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ORIENTATICON TO THE PROBLEM

This research was bagun as an attempt to estimate the enargy
cost of nervous activity. When the spinal cord of a frog is de-
prived of oxygen, reflex activity fails. This failure is pre-
sumably due to a deficit in the production of energetic Enter-
mediates necessary to maintain normal nervous function. t should
be empnasi zed that, as is often the Caﬁe, a re]ative!y simple
question has been found to consist of a large et of dependent
subqueétiéns. For instance, what is the functiona]istability of
the isolated frqg spinal cord over long time_periods? Does the
reflex féi]ure during hypoxia occur in a feprcducib]e and pre-
dictéblekpattern? Are the kinetics of metabolism related to
?unctfon in such a way as to permit the pattern of failure to
be modified by manipulation of experimental variables such as
témperature and activity level? Neurons are elongated, irregju-
}ar]y shaped ceils»whose various parts may‘be some distance from
otrer partiqns of the.same cell. Can one expeﬁt a‘uniform response
to hypoxia in éT] parts of the celi? VWhere in the reflex path
dees tailure occur under hypoxia? What portions of the neuron are
the most sensitive to hypoxia? Can hypoxic reflex failure be
mimicked by conditions designed to manipulate specific metabolic
pathways?

A1l of these guestions are considered in the research reporied
herain. The problem is open ended in that most of these questions
remain 1o be completely answered and continue to constitute the

basis iTor additional research. However, this thesis provides, for



the Tirst time, the description and characterization of some meta-
bolic correlates to nervous activity in a 1ittle-used preparation
eminently suitable for studies of this kind. The experiments have
previded a starting point for continuing the study of the relation-
ship between metabelism and function in the central nervous system,
The background for understanding the mechanism involved in
spinal cord hypoxic dysfunction lies in the literature of several
fields. The extensive introduction to this study discusses perti-
nent details of the following subjec
. Neurophysiology of the spinal cord
Eiactrophysiology of spinal activity

Specific aspects of spinal cord hypoxia
Energefics of ion metabolism

.

A 0 PO e

The neurochemical aspects of ion metabolism are pertinent for the

following reason: The initial hypothesis is that hypoxia primarily

aisturbs active jon transport and that the resultant neuronhysinlo-

gical changes can be explained on this basis.



INTRODUCTION

PART I - THE PHYSIOLOGY OF WEURON CHAINS



CENTRAL MECHAMISM OF REFLEX ACTIVITY

What is a Reflex?

As described by Sherrington (1), a reflex is z "mindless act"
wherein an srganisma in response to a2 stimulus, performs motor
activity in a stereotypic and reproducible mannsr. Even when the
brain, the center of consciousness, is destroyved the dog responds
to the "electric flea" by rhythmic scratching of the stimulated
area, accurately localizing the irritation and performing the
activity in the same fashion as if he were awake and healthy.

A large number different unconscious, purposeful moltor responses
to various stimuli have been recorded. In svery case the reflex
rasults from @ motor neuronal discharge in response to some

stimulus.,

-
-

Many of the reflexes that caen be elicited from an animal appear

to subserve specific purposas. Many are protective such as the
corneal reflex, the ear twitch, the scratch refiex, and the flexion
reflex, Many are adeptive, such as the various cardiovascular re-
flexes for maintenance of biood flow, pressurs, and temperature
control. Many reflexes are present as components of comp!icaied
adjustmant of motor behavior. The stretch reflex which the physi-
cian commonly tests by tapping the patellar teadon is a component
of postural reqguiation. Though integration of sensory activity to
produce azpropriate motor responses may occur on a subconscious
basis tha responses ara obviocusly in accord with one"s conscious
behavior, and may even be the basis for the exacution of wiliful,

conscious motor acts.

Pl



FIGURE 1. Spinal neurons of the tocad {2ufo vulgarus).

A, Mctor neuron - Note the axtensive dendritic aborizatiion.
Derdritic brarches form an extensive subpial plexus not
seen in phylogenetically higher vertebrates.

5-T. Interneurons
The stippling is in the region of the white matier.

From Sala y Pons, C. { 2)]
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CENTRAL MECHANISM OF REFLEX ACTIVITY

What is a Reflex?

+ 4

As described by Shervington (1), a reflex is a "mindless act
wherein an organism, in response to a stimulus, performs motor
activity in a stereotypic and reproducible manner. Even whenvthe
brain, the center of consciousness, is destroyed the dog responds
to the "electric flea" by rhythmic scratching of the stimulated
area, accurately localizing the irritation and performing the
activity in the same fashion as if he were awake and healthy.

A large number different unconscious, purposeful motor responses
to various stimuli have been recorded. In every case the reflex
results from a motor neuronal discharge in respbnse to soine
stimulus.

Many of the reflexes that can be eiicited from an animal appear
to subserve specific purposes. Many are protective such as the
corneal reflex, the ear twitch, the scratch reflex, and the flexion
reflex. Many are adaptive, such as the various cardiovascular re-
flexes for maintenance of blood flow, pressure, and temperature
control. Many reflexes are present as components of ccmplicated
adjustment of motor behavicr. The stretch reflex which the physi-

ian commonly tests by tapping the patellar tendon is a component

[9]

of postural regulation. Though integration of sensory activity to
produce appropriate motor responses may occur on a subconscious

basis the responses are obviously in accord with one's conscicus
behavior, and may even be the basis for the exscution of willful,
conscious motor acts. Thus. though a reflex may be a "mindless act" this

does not imply that voliticnal acts, directed by the"mind",can be accomplished

without the participation of yeflexes.



Reflexes, especially the simple ones, provide a system to
study the behavior of interacting neurons. Presumably all neurons,
whether or not they are involved in reflex activity, interact in
the same manner. There must be stimulus and the activated sensory
neuron conducts to the CNS which integrates this information by
specific anatomical pathways with other sensory inputs, and
selected motor neurons are controlled in an appropriate manner by

excitation or inhibition to generate a response.

THE ANATOMY OF SPINAL REFLEX PATHWAYS

From Figure 1 one may discern many prominent features of the
internal structure of the frog spinal cord which are typical of
all vertebrates (2,3). The motor neuron cell body Ties in the
ventral grey matter of the cord; its}axon exits the cord bundled
with other motor neuron axons to form the ventral root of the
spinal nerve. The sensory neuron cell body is contained in the
dorsal root ganglion (not shown). The central processes are
bundled together in the dorsal root and enter the spinal cord on
the dorso-lateral surface. The peripheral processes extend distally
to receptor sites in the various organs. Thus the spinal nerve
carries both the afferent and efferent fibers of the spinal cord.
Neurons which lie completely within the spinal cord interpose them-
selves between other neurons and are called interneurons or inter-
nuncials. Junctiions between neurons (synapses) are anatomically
distinct structures most readily observed in detail with the e]ectrén
microscope. The "wiring diagram" of the refigx pathways 1s a

nacessary adjunct to the complete understanding of the reflex



process. However, there are some general principles in addition
to anatomy that are essential to the understanding of reflex
rhysiology.

Reflexes, as with any nervous functicn, depend upon the genera¥
tion of acticn potentials in nerve fibers. Action potentials are
normaily initiated at the junction of the receptor and the afferent
fiber. Impulse conduction in the reflex arc normally ends at the
junction of the efferent fiber and the effector cell. The events
that occur batween these two extremes are complicated and varied;
but much is known about their mechanisms and the structures that
support them., The coordinated pattern of reflexly induced activity
is the result of control exerted in the reflex path which determines

what, how much, and when neurons are inhibited, facilitaied, or

excited. Varicus points aleng the reflex path are the site of

control and integration of reflex activity.

AFFERENT CONDUCTION AND DISTRIBUTION OF ACTIVITY

Afferent Structure

The primary afferent axons of all sensory modalities undergc
collateral branching upon entrance into the spinal cord and when
the spinal cord is transected, reflex activity below the Tevel of
the section can still be genarated from all forms of sensory stimu-

n (4

S

lati . It seems likely that most, if not all, reflex afferents

2

send collateral branches to ascending systems that subserve conscious
sensation or suprasegmenial reflex systems. For instance, muscle

spindie afferents are known to synapse directly upen spinal motor



neurons and internuncials. However, spindle afferents also invoke
activity in the brainstem, cerebeilum, and cerebral cortex (5.31).
Collateral branching of afferents is probably a general rule and
is the anatomical basis for the divergence and spread of ﬁncoming
signals throughout the whole CNS.

Branching of the axon is not limited to the production of
cotlaterale but each collateral branches again at its terminus.
The aborized axon terminals are seen by light microscope to termi-
nate in enlarged swellings called synaptic boutons. A single axon
may distribute a number of synaptic boutons over the surface of a
single postsynaptic cell to establish not one, but several synaptic
cannections. These synaptic connections are found on the dendrites,
cell body, and terminal axons of the CNS neurcns {6,7,8).

Electron microscopic evidence provides proof that there exists
a cyteplasmic discontinuity between the pre-and postsynaptic cell.
This conclusively establishes Cajal's "neuron doctrine” which states
that all neurons of the CNS are distinct cells and that the CNS is
not a syncytium of interconnected neural elements (9). On the basis
of electron micrography synapses may be divided into two types.
Type I synapses (axodendritic) are characterized by a 300 A cleft
containiﬁg e?ecfron dense material and a thick postsynaptic membrane.
Type II synapses {axosomatic) have a less densely staining cleft of
200 A width ard an irreqgular thickening of the postsynaptic membrane.
"~ In both types, the presynaptic terminals contain prominent vesicles
and mitochondria. The vesicles are seen to disappear with activity
and are thought to contain the chemical transmitter agent secreted dur-

irng activity. Scme believe that the morphology of the vesicles
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indicates functionally whether they will secrete inhibitory or
excitatory transmitter (10,11).

Conduction in Afferents

Before progressing further into synaptic transmission it is
important to consider the factors involved in the e]ectricaX’mani—
festations of nerveus activity. There are thfee reasons for delving
into details of the physics involved in electrical potentials of
nerves. First, synaptic transmission cannot occur unless an action
potential is‘propagated into the synaptic bouton. Anything that
can modify the action potential in the afferent terminal will
influence synaptic transmission and hence, reflex actiVity. Secondly,
certain structure-function relationships can be predicted from know-
ledge of the physical parameters for conduction. Lastly, given
understanding of certain physical principles it is possible to
hypothesize specific changes in the efficacy of conduction in refiex
paths during abnormal conditions such as hypoxia or ouabain poisoning.

