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INTRODUATION

The Yerossed phrenic phanomenon® originated with an observation
in 1895 by Porter during his investigations of ths respiretory pathways
in the spinal cord (18), He demonstrated physiclogleally the presence
of crossed conmeetions in this system between the descending respirstory
fivers of one side and the phrenie motor nmuelei of the oppol.lta slde,
e observed that, in an animal with & gpinal hendisecbion abeve the level
of the phrenie muclel, soction of the rhremie nmerve on the intact side
resulied in the initiation of or insrease in activity of the hemi-~
diaphragnm on the side of the hemisection. He showed in other experiments
that the descending respiratory impulses crossed ia the cord below the
henisection at the lewel of the phremie nuolel and nowhers else. This
is the experimental situation clarified by the diagram in Fige 1. Here~
after, the side of the animal ipselateral to the hemisection of the cord
will be referred to as Lhe grossed side. The side of the animal contraw
lateral to the hemlsection will be referred to as the diveet side. Using
this nomenclature, Porterts cbservation can be restated in this ways In
an animal with a spinal hemisection above the level of the phrenie mclei,
interraption of the dirset phrenic nerve resulted in the indtiation of
or increase in activily of the grossed hemidiaphragm. This is the essence
of the Yerosped phrenic phenowenon®, a terw which areose because of the
sontimed inability of ite mumerous investigators to explain it satise
factorily in kpown physiological terms(22),

is early as 1885 Enoll(12) firet made the observation desoribed by
Porter. ther;. 0irard(10) found that in addition to nerve section dyspnea
was essential before crossing would ccouwr. However, Langendorgf(13)



believed that dyspmea was not sssentisl and 8chiff{(23) teo regarded the
cutting of the »hrenic nerve ag a specific means of bringing about
orossed activity, With this Porter agreed and, moreover, proposed an
Iypothesis to aceount for the inmitiation of function in the crossed
patloray, He postulated that intorruption of the direet phrenis nerve
chamoled the descending respiretory impulses away from the phrenis
nuclous on the direet (intact) side into the phrenlc nucleus on the
crogsed (hemlsected) side.

In 1911, Deason and Robb(3) repeated Perterts cbservation and found
that erossed activity also follows stimulation of the selatie nerve,
traction or mechanical stimlation of the direct plwenic nerve (on the
intact aide of the cond), and dyspnea. They vonclude that since *"these
various conditions induse increased intensity of the bulbar respiratary
impulses, the irmediste ecrossing of the bulbar respiratory impulses on
section of the phrenic nerve afler previcns hemiesetion of the opposite
side of the earvical cord soems therefore to be & case of the spread of
reflex (or matosatic) responses pari paseu with the increased intensity
of nervous impulses. Put sines in the Porter experiment the ervssing of
the impulses appears te hs permanent, additional fsmoters ave probably
invelved.n(3) ‘

In 1936 and again in 1930 Rosemblusth and his sollaborators(22,23)
repoated Porter's observation %.....with the purpose of obtaining an
explanation of the crossed phrenic phenomencn in terms of the known
properties of merve fibers and gynapses. That purpose was not achieved.
The phemomenon apparently reveals new, proviously unsuspsobed properties
of nervous elements.”(1l) Their conclusions were that *l) oressed cone
iractions ocour direatly as a result of cutiing or blocking the motor



fibers (of the direct phrenic nerve), not as an indireot effect from
relative aaphyxis or fron changes in the afferent impulses sedt up by
respivatory movenments; 2) the central changee are medlated by soms
process which does not require the ecuductlion of nerve impulsess 3) oncs
the oromsed path has been opened~-i.e., afier & reversibvle blocke-gub-
sequent crogsings are more resdily obtained.®(21) In amotier publication
they remark that "esessthe crossed phenomenon reveals properties of
neurene peths differing in quality fvom the conduction of nerve lupuleess
the opening of & new, hitherto umused path, and the tendemsy for sueh a
path to remain open for relatively long poricds of time.n(22)

In 1941 Seligman and Davis(2L) and in 2918 Chatfield and Mead(2)
while investigating Porberfes observation found many procedures cther
than phrenic nmerve interruption to de effective in producing crossed
sctivity. They falled to sxplain their findings and *.,...emphasiszed
that the essential problam of the crossed phrenic phenomenon remains to
be solved,t(2)

A recent review concludes that "some very fundamentsl yel unrecog-
nized characteristic of central nervous integration mugt underlies the
ercssed phronie phenomenon®(17), This hypothesis has been regarded as
acoeptable by several groups of investigators(1s256,15,21,22,2h), wmne
phenomenon apparently reveals new, previously unsuspected propertles of
nervous clesents.*(l) If trae, the proposal of a2 new property of central
mervous systom fumction bears importent implicatioms to neurephsyiology
in general(l) end evidense of similar properties should be scught in
other neuronal systems.



