response of 'g and º cells to lung inflation,
Records A, B, and C are from same cell. Traces are from top downward;

tracheal pressure, PTR (cm H.0); integrated phrenic neurogram; unit
activity; unit's firing frequency (impulses/sec) sample bin width 100

ITIS eC.

A: Low pressure lung inflation.

B: High pressure lung inflation.
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Figure 16. Average firing rate of 31 '6 and '3' cells, exclusive of
inspiratory discharge, as a function of tracheal pressure. Values are

means # SE. Mean values given for various time periods. A = average

peak firing rate - 400 msec width sample bin;

C = average firing rate 1.2 to 2.4 sec post peak; W = average firing

rate 4.8 to 6.0 sec post peak.
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Figure 17. Typical response of P cells to lung inflation. Records A,

B, C from the same cell. Traces are from top downward: tracheal

pressure, PTR ( cm H,0); integrated phrenic neurogram; unit activity;
unit's firing frequency (impulses/sec) sample bin width 100 msec in A,

400 msec in B and C.

A: High speed control period record.

B: Low pressure lung inflation.

C: Higher pressure lung inflation.

Time base in B and C same.
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Figure 18. Average firing rate of 26 P cells as a function of tracheal

pressure. Values are means + SE. Mean firing rates given for various

time periods.

A = average peak firing rate - 400 msec width sample bin;

© = average firing rate 1.2 to 2.4 sec post peak;

| = average firing rate 4.8 to 6.0 sec post peak.
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Figure 19. Average inspiratory inhibitory index, TE/TEC as a function

of tracheal pressure (n = 13 cats). Also replotted for comparison

are the mean firing rate data presented in Figs 16 and 18 for %
-

6'
cells and P cells, respectively, in the time interval 4.0 to 6.0 sec post

peak firing.

© = inspiratory inhibitory index; G = firing rate |A
-

g' cells;
D = firing rate P cells. All values are means + SE,
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Figure 20. A: Evoked response of two dorsal respiratory group

inspiratory cells to stimulation of ipsilateral superior laryngeal nerve

(SLN). Each record contains 5 consecutive superimposed traces. The

record begins with shock artifact on left, followed by an evoked field

potential (polarity reversed in (a) and (b)), this is followed by the

evoked unit response.

B: Histogram showing the distribution of latencies of dorsal

respiratory group inspiratory cells (n = 57 cells) to stimulation of the

ipsilateral SLN. Downward directed arrow indicates mean values.
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Figure 21. Evoked response of dorsal respiratory group inspiratory

neurons to high frequency stimuli delivered in trains to the ipsilateral

superior laryngeal nerve.

A: All records from the same unit, stimuli applied at the asterisks.

(a) Stimuli delivered at 100 Hz, 5 consecutive superimposed traces; (b)

stimuli delivered as in (a) except continuous record presented - 100%

following; (c) stimuli delivered at 300 Hz - 100% following; (d)

stimuli delivered at 600 Hz - 40% following; (e) stimuli delivered at

900 Hz - 10% following.

B: Distribution of average percentage following + SE of 13 units as a

function of stimulation frequency.
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Figure 22. Field potentials recorded prior to evoked activity of

dorsal respiratory group inspiratory cell following stimulation of

ipsilateral superior laryngeal nerve. A and B from same recording site.

All records. are 5 consecutive superimposed traces triggered by

stimulus.

A: Shows stimulus produced a short latency field potential (upward

directed wave), which is followed by evoked unit response (upward

downward direct wave). Slower time base, and lower gain record than in

B. Stimulus of 6 volts intensity, delivered at 10 Hz,

B: Field potential recorded on faster time base and higher gain as a

function of stimulus intensity. All records in B taken at the same

amplifier gain.
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Figure 23. Respiratory related gating of evoked activity of dorsal

respiratory group inspiratory neurons following ipsilateral superior

laryngeal nerve stimulation. In each record continuous horizontal trace

is whole phrenic neurogram, slow time base; discontinuous vertical

records are of unit triggered by stimulus, fast time base. Time

proceeds in horizontal trace from right to left; in vertical trace from

bottom to top.

A: Shows the effect of intensity of stimulation upon both the unit

evoked response and phrenic inspiratory activity. (a) neuron

inconsistently evoked in inspiration - 2 volts; (b) neuron consistently

evoked in inspiration, respiration slows - 3 volts; (c) neuron not

evoked, inspiration inhibited - 3.5 volts.

B: Similar stimulation sequence as in A except different unit which is

continuously evoked throughout respiratory cycle as shown in (b) and

(c). (a) Neuron consistently evoked only in inspiration - 4 volts; (b)

neuron consistently evoked in both inspiration and expiration - 5 volts;

(c) neuron consistently evoked, inspiration inhibited – 6 volts.
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Figure 24. Post superior laryngeal nerve stimulation inhibition of

ongoing inspiratory activity in a dorsal respiratory group inspiratory

neu YOn .

A: Unit's inspiratory control firing pattern.

B: At the arrow a stimulus (first vertical row of dots due to shock

artifacts) applied to ipsilateral superior laryngeal nerve eliciting a

consistent evoked unit response which is followed by inhibition of

inspiratory activity followed by resumption of unit's ongoing

inspiratory activity.
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Figure 25. Evoked activity of dorsal respiratory group P cell

following ipsilateral superior laryngeal nerve stimulation. In each

record continuous horizontal trace is whole phrenic neurogram, slow

time base; discontinuous vertical records of unit triggered by

stimulus, fast time base. Time proceeds in horizontal trace from right

to left; in vertical trace from bottom to top.

A: At low stimulus intensity shows that P cell is continuously

evoked, and inspiration is not inhibited.

B: At higher stimulus intensity P cell is consistently evoked and

inspiration is inhibited.
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Figure 26: Proposed model of the dorsal respiratory group including

principal cell types, and neural connections. See text for a full

discussion of this model.
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