There are two importaht aspects in the spread of electrical dis-
turbances in nervous tissue. One of these involves the passive
physical properties of the structure, the other involves active physico-
chemical changes in and around the membrane. In its passive behavior,
the neuron and its processes can be treated as a relatively pooriy
conducting wire or insulated cable. In its active behavior, the
genesis of the action potential depends upon operational molecular
systens,

Among the important perameters of cabie properties are the various
resistances to passage or conduction of current. There is resistance
along the outside surface of the axon which is a function of the con-

ductivity of the bathing solution. The membrane itself presents
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resistance to current flow dependent upon its molecular structure.
Finally, the axoplasm has a characteristic resistivity. Since most
vertebrate nerve fibers have a small cross-sectional area, the
internal resistance is quite high.

resistance = R L/A R=resistivity of axoplasm
L=length
A=area of cross section
The external resistance is quite low relative to the internal resistance
because the volume available for conduction is normally large relative
to the volume of the nerve fiber. Axoplasmic volume resistivity (Ri) has
been estimated from the ionic ceomposition as 200 ohm cm (12). The
volume resistivity (Ro) of physiological saline is 50 ohm cm. The
membrane resistance (Rm) is of the order of 1000 ohm cn £13 3
A local change in potential across the membrane will result in
current Tlow thréugh the membrane and along the outer and inner sur-
faces of the membrane. If the axon is modeled as a purely resistive
network an equation may be derived to express the transmembrane
potential along the axis of the fiber in either direction from the
locally induced potential change.
Vm = Vmmax (1—e:$)

Where  Vm=transmembrane potential
x=distance from point of depsolarization

The symbol v is sometimes called the "length censtant" and is the
distance over which the transmembrane potential changes by a factor
“e" (base of natural logarithm). An unmyelinated axor with the

physical constants indicated above and with a diameter of 1 u will
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inave a lencth corstant of 0.11 mm. This means that the transasenbrane

the resting potantial 0.17 mm From the point
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of depolarization. VYhen dynamic measurements are made of such
electronically conducted potentials one can observe a time lag belweer
the peak of depolarization and the peak voltage at a point distant
from it. In order to account for this temporal behavicr a membrane
capacitance must be included in pérai]el across the membrane resis-
tance. Consequently, as electrical disturbances are cunducted aiong
the axon, the amplitude and time course of the potential change at a
point distant from the source will be a function of the resistence
and capacitance characteristics of the axon. Since nmzihrane resis-
tance and capacitance is relatively constant from fiber to fiber,
the axcplasmic resistance is the important variable. {However, the
action potential generating mechanism can accommodate to dspolariza-

case,

(0]

tion if the rate of change of potential is too sicw. TIn thi
excessive membrane capacitance would prevent the generation of an
action potential.) Axoplasmic resistance varies invehsely with the
fiber diameter. Small fibers produce smaller and slowar e?ectrctonic
potentials than large fibers.

The passive electrical properties of axons are distinct from the
potential changes that are the result of those meiccular events
Tocalized in the membrane which underly the genesis and propagation

of the action potential. The action potential is genmrated by an as

et unknown mechanism which controls transmembrane icnic Fluxes (14},

[
F)

action potential is initiated by current flowing cutward through

—
=
W

tho sembrane and is an all-or-none event that lasis about one milli-



second. Once initiated, the action potential is electrotonically
conducted along the membrane away from its source. The resultant
current flow in adjacent unexcited membrane of the same axon begins
arize this membrane and, when depolarization reaches thres-
hold the adjacent membrane becomes invoived in the all-or-ncne
response. Obvious]} the speed with which an action potential pro-
pagates from point to point along the membrane is dependent upon
the rate of rise of the electrotonically conducted potential
advancing before the front of the action potential. The primary
determinant for attenuation of the action current is the axoplasmic
resistance. Thus the smaller the diameter of the axon the greater

will be the resistance to current flow and the slower the potential

ds

rise te threshold. The slower this rise, the stower will he the
conduction velocity of the action potential. Thecretical calculations
from data of passive electrotonic properties accurately predict the
conduction velocities of various sizes of squid axon (13,14). As
expected the propagation velocity is decreased when the axon is
bathed in 011 to increase the external resistance. Similarly, the
propagation velccities are increased when a wire is inserted inte
the axonlasm te decrease the axoplasmic resistance to electrotonic
conduction. |

Myelinated axons are covered by a myeliin sheath which is inter-
rupted at intervals c¢f 200-1000 y. This_myeTin sheath greatly increases
the resistance between the axoplasin and interstitial fluid {]05 ohm

cmz) {13). At the nodes of Ranvier, the region between the interrupted

cylinders of myelin, the resistance between the axoplasm and inter-



stitial fluid is Teast because of the absence of the myelin sheath.
Current Tlow through the internodal region is not sufficient to
generate action potentials in the internodal membrane. However,
current flow 7rom node to node normally exceeds, by a factor of 5,
that amount required to bring the nodal membrane to threshold Tevels
of depolarization. The ratio of action current tc current necessary

to elicit an action potential is defined as the safety factor.

Conduction velocities in myelinated nerve are higher than in non-
myelinated nerve because the action potential jumps from node to
nede instead of being delayed by propagation along the whole length

of the internodal membrane. If the safety factor for conduction is

i

-ta

ve.: Lhe minimum current for excitation nust be at least 20% of the
action current. The length constant for a 1 u myelinated fiber is
an crder of magnitude greater than for an unmyelinated fiber of
similar diameter (1.7 mm). The maximum distance from one node to the
riext which would result in an action current of 20% wouid be about
two length constants for a 1 u myelinated fiber or about 2 mm. In
addition to increasing the length constant, the myelin sheath con-
siderably reduces the capacitance of the axon and thereby increases
the rate of rise of electrotonic potentials (dv/dt) at the adjacent
node. Thus, a myelinated fibar of a given diameter ha§ a greater
propagation velecity than an unmyelinated fiber of the same internal
diamater,

One could predict that smaller diameter myelinated fibers weould

require shorter interrnodal distances in order to maintain a reasonable

safety facter for action potential propagation (17). Such & correlation
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(r~0.62) betwaen internodal Tength and diameter has already been
shown for Lulifrog sciatic nerve (18). The fo}Iowiﬁq equation
expresses this relaticnship.

Lf0.146 x 163d

where:

L=internodal length
d=fiber diameter

Measuremerts of nerve electrical potentials may include electro-
tonic as well as action potentials. Furthermore, small diameter
Tibers contrmbute Tess to the recorded potential than Jarger diametar
fibers {15). In some experiments described in this thesis, electro-
nically conducted potentials of greater magnitude than action puten-
tials were recordad. It is important, in the analysis of electrical
recordings, to recognize the difference between potentials electro-
tenically conducted to the wecordﬁng electrcde and those that are
the result of action potentials at the electrode,

From a telenlogical point of view, it is reasonable that the
myaiin disappears in the e branches of the terminal axon. Were
the branchlets myelinated, extremely short interrodal distances would
be necessary. Since the terminal branchlets are not myelinated,

.‘on potential invasion of the terminus is more secure. Little is

£

kncwn about the cable properties of these

-ty

nts, but it is

—ta
I

ne elen
reaschable to expect that propagation velocity through the terminal
branchlets is considerably less than in the parent axon. Mo informa-
tion exists concerning the stability of cable prbperties under adverse
conditions such as hypoxia. However, the vulnerability of normal

jon distribution and metabolism to hypoxia will be discussed helow in

-



detail., The above sections lay the ground work for the succeeding

discussion of <untret and integration cof reflex activity.

SYNAPTIC TRANSMISSTION AND INTEGRATION OF REFLEX ACTIVITY

In vertebratle nervous systems, any particular neuron Tunctions
by influancing the excitability of postsynaptic neurons. A post-
vhaglic neuron such as the meior nzuron receives synaptic connections
from a Tarce number of different afferents and internuncials. The
synaptic boutons appear to be structured uniformly and vary slightly
with motor neuron size {4). These synaptic boutons cover 40% of
the surfece of the soma and dendrites and may number as many as 5500

on & single motor reuron in the mammal (4). Direct cell counts in

the L7 segment of the cog spinal cord indicate tnat there ars

375,000 cells; but there are only 1200 fibers in the L7 dorsal root

(il

and 6,000 in the L7 ventral root (4). The large number of internuncial
and tract cells between the input and cutput could indicate capebility

for @ consicerable amount of integration and processing of neuronal

In the vertebrate nevvous system tha excitability of the vast
majority of poestsynaptic cells is changad by a chemical substance
secreted from the presynaptic terminals. (The arguments for chamical
‘ather than electrical transmissions at these synapses are universally
accented and not pertinent to this paper.) At these chemically opera-
ted synapses the acticn potential in the presynaptic terminal branchlet

causes release of the transmitter agent into the synaptic cleft. Little

is known about the mechanisms by which electrical activity causes
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secretion. The ion Ca’™ which has been shown to couple membrane
excitation to the contractile system is also necessary For excita-
tion-secretion coupling in the presynaptic terminal (i0,16). After
the transmitter is released, it diffuses across the synaptic cleft
where it combines with a receptor site to generate the postsynaptic
response, At the same time, an enzyme in the synaptic clefi breaks

down the transmitter substance and the products are re-assimilated

o

y the presynaptic structure to be resynthesized into transmitter
agent. The problems of transmitter identification in the vertebrate
nervous system are exceedingly difficult to resolve, and as a result,
unly fragmentary ambiguous and indirect evidence in favor of any
particuler substance has been made available.

Acetyl choline and related enzymes are distributed throughout
the QNS; but as yet it is best identified as the transmitter exciting
the Renshaw cell of the spinal cord (10,17). Epinephrine and
catecholamine enzyme systems are also widely distributad but no CNS
transmitter function has been proven. Other likely candidates for
transmitters include serotonin, histamine, gawma amino butyric acid
(GABA) and glycine (10,17).

Vertebrate transmitter substances acting at specific receptor
sites can be excitatory or innibitory to the subsynaptic cell.
Furthermore, a particular neuron prchably secretes only one kind of
transmitter from all of its terminals (8). It is difficult te
imagine the enzyme systems for one kind of transmitter localized to

one collateral branch, and a different system localized to another
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branch. This is especially true if the enzymes are synthesized
in the neuron nucleus and distributed to the terminals by axo-
plasmic flow. A good example is the spinal motor necuron. This
neuyon secretes acetyl choline at the skeletal myoneural junction
and probably does so at the recurrent collateral to the Penshaw
cell. Another example can be drawn from the known physiclogy
of primary atferents involved in monosynaptic reflexes. If a
primery afferent causes monosynaptic motor neuronal discharge,
it must be excitatory fto that motor neuron. However, colleteral
branches of the primary afferent inhibit discharge in hetero-
nymous motor neurons. If the collateral branches secrete onl
exc?fat&ry transmitter, then there are two possibilities to account
for the inhibition. First, there could be an internuncial cell
interposed between the afferent collateral and the heteronymous
motor neuron. This internuncial would be excited by the afferent
and in turn secrete an inhibitory transmitter. Inhibition of
heteronymous motor reurons occurs with latency suggesting a
disynaptic pattern. There is also histologic evidence to support
the first explanation of how activity in a single afferent can
cause excitation in one motor neuron pool and inhibiticen in
another (18).

The second possibility is suggested because of recent histo-
togical evidence that an afferent can make monosynaptic connections
to heteronymous motor neurcns (19). The receptor site mechanism

may determine whether or not a given transmitter is excitatory or
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inhibitory. This concept is supported by the ohservation that
certain moliuscs have giant ganglion cells whose responsé to
directly appliad micro doses of acetyl choline varies from depolari-
zation to hyperpolarization as the wicropipetie is moved across the
surface of the cell membrane {20).

Micro-electrodes inserted into the postsynaptic cell can be
ised to detect the response to synaptic activity. Synaptic excita-
tion uf neuron re;u?ts in a characteristic potential change in the
subsynaptic menbrane potential which is conductéd‘electrotonica1ly

throughout the neuron and may be detected by the micro-electrode
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ction potential. Stimulation of a few excitaiofy afferents may
produce a small EPSP afﬁer a delay of about 0.5 msec. This delay
includes the time for the transmitter secretion and diffusion from
the -presynaptic terminal to the postsynaptic membrane. It also
includes the time from combination of transmitter-receptor and

B/

the reactions that generate the beginnings of the EPSP. The EPSP
is apparently the result of a nonspecific increase in permeability
of the subsynaptic membraneg, hut the molecular processes invclved
are unknown (17). As the number of activated presynaptic terminals
is steadily increased larger and larger EPSP's are produced until

the current 7low from the EPSP's is sufficient to depolarize the

postsynaptic cell to threshold.



Careful examination of the micro-electrede recordings from
1¢ soma of impaled motor neurons reveals that there are fhree
- phases of pcientia? change from a synaptically produced discharge
(21). The first phase is the electrotonic depolarization caused
by the EP$P. The second phase is the slectrotenic cgmduﬁtion
through the cell body of the action potaential generated at the
initial segment of the axen. The last phase of the r&corded
discharge is the actuaI propagation of the actfon poéeniia1 into
fhe membrane of the soma and portions of the dendritic tfee. Even
though the synapse may be on the cell body_or basal dendrites of
the postsynaptic cell, the actjon pptential is inifiated in the
initial segment of the axon.