However, there is evidence in the papers cited above which raises
doubt as to the necessily of such an hypothesis in tide regard. The
azsertion has been made that erossed activity does not ¢eour unless
dyspnea is present(3,10), In addition to phrenic nerve interruption,
many other procedures have been found to inltlate erossing. Some of
thase procedures wers asphyxia or dyspnea(253,10,20,21,2L)  section of
the vagi(2,21,22,2), slectrical stimilation of the central ocut end of
the vagus(2), section of the sympathetic twunk(?2), girect slsctrical
stimlation of the respiratery cemter or the respiratory tract on the
direct side(Zl), stimilation of the selatic nexve(3), stimulation of
the central end of the direct phrenic merve(3), tractiom en the direct
phrenie nerve(3), parenteral injeotion of nikethamide(?), prostignine
or eserine, ascetyloholine protected by prostignine, and strychnine(2h),
One characteristic comson to these other procedurss which induce crossed
setivity is that they sugment activity in the uncrossed pathway as well.
In the most recent of these studies(?0), unimpeachable electremyosraphic
recordings were used for the first time as indices of dlaphregmatic
activity, This marked an important advanse over the mechanicsl methods
of recording disphragmatis activity whieh had bsen the best methods used
up o that time. Mot onmly was the erossed pathway showm to be astive
after hemigestion alone, bul arossed astivity appeared to vary in proe
portion to the discharge Irem the respiratory center. "Crossed activity
eould be eompletely and differemtially abolished by procedurss which
dacr;am respiratory effort (e.g. hyporventilation), and augmented by
procedures which eshanee respiratory effort (e.g. rebreathing, negative
intratracheal pressure)."(20) In these experimemts(20) the effects of



phrenis nerve imterruption were not studied. Ths same authors, however,
have resently presented evidense from experiments with different prepa-
rations that section of peripheral motor axons has no imwdiate retro-
grade effect upon the exuitabllity of the parent cell bodies(20),

This swmuary of the literature reveals three signiflicant facts.
First, mo group of experiments with this eubjest has been productive of
uniforam results; inter- and intra-species variations in the degres of
respiratory hemiparesis produced by the spinal hemdsection and im the
amount of crossing produced by experimental manipulations ave reported
in every study. Indeed, most muthore report variations in the ease with
widch erossing may be produced at various times in the same animal. Second,
the majority of published recordings from both sides of the diaphrasm
reveal that erossed aotivity variss in the same direction and in response
to the same manipulations which alber unorossed astivity, Third, the
Portar experiment has never been demenstrated under conditions which
would permit proof that eimilar alterations did not cceur in the uncrogsed
pathway; ia wmost cases in which crossing has heen produced by menipulation
of the phrenis nerve on the intast side, the manipulation itself has
eliminsted the index of respiratory activity in ths uncrossed pathway.

The single exesplion to this last statement consists of the Yrief undogu~
mented description of setion potential changes in the phrenic nerves of
the two eides(22),

The sbove facle have prompited a re-investigation of the crossed
resplyatory sclivity in an attempt to test the proposed hypothesis of s
new proeperdy of central narvous pathways in sueh a fashion as to establish
its validity er to reject it entirely, This study was carried oul using
the most semsitive indicator of disphragmetic aetivity availabls,



electromyographic recordings. In addition, oare was taken to malntain a
steady state of central respiratory activity throughout the experimental
manipuistionas Furthersore, a method was devised for recording from the
uneressed respiratory pattomy daring the period of interrupiion of the
direst phrenic nerve. The results offer no evidenos in support of the
praviously proposed hypothesis and indicate thad imersased activity im
the cressed patiway during interruption of the phrenis nerve on the intaoct
side 1s due to mnt-d respiratory center dischargs,



METHO0G

This study is based upon resulis derdved from eleven cats and one
dog. The animsls were anesthetliszed with "Hembutal* {Sedium pentobarbital,
Abbott) or "Dial-urethane” (Ciba), the latter being supplemented with
ether which was disecontimmed for at least 30 mimutes before the start
of recording to allow its sxpiration and minisdge its anesthetic effects
during the axperiment. Although dosage varisd with cach animsl no alter-
ations in experimental resulis could be attvibuted to the anesthetic drugs
o to the mammer of tholr use.

Pollowing tracheal canmulation, a dorsal luminectemy of parts of 0y
and Cp was performed through a ridline cervical incision and a hemisection
of the cord completed botwwen tho roots of ¢} and Gz, In every case the
cord leslon was examined by gross inepection of the formalin-fixed spinal
cord and in scrw instances by mieroseopio examination of gerial sections |
stained for myslin shenths.