Inhibitory postsynaptic potentia?s‘(IFSP) are cbserved as a
hyperpolarization of the.poétsyﬁaptic cell. IPSP's may be the
result of a specific increase in pérmeabi]ity to K+ oy Cl- ions
but not tobNa+. Such potentiéTs serve to increase the difference
hetween the membréne potential and the 1&?93 of depotarizatibn
recessary to trigger an action potential (threshold pﬁtentia]);
The hyperpolarization of an IPSF sums algebraically with the
depolarization of a corcurrent EPSP and the influence on the
excitabifity of the initial seament is the resultant of these two
cpposing actions. Since the tevel of threshold for impulse genera-
tion is a relatively ccnstant feature of a given CNS motor neuron,
the excitability of a neuron trom moment to woment is a function

of the reiative magnitude of concurrent EPSP's and IPSP's. Dura-



16
tion of a postsynaptic potential depends upon the amplitude and
time constant fot electrotonic conduction as well as the duration
of transmitter action. For example, a 3 mv motor neuronal IPSP
may reach its peak in two msec and decay expopentially over the
next 20 msec. The time course of EPSP generation is similar and
is almest the mirror image of the IPSP in any one spinal metor
neuron (17),

Considerabie evidence has been amassed in the last few years
concerning prgsynaptic control over synaptic transmission. Fluctua-
fion of discharge 1n motor neurons has been observed in monosynaptic
reflexes even though no IPSP or chanca in threshold could be
detecéed at the motor neurcn. Instead ﬁhe threshold for discharge
of primary afferent terminals changes (22). Following dorsal root
stimuTation electrotonic potentials recarded from daréal roots
indicate that the affefent terminals remain depolarized for some
time relative to the axons in the dorsa} roots. Stimulation in the
region of the afferent fermina]s suﬁports this chservation because
the terminals appear to be more excitable,’that is, nearer threshold
(23).; It is apparent from such studies that depb?arﬁzing synapées
cn primaryvafferént terminals may induce primary afferent depo]ari-
zation which is accompanie& by reduction of the amount cf excitatorj
transmitter released from thoserterminals (16). Two mechénisms
have been suggested by which depo]arizat{on of afferent terminals
could proauce a reduction in the amount of transmitter released.

The first suggests that depclarization of one or more of thefine



7
terminals branchlets could produce blocka de of the afferent active
potential before invasion of the synaptic bouton (Z4). The blockade
of & number of synapses from invasion by action potential would
reduce the amount of transmiﬁter re]eased which in turn would
reduce the magnitude of the EPSP. The second suggests that the
amount of transmitter ré]eased from the presyﬁaptic membrane is
a functicn of the amplitude of the‘actjon potentia?‘(ES). By this
mechanism, all of the terminals could be invaded by an action
potential but presynaptic dépolarization would reduce the amplitude
of the action potentiaj and hence the amount of transmitter released
into the synaptic cleft. This latter hybothpsis nas support from
direét measurements of transmitier release in the giant squid
synhapse (16)ﬂ> Since fhe end reéu]t of the process is a reductien
in output from less vigorously excited postsynaptic neuroné it has
the appearahce of 1nhiﬁitign and has been misnamed presynaptic inhi—_
bition. | |

It is thus apparent that a refiexly induced réspcnse invelves
a variety of processes whjch occur at various portions of elongated
ceTTé. None of ihese proceéses is completely understood.and atl
but the passive physical chara&te?istfcs may Ee susceptib]erto in-
f}uence thfougﬁ experimental manipulations. Befcfe proceeding to
an analysis of these possibilities, it is necessary first to
censider how the recorded pétentia] signs of nervous activity may.

be interpreted in a rational and reliable fashion.
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PRINCIPLES OF INTERPRETATION OF ELECTROPHYSIOLOGIC RECORDS

With qppr@priate instrumentation, it is possible to detect
afferent sensory éctivity and efferent motér activity simultaneously.
by the proper placement of recording electrodes. Furthermors, simp?e
reflex activity can ba artificially induced by e]ect5i€a1 stimula-
tion of afferent nerves and the results detected by recerding the
electrical responses in the spinal cord or in the motor nerve. It
is rossible, therefore, to e}icit and detect veflex avti ty with-
out the presence of receptors and wusc]es; |

The 11Lerature abounds with descr1pt1ons of techniques for the
manufacture of gross and micro stimulating and recording electrodes
(28,29,30). The literature aiso contains descriptions of 3 vast

number of different nervous system preparations at all phylogenetic

™D

-t

evels (27). It is not reasonable nor particularly pertinent to

discuss them here. What is pertinent is to present some of the

typical recordings ootg1ned by Jﬁectrophysiolo gical examination of
the spinal cord reflexes. Associated wit this préseﬁtatian wili
be ar expesition of the ba51s upcn which these signals are ana]yzed
This <action will serve as an unct te the mefhods ?ﬂvoTved 1n
Lhe FXpEYemen tal portxon of this thes1s.

Figure (2A) is an example of the electrical notential changes
that are ﬁbﬁerved in the ventral root as a result of e!ectrica]
stiruwlacion of the homo]afera] dorsal root in the sam2 segment. In

effect, a reflex discharge of motor neurons is preduced from which



FIGURE 2. Spinal Reflex Discharges in the Cat

Part A (a-d): Successive reflex discharges in the ventral rnots
in responsa to stimulation of homolateral dorsal root. The arrows
indicate onset of monosynaptic and polysynaptic refiex induced
discharge of motor neurons respectively.

[From Renshaw (32)] .

<
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Part B: Ventral root discharge following stimulation of the
spinal grey matter and dorsal root.
a. Respense to spinal grey stimulation. The m wave is due
to discharge as a result of direct excitation of the motor
neuron. The s wave is due to synaptic excitation of the
mctor neurons.
b. Response to submaximal dorsal root stimulation.
Cc. Response to both spinal grey and dorsal root stimula-
tion. '
Note the facilitation of the s wave.
[From Renshaw (32)].

Part C: Reflex discharges recorded from the ventral root in
response to peripheral nerve stimulation.

a. Response to stimulation of nerves to the gastrocnemijus.

b. Response to stimulation of the sural nerve.
Similar conduction distances and amplification were used in obtain-
ing both records. Note the differences in latency and synchrony
between the monosynaptic (A) and polysynaptic (B} responses.
[From Lloyd (33)].

Part D: Reflex discharges in the ventral root in response to
dorsal root stimuiation. This record should be compared to Part
C. It illustrates the difference between patterns of discharge
from stimulation of peripheral (C) and dorsal root (D) fibers.
Both monosynaptic and polysynaptic responses are distinguishable.
Time marks equal 5 msec.

[Record from Lloyd (33}. Reproduced from Brazier, M. (34}].

Note: Negativity is upward in all traces.
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much informalion may be derived. For instance, one can measure
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abeut one millisecond from the time of stimulus to fh
ventral root discharge (latency). If correcticn is made for
conduction time in the roots, the delay at the synapse is esti-
mated at 0.6 msec. {32). Uhen the ventral grey matter is directly
stimulated a record similar to Figure (23) may be cbtained. The
respense labeled m is from motor neurons discharged directly by
the stimulus and s is from motor neurons discharged synaptically
by directly stimulated presynaptic fibers. The minimum interval
between responses is also about 0.6 msec. Renshaw (32) concluded
from these data that the initial synchronous velley in the reflex
discharge (Figure 2A) is due to monosynaptically activated wmotor
neyrens. The subsegquent fluctuation of poteht€a1 is due to poly-
csynaptic, asynchrenous activation of motor neurons by internuncials.
i.Toyd (33) showed that the patterns of reflex discharge depended
upen the sfze and source of the stimuiéted afferent fibers {(Figure
2C, 20). These classical experiments.are exainples of how electrical
responses can be used to make inferences about central synapticv
relationshins. |

Witﬁ the development and improvement of micro-electrode
techniques it became possible to record potentiais from small
regions within the spinal grey matter. These focal potentia]é
w;fé.subjected to anaiysis by Brooks and Eccles {35).

With a micro-electrode in the Qentra] spinal grey matter it

is possible (as illustrated in Figure 3) to differentiate the respense



FIGURE 3

Part A - From Figure 2 by Brooks and Eccles (35)

Action potentials set up by a single orthodromic volley initiated

in the gquadriceps nerve and entering the spinal cord through

LgCR. Potentials a,b and ¢ are set up in the same experiment

by stimuli just maximal for the large afferent fibres. Arrows
indicate stimulus artifacts. a. Potential recorded from the- .
LgVR which is insulated by suspension in the paraffin, the electrodes
being at the point of emergence from the spinal cord and at the cut
end. (cf. 8). b. Potential recorded between an indifferent
efectrode and a needie electrode in the quadriceps nucleus. In

this and all subsequent records of focal potentials, negativity of
the focal electrode is shown as an upward deflection. ¢. Potential
recorded from the LgDR at the levels of the needle electrode.

d-h. Potential recorded as in b but in another experiment with

deep anaesthesia. (90 mg. nembutal per kg. given intravenously
during the preceding 3 hours). In d stimulus is just above threshold
and its strength was increased by about 10% for each subsequent
record, being in h maximum for the large afferent fibres. Hote
slower time scale than for a-c. Same potential scale b-h.

Part B - From Figure 1 by Brooks and Ecclas (35)

Schema of lines of current generated by the propagation of an im-
pulse into the terminal end of a fibre immersed in a volume con-
ductor {(cf. 23, Fig. 7). The active phase of the impulse is
hatched in and its crest is indicated by an arrow. It shows that
the current flow at the terminal continues to be outward until

the arrival of the crest. The broken lines show iso-potential
contours. b. As in &, but to show that after arrival of the
crest at the terminal the flow continues to be inward even after the
terminal has recovered from the active phase (the innermost
current line). c. Schema as with a, but showing lines of current
flow generated when the soma of a motoneurone (the circle) is
depolarized relative to its axon, which is shown emerging from a
ventral root suspended in an insulating medium. The potential
field is also drawn (brcken lines), the T1ined marked 0 being that
of the indifferent electrode.
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of afferent (presynaptic) elements from the response of moter
neurons {postsynaptic).
The basis for detailed analysis of the shape of the wave

forms derived from focal micro-electrode experiments has been

clearly described by Renshaw et al. (36) and augmented by Brooks

and Eccles {(35). The five basic premises are as follows:

1. The pobenx141 at a po1nt in & conducting medium due

to the existence of activity in portions of a cell which is
at a distant part of the medium is small (either approaches

or actually is zero as the distance ¢f the point from the
cell increases). Therefore an electrode remote from a
nerve center may be considered as indifferent with regard
to electrical aCLTV1t' in that center.

. There is no external electrical field set up and
nerefore no current flows in the madium about a cell so
ng as every part of the surface of the cell is at the
e potential. Even if the potential difference

een t' outside and the inside of the call should
ge greatly, no external field would be set up if the
change took place uniformly and simultaneously cver the
ire surface.

3. An external electric field is set up when a potential
~difference occurs between any two regror> of the surface
of the call Current flows from the regions of high

potential to those of Tow through the survounding medium
and returns within the cell. Points in the medium ciose
to a region of the cell surface which is at a relatively

low potential are negative to the distant point p. Points

close to a region which is at a relativeiy high potential
are positive to the point p.

4. The difference in potential between any p01n1 n near
the c211 and a distant point "{which is at approximately
average or zero potential due to the condition described
in {c) decreases very rapidly as the distance of n

from the cell increases. The density of current becomes
rapidly greater as an active portion of a cell is
approached because of the dacr2asing velume through which
the action current may flow. Consequently, assuming
approximately constant specific resis tance oF the madium,
the IR drop becomes :ap1u]y steeper as the active region
(or an adjacent inactive region) is approached.

(Renshaw, B., et al. (36).

20
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5. Uhen current is flowing through the membrane into the

conducting medium, a focal electrode on the surface will

be positive to the indifferent electrode in direct propor-

tioriality to the density of the penetrating current.

The cenverse is true for the negativity of the focal

electrode when the current is flowing inwards.

Figure 3B is a diagram from.EccTes that illustrates these
points. The features of traces in Figure 3A can be interpreted
as follows. The initial positive wave of the trace signals the
distant depoﬁariiation of the afferent fiber. The potential
rapidly swings negative as the wave of afferent activity spreaﬁs
into the region of the micro-electrode. A slight positive dip
is often seen as the afferent activity passes beyond the electrode,
but this is immediately followed by a large persistent negative
potential produced by postsyraptic depolarization in the regipn
of the micro-electrode. Therefore, with one electrode the afferent
and eff erent activity of the reflex can be monitored.

Obvxous]y, a multitude of stimulus recording combinations can
be arranged depending upon the investigator's experimantal design.
Since the spinal cord contains distinct regions, sensory, motor,
ascending, descending, internuncial, etc. signals from different
regioné wiil predominate depending upen the placement of the electrodes.
It is even possible to record from within single nerve cells (37).

#bténtials Ted from the dorsum of the cord were first recorded
by Gasser (38). Figure 4 clearly shows these early and cbviously
primitive records. The rapid triphasic spike is a signal of the
afferent vd]Tey from dorsal root stimulation. The subsequent

negative wave is produced principally by internuncial discharge, but



rIGURE 4

Part

rart

A - From Fig. 9, fassar (38)
a. Response to dorsal root stim

Tati
dorsum of the cat spinal cord. Simultzneous observation

b. As in g above but with stronger stimulation and with
resultant hind 1imb flexion. Arvow indicates the onset

in time of muscular activity.

B ~ From Fig. 5, Gasser (38)

a. Normal cord dovsun response to dorsal root stimulation.

b. Cord dorsum response to dorsal root stimulation after
blockage of synaptic activity by hypoxia.






may be augmented by motor reuronal discharge as in trace 5. The
effect of hypoxia is shown in the second part of the Figure where
the negative or postsynaptic wave disappears even though the
aiferent signal persists. (Note that the amplitude of the
deflection and writing speed of the oscilloscope phosphor does

rot permit direct observation of the afferent spike., Its presence
is inferred from the positive deflections aad break in the base-
Tine). These are important cbservations because they demonstrate
a difference in the susceptibility of peripheral and central

rervous systems to hypoxia.

EFFECTS OF HYPOXIA ON SPINAL REFLEX ACTIVITY

Techniques and Gross Observations

The repidity with which hypoxia causes loss of consciousness
has been the subject of many and varied studies. The importance

of this kind of study is obvious. Firstly, most deaths, regard-
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less of etioingy, terminate by asphyxia of the central nervous

system. Secondly, the CNS is remarkably sensitive to dysfunction
produced by hypoxia, probably mere so than any other tissue (39).
[However, see Lindenberg (40}]. It is the purpsse of this thesis
to investigate the mechanisms by which hypoxia causes dysfunctions
in the CNS. The portion of the CHS to be examined in detail is
the spinal cord. Consequently, this saction wi1] consist of a
critical review of papers dealing primarily with hypoxia and spinal

reflexas,



A number of papers offer an excellent review of the Titera-
ture on the subject of hypoxia and spinal reflexes (41,42,43).
Krogh (42) cites the earliest publication as that of Nicoli Stenosis
(1669), who observed convulsions as the conseguence of aortic liga-
tion. t is interesting to note that this techniquz is used today
as a convenient means of inducing hypoxia in the spinal cord. Other
techniques include ischemia by pressurization of the spinal canal
above the blood pressure, cessation of artificial ventilation, and
ventilation with gas mixtures low in oxygen (42). The latter
technique does not result in the accumulation of COp in the spinal
cord tissue. However, it does result in a general hypoxia where-
as iigation of the abdominal acrta will not produce cerebral
ischemia and resuitant loss of spontaneous ventilation. Instead
abdominal aortic ligation causes ischemia in the Jumbar sacral
region of the spinal cord. Conséquent?y, whan chronic experiments
are performed, acrtic ligation is preferred. A possible disadvan-
tage is that acrtic ligation does not produce absolutely complete
ischemia (42) and may cause pH changes by the acéumulation of C0s.
Even though COz has been shown to depress monosynraptic reflexes,
Kirstein (44) observed that patterns of refiex failure in cats are
similar regardless of hcw the anoxia is produced. Therefore, the
effect of ischemia on spinal reflexes is considered to be primarily
the result of stagnant hypoxia {(44).

Histologic damage and clinical manifestations of dysfunction
are dependent upon the dediree and duration of hypoxia. Furthermore,

change in histology and dysfunction may continue up to two weeks
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:xamination of the spinal cord after signs had
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stabiiized, two to three weeks following an ischemic episcde,
reveaied amounts of damage dependent upon the duration of the hypoxia
(42.,45,51).  Van Harreveld (45) correlated these results with
clinical cbservation of the experimental animals. Pressure induced
ischemia of cat's spinal cord for 15-20 minutes did mot result

in merked alteration in reflex activity or gross histological damage
up to two weeks after the episode. If the ischamia was wprolonged

to between 25-35 minutes, spasticity (considerable extensor

tone, active tendon reflexes, and clonus) was observed. Spinal
cords from thase animals showed gross hfsto?ogica? changes. There
was nearly complete absénce of the cells surrounding the cantral
canal, and considerable damage in the central and medial regions

of the ventral grey matter. In the peroneus-tibialis motor pool

93% .of the nerve celis were destroyed and the surv?ving few were the

Targer cells on the periphery of the nucleus. However, if one

Is

assumed that the 1a?ger cells were motor neurons, post asphyxial cell
counts would indicate about 20% of the motor neurons survived. Fiber
counts of Ly ventral root indicate that approximately 30% of the
motor neurens survive indicating that some of the smail surviving
ieurons may be camma efferent motor neurons (41). Ischemia for
Tonger periods (up to one hour) produced a flaccid paralysis in the
experimental animals and even gresater histological damage.

According to Yan Harreveld (53) there is a stereotypic pattern of
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hind limb tone changes in the two weeks following & pressure in-
duced ischemia. Cats exposaed te 25-35 minutes of ischemia pass
through three stages of hind 1imb extensor tones. The "initial
tone" develops 6-20 minutes after the end of the ischemia and
tasts 15 minutes. The ensuing flaccidity is replaced by a
"sccondary tone" 6-12 hours later. This secondary tone lasts 1-2
days after which it way gradually disappear. Within 10-14 days
the f]ate tonef develops and this rigidity persists for the dura-
tion of the animal's life. If the duration of the ischemia is
Tonger than 35 minutes, the late tone does not develop.

Though this work seems fairly systematic, comparable studies
by Xrogh (42) do not show such well defined relationships of damage
to duration of ischemia. For instance, flaccid paralysis was seen
with 20 minutes of aortic clamping and 15-17 minutes of ischemia
resulted in various degrees of cell damage and spastic paralysis.
Both studies are in agreement in that motor neurons seem to be less
sensitive than the internuncial populaticn and that histologic
damage is greatest in the more central portions of the grey matter.
Gelfan (46) reports that motor neurcns may lose 66% of their dendritic
length after a 30 minute ischemic episode. Although ne interprets
this to be the result of denervation by internuncial death, one is
unable to assess the possibility that the dendrites were destroyed
as a direct result of hypoxic damage.

Acute hypoxia produces a rather stereotypic pattern of reflex

failure. Augmentation of excitability in the initial stages of
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hypoxia has been described by several of the very early investiga-
tors in this field. Sherrington (47) wrote that "a certain degree
of hypoxia favors the elicitation of the scratch reflex." Kaya and
Stariing (48) chserved blood pressure increases and skeletal muscle
spasms during the onset of hypoxia and concluded that spinal "wmotor
centers” must be excited prior to their ultimate depression and
failure. Tendon reflexes and flexion refiexes also show an initial
augmentation (41). However, reflex activity in mammals evoked by
muscle stretching or muscle nerve stimulation disappears within
35-45 seconds after the hypoxia begins (41). Flexion reflexes from
superticial peroneous may survive 15-20 seconds longer. If the
dorsal root is stimulated, reflex motor neuron discharge may survive
3~4 minutes. It has been shown that mammalian peripheral nerve
survives hypoxia for 30 minutes or more at body temperatures {49,50).
Consequently, the lenger survival time of the dorsal root induced
reflex compared to the motor nerve or tendon reflex is prebably due
to the activation of larger numbers of spinal neurons than can be
excited by peripheral nerve stimulation. The inevitable failure of
reflexes during hypoxia must alse be due to inexcitability of spinal
cord neurons. PRecovery of excitability occurs after release from
the ischemia. Howevar, this recovery may only be temporary as in
the case of preparations made ischemic for periods in excess of 35
minutes. In this case there develops a "secondary tone" after 6-12
hours, but the fact that this is fcllowed by a persisting flaccidity

indicates that some neurcns eventually docmed to die are able to
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temporarily resume function. VYan Harrveveld beiieves that the
initial episode of acute hypoxia results in depolarizaticn of ele~
ments in the reflex pathway. Restoration of oxygen .nay result in
rapid repolarization of these neurons but damage to ™enzyme systems

essential to 1ife" results in eventual cell death (47.45). This

cell death may takes 48-96 hours before it is histologically visible

<

(45).

These gross measurements of the effect of hypoxia on spinal
rafiloxes are complicated and provide no indication of the mechanisms
involved in reflex Tailure. An analysis of the electrophysiologic
measurements of hypoxic reflex failure is presented in the next
section. Mhat is needed is an indication of the intwaspinal events
during hypoxia and an estimate of the most sensitive element in the
reflex vath to hypoxia. In this manner it will be pwssible to get

a better idea of the mechanisms involved in hypoxic reflex failure.

Eiectrophysiologic Characteristics of Kvpoxic Reflex Failure

Survival of reflex discharge in the ventral roots has been moni-
tored by a number of investigators (44,54,55,56). As might he expected,
the initial augmentation of the reflexly induced muscular activity,
described earlier, i5 represehted by an increase in the amplitude cf
rotentials recorded from the ventral roots during the initial stages
of hypoxia (44,56). Monosynaptic reflexes were obsewrved to survive
longer than pclysynaptic reflexes during the acute phase and during
recevery from prolonged hypoxia (41,44). However, because of

differences in experimental design and inadequacies wf data presented,
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it is difficult %o get a good estimate of the survival times of
refiexes with differing complexity. |

K¥irstein {44) reported that when perinheral nerves vere stimu-
lated to produce ref?ex motor neuron discharge there was an 1n1t1a:
depression in the amplitude of the electrically recorded monosynaptic
response at the onset of hypoxia. This was followed by augmantation
and then subsaquent failure of the reflex discharge. Augmentation
of.the polysynaptic reflex was not slways seen. Figure 5 has been
taken from Kirstein's paper to illustrate the time course of the
potentia] fluctuations during ischemia and hypoxia. It may be
noted that the survival times of these reflexes wvare longer with

ien hypoxia than with aortic occlusion. Assuming that harbi-

nitr

L3}
oL

turates saiectively depress internuncials, Kirstein concluged that

the Dial sensitive initial depression, and late augmentatica of the

Eaivsvnsptie revlex was due to internuncial activity. The initial
depraession of the menosynaptic reflex activity was abolished by a
47 mg/kg dose of Dial, but in this case, the following augmentation
was not, Consequent1y, Kirstein coricluded that augmentation of
ronosynaptic excitability dur1lg hypoxia may originate from post-
synaptic structures. Kirstein further argues that polysynaptic
failure occurs in "presynaptic structures”" since monosynaptic
excitation of motor neurons was still possible after polysynaptic
failure had occurred. Perhaps this investigator meant to say that

internuncial transmiszsion is more suscertible to hypoxia than the

primary efferents or moter neurons. In any case, Kirstein does not



FIGURE 5.  Eifacis of Hypoxia and Ischemia on Reflex Magnitudes

Part A: Effect of aortic occclusion on the monosynaptic extensor
reflex (filled circles) and polysynaptic reflex (unfilled
circies) recorded as percant of contrel. The mono-
synaptic refiex was produced by gastrocnemius nerve
stimulation and the amplitude of reflex discharge re-
corded from ventral rcot Ly or 57. The polysynaptic
discharge was initiated by sural nerve stimulation and
areas beneath the ventral discharge curve were measured
planiiretrically. - :

Part, B: Effects of nitrogen administration on monesynaptic and
polysynaptic reflexes. Stimulus and recording condi-
tions are as in Part A. Note the longer time course of
failure during hypoxia than during aortic occlusion.