The diaphragm was exposed for recording by wide lateral traction on
the edges of a long midline ineision from the xiphoid to the umbilious
expoging the abdominal viscera. Purther sxposure was provided by cawndal
retraction on the liver and cutting of its cardinal ligament and also by
upword traction on the xiphold by means of a Kochser hemostat suspended
from a rigid horisontal bar. Mineral oil on the diaphragm and salinew
soaked cotton pads on the visoera helped keep drying of the tLlssues to a
minlmam.

rwmwrﬂing,mmwmm fashioned from insect pins .
were placed in each diaphregmatic lsaf, The distance spamed by each puiy
varied from & fraction of a millimeter to several millimeters, BHach pair



led by means of fine wire to ome of two matched differemtial pre-amplifiers.
Masele astion potentials from sach diaphragmatic leaf thus emplified m
visualised on twin oseilloscopes and photographed side by side on rumming
film. activity was recorded by thls means from each diaphragmatic leaf,
The two teste described by Rosembaum and Renshaw(20) were used to
be certain that resordings from each disphragmatic leaf were entirsly
indspendent of each other. In one test, a single electrical shoek applied
%o the phrenle nerve on the intact sids of the spinsl cord produced astion
potentials which were simltansously recorded with identieal amplification
from both diaphragmatlc leaves. The large deflection recorded from the
stimilatod sids wae socompanied YWy only a minimal deflsotion recorded from
the opposite slde. BEatioation of the amount of "ervssed-recording® was
provided by a comparisen of the degres of mmplificstion necessary to
equilibrate the defleotions from the two sides. This appreximation pro-
vided a conservabive estimete of the maximim "erossed-recording® at 3%,
In a second test the phrenie on the side of the cord hemisection was
intermpted. A large inspiratory discharge yecorded from the intact side
then produced mo recorded deflection on the side of the cord lesien until
recordings from that side were amplified considerably above the records
from the aotive side. This test also demonstruted that the recording
elactrodes in each hemldiaphragn wers recording locslized activity only
and ware nol being affected by distant evente., Befors the experimental
procedures the recording apparatus was go adjusted that a calibration
signal of known voltage produced deflections of identical amolitude on
the twe channels. |
Ry means of the above-degseribed recerding technique it was possible
% record only multirle nalt activity in ihe diaphragn. This was 4ifficult



o entimate in & gquentitative sense. In an abtempt to ashleve a more
quantitative determination of dlaphragmatis activity, spike potentials
coourring in individual moter unils wero recorded., Reoctwrding electrodes
were fashioned from a pair of insulated fine steol needles positioned with
cempnt on a small cardboard square so that the protruding uninsnlsted
polnts were within a frsetion of 1 me. of cach other({7)., vhen thrust
into the muscle, the slectrode aspembly remained stationary on the soving
diaphrags without the meed of additional fixstion. In spite of the
difficulty of maintaining a wniform relationship betwsen recording
electrode and motor unit on the constantly moving musele over long periods
of time, it was possible, in a few experiments, tv obiain the degired
action potentials of single moter units.

The validity of such a recording method in providing an index of
total diaphragn astivity is based upon the following comsiderations.
Gomell, Atkinson and “rown{?) have found that the mumber of diaphragmatic
single motor unit twitches por inspiration inereased with increasing tidsl
alr volune up %o a plabean beyond which the mumber of twitches in any one
anit remsined uniform. Further increases in tidal alr were brought about
by reoruitment of other wnits with higher thresholds uhna@ behavior
followed varves aimilar to those of the lower threshold unite. Close
' correletion was observed between tidsl alr volums and the total muber
of twltches of all recoerded units during any one inspiration. This ine
cluded units some of which wore maximally sotive, some of which were at
threshold sotivity and some of which were in the process of insreasing
their number of twitches per inspiration. Although there was iittle
corralation between tidal air volume and twitch mumber in a motor unit
which was elther maximally sotive or at threshold activity, there was
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good sorrelation of tidal sir volwss with the twiteh muber of & motor
uit during ite perdod of increasing sctivity. Thus, it would seem thad
& reliable index of total dlaphragm activity (and henee of respiratory
center discharge) would be provided by the namber of twitches per inspire~
ﬁmmuainglemﬁarmtwlzmgu% is fiyst proven that the wnit
chosen is capable of further increase and is not already maximally setive
during the eantrol state. Such proof was obtained and desecribed bolow
{pages 16-17). Parallel activity in other unite unintentionally recorded
in the same experiment as well as similar resulte of other experimemts
tend to suppert the sssumption that setivity of other anits behawves in
the same fashion as in those being recorded. Assuming ite validity as

an index of total diaphragm sotivity, this quantitative method provided
results which could be subjected to graphical representation and statistieal
analysis (see below Figs. 7 and 8, Table 1). The methods used in previcus
studies have not permitted such a quantitative treatment of the dsta.

Interruption of the direet phrenic nerve was sceomplished by section
or by cold bloek using a mlxture of ise and salt. The ecold block was
more frequently used becmuse of its reversibility and since it appeared
necessary to avold errors arising from nerve injury discharges(5). rer
this purpese the nerve was usually isolated in the open chest through
8 widely retracted intercostal inscision which assured access to all con-
tributing fivers. In some cases the nerve was isolated in the neck and
interrupted balow its most candal contributing rootlets.