Note that in both parts the polysynaptic reflex augments socner
fails before the monosynaptic reflex.
tien {44).
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speculate any further about possible sites or mechanisms of hypoxic
reflex failure.

Previous to Kirstein's work, Van Harreveld (57,58) had reported
that the flexion reflex survived .longer than the monosynaptic re-
flex tension development induced by tendon tap. However, Kirstein's
results clearly showed that monosynaptic reflex discharge outlasts
nolysynaptic reflex éctivity. These reflexes were produced by
peripheral nerve stimulation. Since contractures were reported
during hypoxia it is difficult to imagine how Van Harreveld was
able to maintain any semblance of stable stimulating conditions.
Kirstien, of course, would not have had these problems. Van Harreve'd
also noted that in cats previously made hypoxic, for 25-35 minutes,
monosyﬁaptic reflex responses returned during the ensuing twe weeks
of recovery, whereas flexion reflexes were depressed or absent.

Even Van Harreveld concluded that in this respect thevmonosynaptic
reflex is more resistant to hypoxia than polysynaptic reflexes.

Both inveétigators suggested that perhaps internuncials were more
susceptible than motor neurons to hypoxia; a coriclusion born out
from the histologic studies. Since the motor neurons are the fina]
commnon path for both mono and polysynaptic reflexes, polysynaptic
failure must be presynapntic in nature or at least pre motor nasuron.

An attempt to further define the weakest element in hypoxic
reflex failure requires information about spinal'neuron function
inside the cord. Gelfan (54) compared cord dersum and ventral root

potentials in spinal cord of cats made hypoxic by aortic ccclusion.

-



Figure 6A cortains cord dorsum potentials recorded during 38
minutes of ischemia. The longest lasting pertion of this signal
is the initial triphasic (pos-neg-pos) deflection due to the |
afferent volley. Since peripheral nerves are known to survive
for Tong periods, this result is not surprising. The late Tong
Tasting positive deflection disappears after 2.5 minutes and is
the first portion of the cord dorsum potential to disappear.
Gelfan ascribes motor neurcnal discharge as the cause of this p
wave. More recent evidence indicates that this signal is due

to primary afferent depolarization (17). Consequently, Gelfan

must have been in error when he concluded that the mator neuron is
the most susceptible element to hypoxia. The large nagative
deflection betwsen the afferent velley and the p wave was observed
to outlast motor neuronal reflex discharge (Part B). Gelfan
believed this portion of the signal represented internurncial dis-
charge. However, it is difficult on theoretical or practical
grounds to differentiate with confidence between internuncial and
motor neuronal discharge, or EPSP. Therefore, Gelfan's paper is
not critical in determining the "Differential Vulnerability of
Spinal Cord Structures to Hypoxia." Later investigators have
abandoned the ambiguous cord dorsum potentials in favor of more
direct observations of motor neuron and spinal neuren function.

Another means of identifying activity irn intraspinal neurons
is to insert a micro-electrede into the motor neuron pool and

thereby sample from a small anatomically distinct population of
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FIGURE &. Effects of Hypoxia on Spinal Cord Potentials

Part A:  Cord dorsum potentials (negativity upwards) in response
te dorsal root stimulation during 38 minutes of asphyxia.
Note the persistence of the initial triphasic wave and
relative sensitivity of the late positivity.

Part B:  Effect of ischemia {eortic clamping) on spinal reflex
potentials. Cord dorsum potentials (upper trace) and
ventral root potentials (Towar trace) reflexly induced
by dorsal root stimulation. Note the disappearance:
of the ventral root response after 4 minutes and incom-
plete recovery after 54 minutes post ischemia. Cord
dorsum potential seems more resistant.

[(From Gelfan and Tarlov (54)j,
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reurons.  This focal potential recording fechnique and analysis

fot]

was described in an earlier saction of this introduction.

Focal potential recovrdings by Brooks and Eccles (59) have
been used to elucidate the site of hypoxic reflex failure. F;gure
7R contains records of these focal potentials as the dorsal root
induced reflex failed during hypoxia. The initial positive
(downward) deTlection of the afferent wave could be discerned
throughout the whole period of hypoxié. The large late negative
wave signaled the motor neuron discharge, and disappeared after
2.5 minutes. The records in subpart b of this figure show non-
synaptic excitation of the motor neuron pool by antidromic
{hackward) propagaticn of discharge. The initial positive axonal
signal outlasts the negative soma-dendritic signal as had been
previously suggested. Nhén both a and b of Part A in this figure
are compared, one can see that after 4 minutes of hypoxia the
orthodromic reflex discharge of motor neurons has failed, whereas
the motor neuron somata were still excitable to antidromic invasion.
Brooks and Eccles concluded that reflex failure cccurred because
the presynaptic afferent terminal fibers are most sensitive to
hypoxia and Tail to conduct the afferent volley to the synapse on
the motor neuron. |

More recent studies similar to the above more clearly distin-
guish between the afferent and efferent elements of the monosynaptic
roflex arc {56). Figure 78 shows that during ventilation with 5%

oxygen the biphasic afferent signal remained essentially unchanged
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Part ©

The Vulnerability of Presynaptic and Fostsynaptic
Structures to Hypoxia and Ischemia

Fecal potential records in response to orthodromia fa)
and antidromic (b) stimulation in the sane cat during
an episcde of 100% nitregen hynoxia. Note the disappear-
ance of the late necativity in the orthodromic record

at 3'25" which indicates loss of raflex motor neuron
discharge. However, the antidromic fecal potentials
indicate that the motor neuron is still excitable at

4 minutes of hypoxia, negativity upwards.

(From Brooks and Eccles {59)

A recent focal potential study in the cat spinal cord.
Records are taken serially from a trial in one brepara-
tion. a: control; b: 8'30"; c: 13'50"; d: 17'20";
er z2"15"; g: 53'30"; h: 61'; i: 64'. MNote the
difference between the susceptibility of the pre-
synaptic Tocal potential (initial triphasic wave under
5% 02 and 100% No.

(From Eccles et al. (56). Hegativity upwards.

A table comparing the survival times in minutes of
varjous responses of the motor neuvon as measured by
intraceliular recording from 17 cat lumbar motor neurcns.
The columns are ordered left to vight in increasing
means of survival time. Note that in 9 out of 11 motor
neurons the antidromic spike outlasted the orthodromic
(synaptic) spike. 1In all cases the initial segment
spike vutlasted the orthodromic ({soma-dendritic) spike.
in only three cases could EFSP's be detected after the
soma failed to conduct an antidromic spike.

(From Collewijn and Van Harreveld (60)
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while the postsyraptic response disappeared. However, during
ventilation with Ny the negative porticn of the afferent signal
decayed with the postsynaptic respeonse. One might conclude from
the 5% 02 expariment that the failure was due to moter neuron
inexcitability since the afferents appeared to be active even
after the reflex failed. However, the Ny experiment clearly
showed that the afferents were sensitive to hypoxia and led the
authors to conclude that failure was dug to afferent terminal
depolarization. In support of this conclusion, it was discovered
by direct stimulation that the afferent terminal excitability
slightly increased and then abrubt?y diminished to zero after
2 minutes of exposure to 5% oxygen. This cbservation is consistent
with the concept that the terminals depolarized during hypoxia.
Unfortunately, the authors of this paper did not provide a2 compari-
son of the temporal course of the afferent terminal excitability
or reflex activity. The results are not clear though the authors
favor presynaptic failure as the cause of reflex failure under
hypoxia.

Kolmedin and Skoglund (61) first recorded intracellularly
from spinal neurﬁns of cats undergoing asphyxia. The resting
membrane potential of the motor neurons was seen to decrease over
a period of Z minutes. Spike amplitude did not change until after
this perivd when it finally, and rapidly decayed and the cell became
inexcitable. They aTsd showed recordings from internuncial neurons.

Though these investigators did not tabulate their data, they report



33

that orthodromic spikes were often biocked before antidromic

-spikes. In addition, they suggest that interncurons may be less
sensitive than motor neurons to hypoxia.

Nelson and Frank (62) have used bipolar concentric electrodes
to record resting transmembrane potentials from motor neurons of
the cat. This study reports great technical difficulties as the
enset of hypoxia causes blood pressure fluctuations and consequent
electrode movement. Moving the electrcde only a few microns
alters or destroys the potential recording and makes interpretation
of their vork difficult. A11 their pubiished records consistently
contain movem ent artifacts and from little evidence they conclude
that motor neurons are remarkably resistanL to hycox%a. They

'p&rPﬂt]j have observed Wotor neyrons wh05e resf'rg membrane
note wz1a1s cnanced on]y 1-5 mv over a per1od of 2.5-3 minutes of
asphyxia. \o?modln and SPog]und had earlier reported oderate
aapolerization” dur1ng the flrst m1nute, and rapid depa]arization
for some undefined period thereafter ’61)

| In a tiudy which has not attracted much attention, Washizu
(62) reported the resylts of intrace]]u?ar recordings from isolated
toad snina] cords. The orthodwomic, antidromic,‘and direct]y-

stimu abed rotor neuron generated action potentials which underwent
gradual reduction in amplitude over a period of 30 minutes during
hypoxia. These are considerably longer survival times when compared

to mamnalian studies. Failure of synaptic transmission {orthodromic)
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sas attributed both to

(.
f]

reduction in excitability of motor neurons

Ly

As measured by direct stimuiation, and to reduced excitatory synaptic
potentials (EPSP). ‘ashizu believes that the reduction in EPSP
could arise from failure of the presynaptic fibers.

It is common characteristic of the intracellular work dis-
cussed so far that very little information is given concerning the
number of experiments performed, reproducibility of results, or any
quantification of parameters such as mean survival time, antidromic
vs orthodromic survival, etc. One is Jeft with the feeling that
thase experimenté were exb!oratory and preliminary observations,
as no clear hypotheses were proffered or tested and the mechanisms

ra‘}hrn only postulated.

It is refreshing, therefore, to discuss the recent work by
Anihonie Van Harreveld and his collegues {60,64). First of all,

Van Harreveld reported that the spinal grey matter in cats under-
going stagnant hypoxia slowly begins to develop a negative potential
relative to the surface of the spinal .cord (84). The focus of

this negative potential appears to be intermediate between the
dorsal and ventral horns. 'This asphyxial potential is attr?buted

to depolarization of the "intraspinal part of the motor neurons"

(dendrites) and primary atferent terminals.
Van Harreveld postulates two mechanisms by which hypoxia may

arfect reflex activity (41,60 60) Hypoxia causes (1) increased

sodium fon permeability and/or (2) arrest of the ion pumps. Since

dendrites and fine terminal branches of axons have a high surface
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area to volume ratio, these elements would be more rapidly affected
than the somata or axoné. By either mechanism hypoxia wéuld result
in the movément Nat C1- and water fntorthe neuron with resultant
decrease in the transmembrane resting potential (41). The cause
of the postulated increase in sodium pérmeabi]ity ié attributed to
the release of a chemical substance perhaﬁsvglutamate. However, .
R.VEccles (56) has observed that the motor neuron membrane resis-
tance does not change during hypoxia, an observation which casts
doubt on the notion that hypoxia causés an inéréase in jonic
permeability. Furthermore;_lto and Oshima (66) have obtained values
for sodium permeability of spinal motor neurons of the cat. Thefr
ca]cuiationé indicated that the rate at which spinal motor neurons
depclarize during hypoxia is about what one would expect from
simpie inhibition of active sodium transport. Consequently, there
is no neéd to postulate the release of a depolarizing agent in’
spinal cord, but the mechanism of hypoxia-induced spreading depressicn
in cerebralcortex may require such a postulate. Van Harreveld has
evidence that intracellular C1- and extracellular impedance increase
during asphyxia of the CNS which is consistent with this proposed
mechaniém of failure (41). The motor neuron would be excitable to
antidromic invasion after orthodromic invasion has failed if failure
is due to depolarization of the fine primary afferent terminals.

Van Harreveld also remarks on the great technical di/ficulty under
which his intracellular experiments were performed. In spite of

this, he tabulates (Fig. 7C) his results sc that the reader has an
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idea of the quantity of experiments and the reproducibility of
results. Lvern though Van Harreveld fails to mention it, the mean
survival times of his intracellularly menitored orthodromic
responses to dorsal root stimulation (1.5 minutes) were cu:s1d@vab1y
less than what he reported from ventral rcot recordings (2.5 -

4.5 minutes in an earlier paper (55) ). Perhaps Van Harreveld's
cells were partly damaged by impalement of the micro~e1ecirode.
In two out of ten cells the antidromic responge failed before the
orthodromic. However, one can apply the wi?coxson‘s sigred rank
test to this data to test the hypothesis that there is no difference
between the medians of the antidromic and orthodromic survival times.:
Since‘this test (7=4.5) rejects the null hypothesis at the 5%
level it is not hérd tc be convinced by Van Harreveld's data that
the motor neuron is less sensitive to asphyxia than the rest of the
monosynaptic reflex path.

The weight Qf the evidence so far suggests:

1. The monosynaptic ref]ex is less sens1t1ve Lhan the poTy—
‘synaptic reflex.

2. Motor neuron is the least sensitive element in the ref]ex
path to hypexia. :

The postulated mechanism of reflex failure is that hypoxia prevents

active transport which results in passive depolarization of the

neurons. Depolarization would proceed most rapidly in fine terminal
axon branches‘and distal dendrites (41.43,56,55,67,68).

The most recent publication in this field is also by
Van Harreveld end his associates (69). The next Togical step in the

develapment of his concept qf hypoxic reflex failure would be to



examine the effects of hypoxia on internuncial neurons by intra-
J s

cellular recordings. Technically even more difficult than his
work on motor nzurcns, this work is based on the results from only
19 1interneurcns. These cells become inexcitable to orthodromfc
and direct activation at about the szme time during asphyxia.
Furtnermore, ne was able to cbserve excitatory postsynapiic poten-
tials after the cell failed to discharge in response to direct
stimulation. The mean survival time for discharge in these cells
(3 minutes) is Tonger than that for motor neurons {1.5 minutes)
under similar conditions. In contrast to the conciusions from his
motor neurcsn studies, Van Harreveld is forced to conclude that the
prianciple cause of failure of synaptic activation in interncurons
is due to the depolarization of the interneuron scimata rather
than the presynaptic axon terminals. However, it is possible to
conceive that primary depolarization of the internauron dendrites
electrotonically depolarizes the interneuron soma. If dendritic
depo?arizatfcn is powerful enough it could result in postsynaptic
failure before the presynaptic terminals had depolarized. One
is stiil required to explain why the survival time of the inter-
nuncials is Torger than VYan Harreveld previously observed for
impaled motor neurons.

If one accepts the conclusions of this paper, it is necessary
to alter the interpretation of other literature in the field. Why
do polysynaptic reflexes (involving internuncials) fail before

monosynaptic 1f internuncials are less sensitive than motor neurons?
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Is an internuncial membrane different from a motor neurorn membrane?
Are presynaptic terininals to the motor neuron more sensitive than
those to the internuncials? The results from this paper make

generalizations froin monosynaptic studies quite difficult.

Summary and Conclusicns - Part I

The only general agreement in the literature is that hypoxia

causes reflex failure. Starting from here one can conclude that

the motor neuron is the least susceptible element in the mono-
synaptic reflex pathway. Next, the balance of evidence indicates
that internuncial paths (polysynaptic) may be more sensitive than
monosynaptic pathways. If so, why are internuncials less sensitive
than motor neurons? Could it be that the "weak sister” is the
primary afferent neauron?

Concerning the mechanisms of hypoxic reflex failure, the most
attractive hypothesis is as follows:

Active ion pumps are inhibited when hypoxia reduces the

supply of ATP necessary to their operation. The result

is an uncompensated passive influx of Na* and efflux of

Kt which causes depolarization of the cell. This ion

movement sheuld have the greatest effect on portions

of the neuron that have high surface area to volume

ratios. These are the dendrites and fine terminal

biranches of the axons. Consistent with this mechanism

is the observation by others that hypoxia monosynaptic

reflex Tailure is presynaptic in origin - i.a. fipe

terminal branches.

However, there is one basic assumption made in alil of the intra-
celiular studies menticned so far. This assumption is that the

micro-electrode is sempling from near the region of motor neuron



membrane participating in synaptic junctions with monosynaptic
afferents, i.e., that monosynaptic afferents always make axo-
somatic synapses. What if the stimulated afferents were syrnapsing
on distal dendrites instead of motor neuron somata? Heneman (52,53)
has shown electrophysioleogically that mammalian motor wmeurons are

ndead innervated on distal dendrites by mencsynaptic afferents.

—de

These observations are substantiated by recent histologic evidence.
{19). These studies make it impossible to be certain that a given
motor nauron has axo-somatic synapses from the monosynaptic
afferents. Furthermore, a micro-electrode in the soma might not

be sensitive to potential changes on distal dendrites. Therefore,
reflex failure could occur in dendrites of the motor neurons before
the afferent terminals fail. As a result the somata of motor
neurons would stiil be invaded by antidromic actieon potentials
after the reflex Tailed. This test of somal excitability does not
test distal dendritic excitability. Thus antidromic excitability
after reflex failure does not prove that the failure was pre-
synaptic in origin. Consequently, the micro-electrode axperiments
on mammalian spinal cords cannot distinguish between presynaptic
failure and postsynaptic failure with complete certainty. As a
resuit the conciusions drawn by the above authors must be viewed

with scme caution.



INTRODUCTION

PART II - THE ENERGETICS OF ION METABOLISM IN NERVE TISSUE
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ELECTROCHEMICAL GRADIENTS ACROSS CELL MEMERANES

It is an invariahle observation that ion concentration differen-
ces exist across ail living ce]}'membranes. S5ince electrical poten-
fia] differences are conccmitant with these ion differences, an
atectrochemical gradfent is estabiished across cell membranes.

Transport theories to explain this phenomenon abound in the
Titerature of the past six decades. Donnan's {70) thermodynamic
treatment of equiiibrié explains concentration gradients across
cell membranas by merely passive, non-energy consuming principles.
Bernstien (71) postulated that the rasting membrane potential was
the resuylt of K* permeability and NaCl ifipermeability. Boyle and
Conway (72) lent support to this theory by their observation in frog
muscles of concantration differences for K© predicted by Donnan
cquilibrivin, but definitely showed that the cell was also parmeable
to chloride ion. However, if Nat is also permeable, bioloyical
tissue would be unable to sustain the encrmous osmotic pressure
differences established by complete Donnan equilibrium. Unless
these memnbranes become impermeable to water or electrolytes at some
stage in their development, Donnan equilibrium would cause cell

Radicisoteope studies, direct tissue analyses and jon specifi
electrodes are some of the techniques used to conclusively demonstrate
that cells are permeable to both Na™ and k' and that a constant move-
ment of each of thesa ions exists in both directions through the cell

membrane (74,75). Avparently a steady state (stationary statej
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fectrochemical gradient is present ra?her than equi?ibrium
(76,77).

The consequence of a steady state condition is that a conti-
nous expzaditure of metabolic energy must prevail in order to
maintain it. _Since, in the steady state Na* ié not in équi]ibrium,
and Nat f]ux out of the cell (efflux) is against an e]ectrochcm»cal
gradient, energy must be consumed in the ma1n.enxnce of this f]ux,
A1thqugh the mechanism of such a process is not known, metabo%ic
energy linked movement of a so]qte is defined as activebtransport
(78,79). Forma?izatiqn based on the thermodynamicslof irreversible
processes has alsc provided critcr1a TaF def1n1ng active t”ansport
(80,81).

| The purpose of the following sections is fo present evidence
that thg maintenance of the steady state in nervous tissué is

dependent upon the expenditure of metabolic energy.

STEADY STATE DEPENDENCE ON OXIDATIVE METABOLISM

Chamical Co ;os1ranr of the Pervous Systew

The chamical cnmpo>1tion of thﬂ nervous ;jsceﬂ is as epeb1a?17qd
as its funcé on (82). Furt¥erﬂore, it s qu1te he*erogeﬂous in
composition, especialiy when white and grey matter are compargd (83)
The ]1p1u content of bra1n is far greater than thaL of any t1ssue
eyrep ad1pose c1ssue {82). Yet, the centraT nervous system (CNS)
contains T1tt1e trlgT'CCYTQLS or cholesterel esters (84). About
60% of the brain lipids, and those that are most soec1f1c to the

nervous system, are found in myslin.
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The CNS is relatively deficient in pr 2in, containing only
about 30% of the amount found in an qurva}wnt weight of muscle,

This is reflected somewhat by neuronal enzyme concentrations. Fow

about 60% of the concentration found in Tiver {85). Oxidative enzymes
appear to be associated with mitochondria which are found in the
somata, dendrites, terminal axon, and the nodes of myelinated

axons (86). The CNS, unlike most tissues, contains Titt 1; chehpn
(83{87). This may exp1a1n neuron fUQctioﬁa] dependerncy upon
moment;to—mcmen de11very of substrate by ihe blood since glycogen

is a source of metabolic energy.

Energy Metabolism in the CNS

*

Lipid turncver by the CNS s relatively 510w5 and neuronal 1ipid
content dses not fluctuate w1th body weight changes (88). Protein |
energy metaboiism is reiated to thr amino ar*u ﬁ?db@?iSW, ‘The‘
‘mammallan brain contains an1no dC?d cnncen?ref10ns between two to
eignt times the concentration in p?asma,_depending on the épecies
observaed (82). | | |

Carbohydrate metabolism is not remarkably different'from that

of cther ti

'.f!

és A1l the represehtat?ve pathways are present but
the Ewmbden-Myerhof pathway uloporft‘the most tra%f%c. G}ucnse is
the predominant substrate for energy metabolism in the CNS and under
ﬁarmal c9wd1tinns, *he bra1n respires excsus1v9]y at its eApeﬁse
(89).

ince the RQ of the CNS is neer unity, it was oace thought that

glucose was solaly oxidized hy the Embden- hyorln qtuwav Rad10~
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isotope studies have shown that only about 60% of the glucose
enters this pathway directly and the rest passes to intermediates
such as amino acids which are in time oxidized to 0, and H,0 (89).