Venbilation wis artificlally controlled at will by a positive pressure
pump which could be opersted at a calibrated rate and stroke volume. This
allowed a constant level of ventilation to be maintained over a prolonged
pariod of time,



Using these metiods, the effects of varying levels of ventilation,
of direet phrenic nerve interruptlon, of certaln drags, or effests of
comblaation of these on dlaphragmatic astivity wers studied.

The general plan of the experimental eitustion is schematically
indicated In Fige 1» The sile of the animal ipselatersl to the hemi-
secbion of the cord will be referred to as the crossed side, The side
of the animal comtralateral to the hemiseotion will be reforred io as
the divest side. |



RESULTS

The "Crossed Phrenic Fhenomenon®s Initial experiments in this series
dramatisally demonstrated the ability of this experimental teehniqus to
revanl the incréeased activity in the crossed hewddiaphregm produced ty
interrupting conduction in the direct phrenioc nerve, Typical recordings
ocbtained from an animal following the indicated hemlsection before, during
and after eoli-blocking the direet phrenic nerve are presented in Figs 2.

In these records are shown masole astion potentials obtained from
each leal of the dlaphragm, the direct side above, and the crossed side
below. The slow waves seen in soms of the rocords are artefacts due o
gross dlaphragaatie movement and eould mot be embtirely eliminated from
all records. In Pig. 22 1z showm activity present after hemisectlon alone.
On the eroased side, activity was present in spite of hemdsection inter-
rapbing ocortain of its spinal pathways. This mmmm the extreme
sonsitivity of this method of resording since no independeut mechenical
activity ecould be ssen in that diaphragmatic leaf, A% 70" time the direst
phrenie nerve was cold-blogked in the neeks Ten seconds after the block
began, the increased crossed activity is indieated LWy the prolongation of
the dischargs and by the higher frequendy of unit astivity (Fig. 2B)e
This crossed avtivity contimued %o inerease gradually uwp to the malowm
shown in Fige 2C which was recorded five mimtes later. Recovery was slow
after rewoval of the block, requiring about twenbty mimtes to return to the
sontrwl level 1o Plg. 28 which approximates the activity in Pige 24 before
the Vloek began. This same procedure has heen repeated in other snimals,
las imvariahly produced ldentical Multra and bas demonstrated that in
spite of the different racording methods usod the *eressed phrenic phenomsnon®




wag reproducible. The essence of this Yphenowepon® is illustrated in
Fige. 23 and 20 by tha obvicus lnerease in orvesed activity following
block of the direct phrenic nerve in an animal with & spinal herdsection.

Alterationg of ercesed astivily in absunce of blocki Having repro-
duoed the “erossed phrenic phenomemon® it sppeared lmportent to gonfirm
previous findings(2,3,20,21,22,2L) that manipulations obher then intare
rapbion of the dlrect plirenic nerve are alaso capable of altering the
amount of ereassed activity. It has besn sugpested that crossed activity
is directly proportionel to the smoumt of central respiratory d:l.aehﬁga(h?m.
Acsordingly, orossed activity was oteerved during several procedures whieh
were caloulated to affect the medallsry respiratory cemter in e manner un-
related to manipulations of the direct phrenis mc.

The marked influence that level of vemtilation alons can have on
orossed actividy is phown in Fig. 3 from a {yplesl woperiment. After hemi-
seotion alons, with the chest clomed, activity was present on both sides
as shown in Fig. JAs DBefore opsning the chest, artificial ventilation was

began and was maintained gonstant at four separate levels of respiratory
minule voluns. Pigures I2 to 3& inclusive weve reeorded after stable
actlivity was veached st cach of these levels of respiration. Tt deserves
o be ephasised that alfter such ghanges equilibrium could not be atiained
in less then 5-10 mimates. At a respiretery mimte volums of 600 se/min,
(Fig. 3B) astivity had disappeared on the crossed gide and was all but gone
on the direet side, At LOO co/min. (FPig. 3C) ineressed temus was evident
in the direct hemidiaphragn snd isclated sporadiec unit twitches ware present
in the crossed hewidiaphragm. FPollowing the reduction of respiratory



ulmte voluze to 360 eo/min, (Flg. 30) activity in the direet hemidiaphragn
increased still more and becams rhythmie widle evidense of tonle activity
appeared in the crosmed hesddiaphregm. At 240 eo/min. respiratory minute
volume (Fig. 3C) which approximated the mormal state (ef. Pig. 31); ﬂ'@‘fv’hﬁw
activity was obvicus in hoth leaves of the diaphragn. In other experiments,
direct activity as well as crossed activity was sompletely abolished by
even higher levels of ventdlationm, and still further increased activity
than this figure shows was produced by sore severs hypoventilation, Sinee
the amount of crvased aetivity varied im a prodictable manner with altera-
tions in respirstory minute volume (always in a divection opposite o the
change in ventilalion), it thus appeared as if the amount of activity in
the eroused hemidisphragn were responding, in part at least, to the changes
in dvive from the respiratory center,

Under conditions of comstant contrelled respiratory mimute volune,
slierations in cressed activity weve also prodused by procedures which
affest the medullary respiratory center sctivity independenily of changes
in vemtilation,

The effect of o centrel respirstory depressant, pentothal sodium, wpon
both crossed and uncrossed activity recerded during comstant pulrmonary venti-
lstion is illustrated in Pig. L Obwious depression of diaphragmstic sotive
ity on both sides vresulted, as shown in Figs. LD and LC, begioning withdn
thirty seconds after the injection, Fetwrn to the ¢ ontrel state reguired
approcimately thirty simutes.

- The effect of respiratory center exwcitation is illustrated in records
Gy D and E of Fig. 5. Artifioial ventilation was cerefully adjusted to a
leval Just sufficient to abolish crossed eotivity and held constant st this



same level throughout the expsriment, A ssall amount of potassium eyanide
rapidly injected intravenously (Fig. 50) was followed within thirty seconds
ty the appoarance of crossed astivity along with an inerease in direct
activity (Fig. ). 7This rapidly returned to the contrel state in Fig. 58
wvhich approvimates the activity at the time of injestion (Fige 5C)s

Thepe results confirm previcus observations(253520,21,22,2L) that
usotivity in the crossed pathwsy to the phrenic nerve may be modified even
in the presence of an intast condaction petlwmy over the direect phrenie
nerve. Thay also indlcste thet the amount of crossed sstivity vardes in
& fastion similar to the amount of direst activity, in direst proportion
% the intensity of the discharge from the medullary respiratory center.

Alterations of orossed activity in the snce of dirsgt
blook: Having sesn how ervesed asctivity varles with alterations in
respiratary drive brought about by experimental varisbles, the effects
of interruption of the direel phrenis nerve were next studied 1) widle
all known varishles wers held constant and 2) while certain of these
variablos were altered in & centrolled nmmior.

Pig. § presents resilts of this natures As already stated, artifisial
ventilation was adjusted to & level juet suffislent to abolish astivity
in the crossed henidiaphragn and held constant at this same level through-
out the experiment, Under these conditioms (Pig. 54), block of the divect
phrenic nerve alems (Fig. 58) falled to produce any arossed aetivity.
Daring the second direst phrenis Hock (Figs 5F), which again failed to
produce eny eressed activity, & emall amount of KON was rapidly injected
intrevenously. Once more orossed activity appeared within thirty seconds
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after the injestion, presumsbly due to reflex resplratory center axscitation
from the oysnide. IV should be noted that the amownt of crossed sctivity
produged Yy ayanide in the presence of block (Fig. 50) is not apprecisdbly
differsmt from that prodused by cyanide in the absence of block (Fig. Sh).
The rapid return $2 the control atate is iliuetrated Yy a comparison of
rocerds 54 and SH.

Further evidence that alterations of crossed setivity in the presence
of direct phrenic bloek may be due to alterations in the discharge from
the respiratory cemter is illustrated in ¥ig, 6. In these records it is
seen that under conditions of comstant comtrolled artificial ventilation,
direet rhrenle nerve section produced no obwious change in crossed activity
(ef. Pigs, G4 and 6B). Subsequently induced alteratiocns in respirvatory
exchange were accompanied by alteratlions in crossed eetivity which were
in the sams direction as the presuned changes in resplratory center
activity, increasing with hypoventilation (Pig. 6C) and decreasing with
hyperventilation (Fig. 6D)+ These changes were entirely reversible.

The fallure of direct phrenic nerve section te produce an obvicus
change in erossed astivity may have been due to our inability to deteot
minor chanpges in the massive Warrage of potentials from the diaphragm.
This prompted the use of the gquantitative method (dmrim gbove DPpe 9.10)
in which single motor wnit action potentials were recorded as the index
of total diaphragm activity and henve of respiratory center discharge.

Ume such experiment is illustrated in the graph of Figs 7« The
elarity with which individual wmotor units were recerded from cach diaphrag-
matie leaf is shown in the inserts in the graphs. That neither of these
units was maximally active during the control period was shown 1) hy an
increase in their astivilty wiieh asccompanied hypoventilabion (net illustrated)



and 2) by the gradual increass in wnit activity throughout the run (wee
graphy Fige 7) which wus due to sowe non-specific alterstion in the state
of the preparation wrelated to the dlocking of the dirset phrenic merve.
The greph itself presenis counts of the mumber of these twitches during
sash ingpiration plotted against time, measured by the muber of respira-
tlome. During constant comteollied srtifieisl ventilation, the direct
 phrende nerve was eold-blocked. The period of application of sold to the
nerve, as indloabed by the black bar, is undarstandably briefer thun the
period of funetional tlock as indicated by the cessation of activity on
the direct (Rt.) side. During this period of inmbarmuption of the direet
vhrenic nerve, the mumber of twitches per inspiration on the crossed side
shows no significamt change. This inpression was confirmed by statistieal
analyels of the dats represented in the graph. Comparisen of the mean of
the pre- mﬂ pogt-block control periods with the mean of the periocd of
block reveals no significant change during the bloek(L),