One of the major pointé of departure from simple g]yco]ysis
occurs in the Tricarboxylic acid cycie (TCA). Glutamic acid and
glutamine, considered important métabo]ites because of their abundance
in the CNS, may be synthesized froﬁ TCA intermediates. Furthermore,
Terner (90) showed that k¥ depleted brain slices would recover
initial Kt values only when glutamate and glucose were both present;
neither were effective Jone. A second amino acid, gamma amino
butyric (GABA), is also prominent in nervous tissues. The conver-
sicn 6f glutamate to GABA may be catalyzed by a transamination or
directly by glutamic acid decarboxylase (GAD)}. This enzyme is found
only in the mammalian CNS and largely in the grey matter (91).

Thus it can be seen that nervous tissue contains the necessary
substances to carry outioxidative metabo]ism. It was shown in
Part I that the functional properties of reflex activity are critically
dependent upon continuous delivery of oxygen to the system. The next
section will discuss the metabolic rates as measured by different

parameters,

Parameters of Oxidative Metabolism: Giucose and Oxygen Consumption
Heat, Production :

Oxygen consumption of nervous tissue, the most oovious and most
easily measured parameter of metabolic activity, has a long history
of study. It has been reported (92) that Thunberg in 1904 first

‘succeeded in detecting respiratory activity in isolated nerve.
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Since then, observations,h&ye been made in cother jsolated segments
of the central nervous system (93,94,95,96,97), homogenates (94,98),
mftochondria] suspensions (98), in vivo (99), and in situ (100,701).

For adults in vivo, the CNS accounts for about 20% of the total
bedy basal oxygen consumption (89). The oxygen consumption varies
with the age of the individual, and the portion of the tissue
studied (83,99). In vitro slices of cortex, medulla, and spinal
cord respire with relative ratios of 100:34:12 (95). Gray matter
is highest in oxygen consumption, wheresas white matter and peripheral
nerve are lowest {83). This would suggest a greater metaboiic
‘rate in the soma-dendritic portion of the neurun as opposed to the
axon.j In fact, on the basis of the distribution of enzyme activities,
Lowry (102) considers the source of grey matter metabclism essentially
dendrites.

The relative dxygen consumption_of different tissues, different
portions of nervous system, and different species have been tabulated
from Tower (83). (See Table 1).

One problem in making comparisons between different authors is
that éifferent units are used. Oxygen consumption under standard
conditions is often expressed as ul /mg dry wt/hour (equals Q0z), or
ml/]Oé g wet wt/minute, but perhaps the most informative and most
recent expression is pmoles/gram fresh tissus/hour.

Expression of oxygen consumptions per gram by nervous tissue
is not the only way to relate metabolic rates. Comparisons cof tissue
on a per cell basis eliminates differences due to cell types and

density. Expressed in this manner, neuronal Q0, is about four times-..-



TABLE 1
0, Uptake
Total {(ul/hr)
Nuclei 6
Tissue Pgr per mg per 10
mm™ X fresh nuclei
103 wt.

Cat
Cerebral cortex.......oiiennie, 128 2.4 19
Corpus callosum.........ovevevennnn. 135 P77 57
CErebellar CorteX: s vscnensmies usun 808 2.1 2.8
Dog
terabra) CcorteX. .o ....avondessnasass 148 2.15 14.5
LOTDUS CATMIEBHM. .cacave o roanarsdos 145 0.69 4.8
CerebeTinr corlex. . iasivrpnecsnmas 568 1.7 3.0
Man
Cerebral cortex....... e 13 1.8 14.5+
Corpus cailosum......vvvieenennnnn. 112
Temporal lobe white................ 4.78 6.7t
feraheliar whiles, saevasen vsivnanas ‘ 42 0.33 7.9
Mg T TOLTBEAEOMAT - ¢ i amiwwnsos b awns 1170 0.52 0.44
B OOy DS . s a5 s i b - AL Awels 210 0.19 0.91
Oligodendrogliomat................. | 298 1.4 4.7

[From Tower (83)]

. that of liver parenchyma(83). An even better method might be}
comparison by cell surface area, since it will be pointed out later
in this paper that surface area, ion movements, and metabolic rates
may be interrelated. However, surface areas for irregularly shaped
cells are difficult to calculate (103).
When examining the 02 consumption of nervous tissues, it should
be clear thaf the material is tissue - not just neurons. The neuroglia

and other connective tissues are responsible for a considerable amount
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of respiration in the CNS and may be affected by conditions designed
to affect neurcns only (104). They may compr1se as much as 70% to
8C% of the total cellular population of the cerebral cortex (33).
Comparison of cerebral cortical (neurons and ¢lia) respiratioﬁ with
that of the ccrpus. callosum (axons and glia) led Korey and Orchen
(106) to postulate that the respiration of the cortex was 76%
ncurona1. of white matter 30% neurcnal, and the resp1rat1on of the
whole bra1n 66% neurona1 However, Hamberger (105), using the

alegant microdissection techn1ques of Hyden found that 911 1 rata«
bolic rate was equivalent to or much greater than that of neurons.
Enzyme activities per unit volume or unit dry weight were greater
in glia than in neurons. Others (see Tower (83) ) claim to have
evidence that.glia respire less on a per wet weight basis fhan
carebral cartical neuréns but'more than cerebe]]ar cortical neurens.
Furthermore, if evidence from nzoplasms is applicable to the normél
state, different kindé of neurolgia réspjre at different rates (see
Table 1). One can conclude, in spite of the technical difficu]ties
involved, that neurbg]ia constitute a large ﬁarf of CNS métaboTism
and muct be reccgn1zed in d1scus<1ons of nervous +15°ue oxygen up—
takes. Apparent]y, no 1nformat1on is available that P¢t1mates the
metabolic dCtTV1ty OT connectwo tT%SU° in peripheral nerve t unks
and gangT1a, but it s d1ff1cu1t to ignore the possibility of
s1gnjf1uant ron-neuronal metabolism in these tissues.

What may be concTuded from this section is that nervous tissue

and neurcns are highly active metabolically. That the nervous system
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is functionally dependent upon good cxygenation has already been
established, but ancther substrate equally important to function
remains to be discussed.

Glucose consumption is ancther commonly used parameter of
metabolic rate. The nervous system is unusual in the fact that
glucose is the only important exogencus substrate normally oxidized
(89,99}, The range of glucose consumption is dependent upon the
pOs. Nervous tissue, like others, shows the Pasteur effect. That
is, when hypoxic tissue is exposed to oxygen the glucose consumption
decreases. The mechanism of the Pasteur effect is not clear, but
could be due to increased competition for ADP by the reactivation
of oxidative phosphoryiation (82). Naturally, unsuspected hypoxia
in a CNS preparation could seriously confuse an estimation of
oxidative energy consumption if metabolic rate was deduced from
giucpse consumption alone.

Six moles of 02 stoichiometrically oxidize one mole of glucose
to six meles of COp (RQ=1}. Glucose, however, may be used in vive
at a rate 16% greater than would be expected from the measured Q02.
Reasons accounting for this extra glucose uptake range from systematic
error to requirements for synthesis of other substances not oxidized
to €Oz (99). But it is glucose that is important since TCA inter-
mediates, and Tactates are insufficient sgbstrates for restoring the
Q02 of hypoglycemic slices or assuaging an insulin coma (S9).

From a thermodynamic point of view, heat production 15 the most

reliable parameier of energy utilization by nervous tissue. The
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initial measurements were performed in the early thirties and
involved great technical difficulties. Further work was not again
attempted until 1958 when better instrumentation enabled move
sensitive measurements (107). One problem was to obtain ]arge'
numbers of uniform diameter nerve fibers that could be synchronously
activated and sc that activity could be gererated in all of the
axonal mewbrane. This requires non-myelinated, small nerves in
sufficient quantity to generate heat cn the order of micro calories/
sec. “Furthermore, consideration must be given to heat capacity of
the thermopile and heat sinks of ‘tissue unasseciated with activity.

The resting heat production of nerves has been studied {108).
For f%og sciatic at 20° C, 4.74 x 1073 cal/g min. of heat is pro-
duced, During hypoxia the heat preduction dsclined over a period
of three hours to 20% of its iﬁitia] value {108). Readmission of
oxygen rapidly resulted in heat production temporarily in excess of
the resting oxygenated level, and this excess corresponded to 20%
of tha heat decrement during the hypoxia.  Of greater interest is the

heat production asseciated with activity but this will be discussed

in later sections of this introduction.

Effect of Temperature on Oxidative Metabolism

It is a well known observation that chemical reactions increase
in rate as the temperature increases, since the rate constants of

all reactions are proportional to the absolute temperature (82).
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is defined by the following expressicen and can be shown to be a

function of the temperature {109).

Rate @ T

For mammals, the Qqg of basal metabolism is about 2.3 (110).
In amphibians, the Qig for metabolic heat production ranges from
1.8 to 3.5 {(i11). Oxygen consumption as determined by the Fick
principle for deg brain has been shown to be linearly pfcportiona]
to temperature, and a simple calculation from the data means gives
a Qyp equal to 3.3 (112). The passive transport of ions across
cell membranes is much less sensitive to temperature than metabolic
reactions. The Qg for sodium influx has been measured at 1.2 to
1.6 for squid axons [(113), page 104]. Many octher éxamp]es could

be presented here, all in support of the general rule that meta-

I

bolic rate increases with a rise in temperature. An interesting

consequence of the small vange of Qyg (2-3) of biological sysiems

is that the overall activation energy must range from 15-20 k cal/mol.
“The purpose of this review so far has heen only to distill the

voluminous information concerning CNS metabelism. Evidence was pre-

sented to indicate the high rate of metabolism by the CHS. It has

been suggested that this high rate in nervous tissue is the resuit

of considerable active transport (114).

Evidence Relating Active Transport and Oxidative Metabolism

Perhaps the most dramatic of experiments demenstrating active
transport is the classical one of Ussing (78). In this experiment,

Ussing devised a chamber in‘which a square of frog skin separated
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a pair of solutions identical in composition. He then proceeded
to neutralize the inherent transepithelial potential by bucking
voltages from electrodes in the solutions. Though this short
circuit technigue ejiminated any electrochemical gradients, Na?L
continued to move in its usual diresction. The inescapable conclu-
sion is that there exists a sodium pump. That this sodium puinp
is metabolically dependent was proven by inhibition by low pH, in-
creased PCOZ; nypoxia, and dinitrophenol. When the "outside"
solution contained no Na¥, oxygen consumpticn fell by 35%.

‘Nerve cells and tissues of all kinds lose X* and gain Na*
when exposed to hypoxia, or metabolic poisons (93,94,115). As
expected, hypoxia results in a decrease of high energy phosphate
compounds (ATP , arginine phesphate, etc.) in nerve, gangliia, and
in CNS (83,93,94,116,90). Stewart (117) concludes from observa-
tions of the recovery processes, that the pH of mammalian nerve
decreases under hypoxia. The fall in pH may be the result of lactate
formation during anasrobic metabolism, but pH returns to normal
within 30 minutes when the nerve is re-exposed to air. Analysis
of the axoplasm of giant squid axon showed reduced levels of ATPv
and arginine after metabolic inhibition (14). Injection of arginine
phosphate or ATP restored the effiux of Nat and influx of K* in the
cyvanide poisoned axon (14).