The yesults of a sivdlar experiment are presented inm Fig. 8. Tha
uppsr records of this figure (84, 0B and 8C) comstitute proof that the
"srosaed phrenie phemomonon® was demomstrable in this enimal while respire~
tlon remained spontanecus and uncontrolled, Diring the pericd of direct
phrenic blosk (FPig. 0B), altersd erosead activity wes evidensed byt
1) increased durstion of the total inspiratory dissharge, 2) increased
froquensy in aseveral of the asingle moter units, and 3) reeruliment of
previously inastive uniis. Controls before and after block may be com-
pared in Figs. 04 and 8C. In tho lower set of yecords (Figs. &n, 82 and
0r), obtained from the ssme snimal, the experiment was repeated in exsetly
the same way exzoept for the use of somstant, eontrolled artificial venmtilation
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throughout the rune ¥o change in the amount of crossed astivity whatecever
(Fige. 82) covurred with this block, during constent ventilation, In thess
records, one single motor unit from esch hemddiaphragn stood out with sude
ficlent clarity uwnder enlargesent to permibt ovunting. The nusber of these
mober unit twitches per lnspiration during the entire run is presented in
mmsmmmurmmmmmmmwmm
undt to increass its activity during the pariod of the direct phrenis
bloeka

Rosulis of these wantitative repordings (Figs. 7 and §) bear out the
findings in previous qualitative records {(Fig. &) and prove that inter-
ruption of the direet phrenie nerve daring comstamt artifiecial ventilation
falled to produse even minor alterations im the swount of erossed activity.
Furthermore, this wee demomstrated with both methods a total of sevemteen
tlmes in eleven cats and one dog. '

It hao been seen that alterations in crossed aobivity during intexr-
rupticn of the direct phrenic nerve sccourred only 1) when ventilatien
wag ungontrolled (e.gs Flge. 2 and 8) or 2) 28 & result of some procedure
vhich wan caleulated to alter the sotlivity of the respirvatory center
(8ez05 Figsa. © end 6). Sinve erossed setivity always changed in the same
direction ag the preswsed alterabion in respiratory senter drive, 1t would
be slmplest to explain the "orossed phrenic phenomenon® in the following
terms: Interruption of the direet phrenic nerve in & spontansously
breathing animal produces increased evessed aobivity W intensifying the
discharge from the respirstory centey.
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Influones of phrenic block wpon respiratory center discharge. Through-
out the experiments dealing with interruption ¢f the dirsct phrenie nerve
it gould only be assumed that respiratory drive bshaved in the expected
fashion during the period of the block, This assumption was necossary
bocaase the paralysis of the direet hemidiaphragm during the block peried
provented its use at that time as am index of respirstory drive. To
. elrcuswent this diffievlty and to eliminate the need for such an assump-
tiom, an index of respiratory drive was required whish would allow its
msapurement during the bloak perded as well as during the control pericds.
Hiscords from portions of the internal interecstals active during inspiration
should afford as valid an index of respiratory center astivity as records
from the diaphragns Tndoed, repoated observations(8) on gach mseles
indicate that they behave in a sanner idsntical to the behavier of the
diaphragm. Accordingly, action potentials recerded from bilaterally
symmetrical portions of those mscles provided o contimwous measures of
direct as well as crossed aatiﬂty during bock of the direet phreale
merve, although proof of ths sompletensss of ‘he block had to be sacrifieed.

Data from puch an experiment are presemted in Teble 1. The Ffigures
sre derived from recordings of single moter units in bilaterally symetrical
interchondral portions of intermal intercostal mscles. Oounts of the
mumber of these single unit twitches per inspiration on cach side were made
before, during and after direet phrenic merve blook. In the first rum,
the aningl was sllowed to breathe spontamecusly; while in the second rum,
ventilation was eontyrolled artificielly. In the upper portion of the table
are shown the msan mumher of twitches per inspiration on each side during
spontansous respirstion comparing the contyrol periods ‘(M) with the block
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perded {right}, A statistically significant increese in the amount of
activity on both zides during the periocd of the bloek is indicated by

the large value of § for the difference betwoen these means(h), Afver
artificisl ventilation was hegun, the crossed intercostal unit was lost.
Another unit was found which inoreased ils astivity meriedly with slight
decreaseos in ventilation and this unlt was uged thereafter me the index

of erossed activity., Repetition of Lthe diresct phrenic block under these
conditions of eonstant artificlal ventilation produced no significent change
in activity on either side during the period of the block as shown hy the
low % values. | °

ulerosoople examination of Weil steined seetions of the spinal cord
leoion in this experiment showed incomplete hamisection of the cord such
that & small portion along the medial edge of the ventral colum remained
unssctioned. In the light of the findings of Pitts{16) and of Bosenbaua
and Renshaw(20) the functionsl capasity of this ventral colusn remmant is -
balieved to have been insignificant.

In this type of experiment the intonsity of central respiratory dige
charge, indicaled by the amount of diregt activity, was shown to increase
significantly with direct pluwenic bloek wiils respiration was nﬁmnhwllld.
But dwring constant artifielal vent{lation, direct phrenic blook failed
to produce myy change in resplratory drive whateosvers
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DISCUUSBION

The results derived from these wperimenta provide the basis for
a simple and logical explanation of what has been termed a "phenomenmon®,

In gonfirmation of Rosenbaun and Renshaw(20) these results indleate
that the crossed respiratory pathwsy is normally active umder the condi-
tlons of these experimonts. No wpeeific manipulation ef the direct
phrenie noave was required to initiate conduetion through ercesing neurons.
The mmber of phranie motor neurons activeted by orossed comections was
gmall, This was apparemt from ths faet that it was ofien necessary 1o
search for slectromyographic evidence of activity in the crossed hemi-
diaphragm. The paueity of erossed activity made it impossible, in mamy
mtmg, o rely upon visual evidemee of the lack of independent
mseular aotion, Mechanical recordings, such as those used previously,
were not sufficiently sensitive to detect the small amount of movement
and were inevitably affected by movemenls transmitted from the direst
hepddiaphragn. For these reasons, evidence based upon mochanisal records
ings is tnveliable st bes 164 to the Cormation of erronsous ssndluelons,

Alshough the number of active motor units in ths crossed hemidiaphragm
was relatively smll, the evidence indigates that the crossed pablway
behaved in a fashion identical to the behavior of the direet patiwsy and
of othor inspiratory miscles{®). iugmemtation of respiratory cemter din-
sharge resultod in an increased rate of firing of orcesed phrenie unite
and recrultment of mew unite imto the pattern ¢f each imspiratory aycle.
The results again revesl that orossed activity is abolished more readily
than direct activity by influemees whisch reduoe central yespiratory dis-
charge(20), guggesting that the crossed phrenis neurons requirs a greater
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intensity of premymaptic bembardment to initiate thelr firing. This is
probably the dasis for the varishility ia the amount of respiradory
honiparesis preduced by cord hemlssction, and for the variability in the
ease with whisch crossing oould dbe produged at different times in the game
animal, which are such outstanding features of the results of previous
inveatigators.

With the use of adequate means of controlling ventilatory rate, and
with attention to the general condilion of the prepsration, it was possible
to obtaln the necessary vteady state of central respiratory astivity upon
wideh to superimpose the effects of interruption of conduction in the direct
phrenic nerve. The recognition of such a steady state requires a highly
sensitive index of central respiratory activity whish has not been used
in previous studles. The production of such & steady state requives
relatively protracted periods of uniform artificial ventilation before
equilibrium is reached; & uniform lovel of anesthesla; a stable sireulatory
condition; and the avoidsnoe of alterations of affersent sctivity frem
goneral somatie afferents in the vieimity of wounds, ste. The appreciation
of the importance of maintaining a uniform discharge from the respiratory
genter during direet phrenic interruption is evident in the reports of
‘the earlier imvestigators. However, no evidence that such a condition
was actually achieved is avallahle !'rm the published protocols or records.
Yhen a steady level éﬁ‘ central respiratory discharge was produced in the
present experiuents, no detectable alteration of ¢ rossed sctivity accompanied
interruption of conduction over the direet phrenic nerve.

On the other hand, when alterations secondary to direot phrenie inter-
ruptlon were pernitted to affeot changes in central respiratory discharge,
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changes in crvssed phreniec sotivity imvariably oceurreds In previcus
studies of this nature, activity in the direet hemidiephragm was the only
ungomplicated index of the intensity of the cemtral respiratory discharge.
Whan thds index was eliminated by msnipulation of the direct plirenle nerve,
the experiments became unsontrelled and difficult of interpretation. The
use of intercostal mscles; lnstead of the m, obviated this difw
fleulty by affording an index of central respiratory discharge whish could
be observed sondimuously tlrougheut the peried of direet phrenic nerve
blook. These intercosial recordings offer conglusive evidense that inter-
ruption of direet phrenic condustion during spentanecus vemtilation proe
duced an increase in emmtral respiratory discharge reflescted as an inorease
in h@ﬁx direct and crossed intercostal sctivity. Thws, the increase in
crossed phrenic sctivity, under similar conditions, can be aseribed to
alterations in central respiratory drive. |

The augmemtation of central respiratory discharge following direct
phrenie block during spontansous ventilationm is probably due to at loast
two important facters. The lmmediate increase in activity, appearing _
during the flrst inspirations follewing the bloak, nxy result from paralysis
ef the direet henidiaplragn and fallure of the normal smount of lﬂngi.n-;
flation. The resulbing alteration in afferent vagal sctivity from pulmonary
gtrateh receptors would be suffieismt 4o bring about increased discharge
from the respivatory center{11s14), this is mot inconsistent with the
findings of Chatfiedd end ¥ead(2). The slow, gradusl inerease following
the initisl change eculd vary well be due to altered blood gas tensions
resulting from isadoquate ventilation. Such ahanges have been demonstrated
to ogeur similtanecusly with the appearance of increased crossed sebivigy(25),
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This may very well be the basis for the delayed development of orossed
activity and its persistence after removel of the direot phrenie bloek
wideh appears so strilkingly in some of the records of earlier lmvestigators
as well as in this study. |
Of widespread interest im tlis regerd has been the work of Fleiash
and his collaborators(6) who recorded sstion potentials from the phrenic
nerves themselves and found increased activity in both marves following
interruption of cne nerve (spinal cord intact)s. They euggest It.hn't the
inoresased phrenic astivity is due to a propricceptive reflex initiated by
interruplion of thie nerve and thet the afferent lipulses arrive centrally
in the motor roots of the phrenis nerve iteelf. An slternative explanation
favored by these authors is that "a norve cell in discharging an impulse
along & fiver is informed by tils same fiber whether or not the irpulse
arrives at ite destimabion®(6), ....*the intensity of a nervous discharge
is veinforoed if that discharge is prevented from reaching its goalr(5),
ertain features in the axperimentsl data they present, however, make it
diffienlt to accept their interpretations. Piret, the condition of thelsr
axperinental animals seemed precaricus inasmmich as out of 50 animals only
S lived long encugh for records to be made, a duration of approximately 3
mimatea(l5), Seoond, thelr method of quantitating results depended upen
the assumption that any inerease in activity ocourring in the nerve would
summale with that already existing. Such resords of the astiom potentials
should show an inorease in amplitude corresponding to the addition of the
new responses o the pre-existing basal level. Published records{(5,p.dl,Fig. 3)
show that this did ot alvays ocgur tima proving this methed of quant:tation
unrelisble. And finally, augmentabion of insplratory discharges coourred
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only after the interrupbion of one phremic. If either of the two hypo-
thetical explanations of this chservation were tirue, augmentation would be
predicted as a result of interruption of the second phrenie as well as the
firste. This did nok ocouwr. No significant change st all oegarred in the
phrenic nevves followlng tids second blook(5). In view of these incon-~
slstencies and departure fron predicted resulis, another explanation for
the oheervalions of Fledseh and his collaborators st be ;snughtg

We tims arrive b the following conelusion. In & spotansously
breathing aninal with a hemlsoction of the spinal cord above the phrenic
motor moleus, interruption of nnnd:mti@n in the direet phrenic nerve
results Indireetly in an sugnemtstion of central respiratory diseharge
which is reflected as an inerease in activity in the erossod respiratory
patimays Purthermore, the results offer no evidence that any additional,
subtle, obecure alteration takes place in the crossed respiratory patbmay
for when adequate control of experimenial conditions poruits the achleve~
ment of a steady stale, the "erossed phrenie Mnf vanishes.
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SULMARY

1. In barblturate anesthetized mnimals with spinal hemiseetions &b
CyC2, mstle action potentiale were recordsd simmliamsously from each .
henidiaphrage during various procedures designed to explain the appearance
of increased orosmed activity (ipselateral to the hemisection) following
interruptica of the direet phrenic nerve (comtralatersl to the hemiseetion).

2. The activity of the arossed hewidisphrega was almays less than the
activity of the direct hemidlaphrags.

3. Using activity on the direet slds as an index of centrsl reapiratory
digcharge, activity on the croesed side was found to vary in a fashion
parallel to activity on the direct side during provedures whieh altered
the intensity of the central respiratorry dischargs,

L Activity on the crossed side inereased following interruption of
ths direet phrenic nerve during spemtansous uneontrolled ventilation.
(ualitative und quamtitative recerdings revealed that such a change did
not coowr during eontrolled artificial ventilation.

s Cemtral respiratory discharge imeressed following interruption of
the direot phrenic nerve during spontaneous wneontrolled respiratien. Sugh
a change xiid not oecur during comtrolled artiﬁaial ventilation, ’

6« It in coneluded that the amount of ervssed respiratory sctivity is
directly proporticnal to the intensity of the central respiratory discharge
and is entirely indspendent of the state of conduction in the direot phrenie
narve. The “grosped phrenie phenomenon® occurs only when experimental son=
ditions permit an sugmentation of central respiratory digoharpe to take
place as a segondary result of laterruption of the direct plrenic nerve.
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