Whittam (79,118) has utilized pértions of guinea pig cerebral
cortex as a preparation in the study of ouabain. His basic assumption,

for which there is considerable evidence [(113} page 305,(119),(120),
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(%27} 15 - is thaﬁ puabain specifically inhibits active ion transport.
When ouabain was added to the incubation medium containing isolated
portions of cerebral cortex, k* uptake by the tissue ceased and Op
consumption fell 30-40%. If fresh cortex was incubated in Na+vfree
Ringers, 0z consumption fell but application of ouabain did not
result in any further decrcase of oxvgen consumption. Similarly,
Kr uptake, which is depressed in isolated hypoxic cortex was not
signiffcant]y decreased when ouabzin wasvadded to the hypoxic
madium. These observations suggest that active ion transport requires
and stimulates oxidative metabolism.

The discovery of membrane bcund MNat and Kt activated ATPases
inhiinited by ouabain also adds to the svidence that the sodium pump

ically driven (120). The pump is conceptualized in many

P

is metabo

7]

ways (80,14), but the concepts usualily involve an ion specific mole-
cule {enzyma?) that results in the hydroiysis of ATP as Ma¥ and Kkt
jons are pumped against their electrochemical gradients. If the
liberated ADP is rephosphorylated by the cytochrome system, oxygen
is consumed. The ratio of kt transperted to oxygen consumed has
been calcutated for several tissues. For mammalian cerebral cortex
the value is 6-7.5 (118) and for frog muscle it is about 4. Na/0p
has been estimated at 16-20 for frog skin, and 4-5 for rebbit nerve
({113} page 150].

It has been shown that the metabelic rate (02 cansumnption)
of mitochondria and tissues is dependent on the amount of ADP pre-

sent in the cell as a phosphate acceptor (122). Since most energy
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requiring processes in thh4pe11 result in the hydrolysis of ATP to
ADP, we could imagine that the metabelic rate in cells is édjusted
to the enercgy demands cn the cell and is reflected in ADP genera-
tion. Removing Nat from ihe external environment of most tiséues'
results in a decrease in the Q0, andlloss of ¥¥ from mammalian
brain sfices (94). Na* efflux decreases when squid giant axons

re incubaﬁed in Kt free media (14). These results suggest that Nat
and Kt active ﬁransport are 11nked and that the two ions are trans-
ported simultaneousiy. Thus, the absence o7 one icn in the medium
would reduce active transport and therefore the energy demand on

the cell. The reduced energy demand means 1éss ADP is generated
with a resultant fall in Q0,. If ouaba%n is used in the medium,
the Na pump-;eases and the Q02 falls 40% (118). This suggests that
rearly half Qf the resting respiration of CNS tissue is devoted to
the maintenance of ién gradieﬁts (1]8,66). It is obvicus then, that
active ion transport plays a great role in ﬁhé amount of metabolic
activity exhibited by the nervous system. As wi]1 be shown in the
fol]oWing sections, nervous activity which.involves ion movements

should be expected to exert an influence on neuron metabolism.

METABOLIC ASPECTS OF NERYOUS ACTIVITY

Action Potentials: Hodukin—HuxYey‘Hypothesis

A considerable amount of background has been laid to this point
in order to generate the concepts of the resting neuron physiga?ly,

metabolically, and biochemically. Ion movements and energy metabolism
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are nearly inseparable subjects from the point of view of the
nervous system. Generally, however, functicnal characteristics
of neurons are not those of the static steady state that has been
described above, but, in the normal condition, is one of constant
dynamic activity. In order to appreciate the metabolic signifi-
cance of neuronal activity it is first necessary to establish the
mechanisms and events that occur duving the passage and propaga-
tion of a single action potential by a neuron.

The giant squid axon, aatué]fy 3 syncitium formed from the
fusion of hundreds of axons during cntogeny, has been the major
preparation for the study of unmyelinated axon function {(14),page
111. 1ts large diameter (up to 1 wmj allows insertion of small
glass capillary tubes into the cytoplasm so that the
inside of the axon may be compared electrically with the cutside.

In a series of four papers, Hodgkin  and Huxigy, added te and
summarized their observations on the electrochemical events that
are associated with the generation of action potentials in giant
squid axons (124,125,126,127). The last paper in the series daveloped
the concents into a mathematical description of the action potential
based upon their estimations of the timing of events resulting in
fon movement. These critical events require the steady state
electrochemical gradients previously described for the resting neuron.
In the resting state, Nat is relatively impermeable to the membrane
and hecause of the sodium pump, it is prevented from reaching equi-

Tibriun in spite of a strong electrochemical gradient for movement
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to the cell. On the other hand, K¥ is relatively permeable, tend-
ing to diffuse through the membrane to reach slectrochemical equi-
Yibrium. Because tho inside of the axcn contains a large qguantity
of non-diffusable anions (procein) this equilibrium results in‘an
urequal distribution of K¥, higher inside than cutside the axon,
as predictad by Donnan (71). The concentration gradient established
by X" is nearly equally opposed by an electrical gradient, which is
oriented positive outside to inside. The resting membrane potential
then, results predominantiy from a g equilibrium potential -as

expressad by the Goldmann equation {71).

Ion Movemant During the Acticon Potential

In their landmark papers, Hodgkin and Huxley describe the
electrical and ionic events that they observed during generation of
an action potential in giant squid axon. In the first instant as
an action potential is generated, the membrane permeabitity to Nat
inexplicably increases a thousand-fo]d; Tantamount to opening the
floodgates of a dam, Nat suddenly begins to move inte the cell down
its electrochemical gradient. Being much more permeable now than
K*, Hat begins to equilibrate. As the predeminant diffusing fon,
Na* carries its positive charges to the inside of the membrane and
neutraiizes the original resting membrane potential‘ In the first
moments when the actual concentration changes are small, the Nat
polarizes the membrane somewhat less than its equilibrium potential

f 55 mv. The membrane is now charged negatively outside relative

Q

s. This reversal of membrane potential constitutes the
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~ising phase of the action potential and occurs in about 0.5 msec.
or less. But even as the peak of the action potential occurs, Na©
permeability is decreasing and flux of Nat into the cell is reduced.
Simultaneous with this process, kt permeability has increased énd
will cause anoiher reversal of the membrane potential resioring
the membrane potential once wore to near that of the potassium
equilibrium. Midway through the decline cof the action potential,
il permeability begins to decrease and the efflux of k¥ from the
axen ahates. These events occur and end within cne msec. Often
the KF permeability does not return to it; original state until
after the membrane potential over shoots the resting level, result-

ing in an after hyperpolarization that decays over a period of a

few msec. Fig. 8 is an illustration of the theoretical time courses
of the ion permeability chahges that develop. Actual observations
agree well with this theoretical simu]ation.

At this point it is obvious that the axon has gained Nat and
Tost K'. If the electrical capacitance of the membrane is knuwn,
the amount of ion movement required to charge the members to the peak
action ﬁotentia} amplitude may be calculated. Assuming the capaci-
tance of a giant squid axon to be one microfarad, Hodgkin [(14),
page 44] estimated it would require 0.32 x 10']2 moles Na® to charge
the membrane 120 mv. This is about 1/3 of the actual observed ion
movement. For an axon 500 up in diameter, the movement of 4 X ]0"]2
mrﬂes/cm2 into the axen causes a negligibly small change in.intra-
celiular concentrations. It might be imagined, though, that with

very fine fibers of small diameter, the movement of ions following



FIGURE 8. Theoretical solution for propagated action potential
and conductances at 18.5° €. (From Hedgkin and
Huxlay {127) ).
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a train of impulses could be sufficiently large to significantly
change the axoplasmic concentraticn of thase jons. If excitable
tissue is to maintain its excitability over a lifetime, then a
redistribution of ions must occur. That is, the initial condiéions
prior to the action potential must be restored. This would re-

quire metabolically dependent, energy consuming ion transport.

Evidance Relating Nervous Activity and Energy Metabolism

Therea exists a Targe quantity of Titerature discussing bio-
chemistry and relating it to neurcnal function. Structure-function
relafionships, especia]ly with regard to membrane structures, wiT]
not be discussed here. The goal of the séction is to present a few
papars which best describe metabelic changes resulting from nervous
activity, especially pertaining to the energy cost of nervous

activity.

Parameters of Energy Costs During Activity in Nerves

A number of nerve preparations have been used to atfempt an
exposition of matabolism and neuron function. A nerve, composed of
bundles of axons, is easy to isolate, functionally survives for
long periogds, and is & coavenient prepération in which to monitor
axen behavior. Consequently, this preparaticn has the longest
history of study in which metabolism and nervous tissue function are
compared.

| Certain fTundamental observations of axon function and, by extra-

polation neuron functicn have been described. First, resting nerves



consume oxygen and increase theiv oxvgen consumption when caused

to conduct action potentials (127). Secondly, nerves evolve

heat, and increase their he 't production when activated {107}.
Last1y, nerve function is susceptib]e to metabolic %nhibition
[(14), page 731, ,etabo|1c inhibition inevitably vesults in failure

of axon excitability.

Oxygen Consumption

| A comparative study by E.B. Uright (42) on the effects of 0p
tack-on périphera} nerve suggest that the»survivai time for action poten-
tial generétion is inversely related to the normal rate of Q2 uptake.
Resting 0y uptake by mammalian nerves is cgnsiderably greater (200 cc/
gram/hour) thanvthat of.amphibians (frog 50 c;/gramfﬁour) and inverte-
brates (crayfish 13 cc/gram/hour). Under nftrogen,»mamma}ian action
-potentia}s disappear within about 30 minutes, whereas frog nerve sur-
vives 170 minutes and crayfish in excess of 540 minutes. Furthermore,
incy reases in teﬂperature reducs the survaal t1wc oF frog nerve. If
one assumes a I1near re]at1onsh;w befween tpwperafure and survival time,
it is poss1b1 to estimate from Figure 3 of Nt1ght S paper, a Qjg9 of
2.4 between 25 and 35° C. | “

Mammalian nerves were asphyxiated at 38° €, frog nerves at 25° C,
and crayfish at 19° €. Thus the comparative survival times also
\orrpiate inveraely with temperdture as well as 09 cgnsumption values,
The only values given where comharﬁsan is possible at s1m1xar +cwoera-
tgres show tqe surv1va] of frog nerve at 38° C to be only about
twice that of mammalian nerve dnd the 0 consumption of frog nerve

at 24° C to be greatpr than tnat nf crayfish at 24° € and less than
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Iouster at 19°C. However, the heterogeneity of nerve structure
{myelinated vs unmyelinated), and the different numbers of fibers
per nerve make it difficult to draw meaningful species comparisons
from Wright's data. One may conclude that the susceptibility éf
function to hypoxia-is related to temperature and therefore to
metabolic rate.

Brink et al. (128) using the then new technique of polarography
for measuremenfs of dissolved oxygen, described the kinetics of Cp
consumption during stimulation of frog sciatic nérve. They ncted
that the 0z consumption increased rapidly in a logarithmic manner
at the onset of stimulation to some steady state value, and
decreased less rapidly in the same Tashion at the end of stimula-
tion. With stimulation at 15-7100 times per second, they also
observed that the steady state rate of 0 censumption was propor-
tional to the stimulus frequency. However, the extra oxygen con-
sumed per nerve impulse was greater the higher the frequency and
the shorter the train bf impulses. fhis last result is hard to
understand even though Brink et al. explain this as characteristic
of the kinetics of the chemical reactions invcived and not a reflec~
ticn of different energy requirements per impulse. They also con-
firmed observations by others (129) that 0 consumption can be inhi-
bited completely by azide, but that dilute solutions (0.2 M) only
inhibit the extra oxygen uptake associated with activity and not the
oxygen consumed at rest. Though the poisoned nerve remained
excitable for up to 50 hours, the time for 50% reduction in the

amplitude of tha action petential was significantly less than in



control unpoisoned nerves. Their conclusien is that the extra

02 consumption asscciated with activity is necessary to maintain
excitability. However, the implication from this study that dilute
azide inhibits the Na pump metabolism only is not borre out by
direct measurements of jon movement (130).

The 0, consumption measured by Brink et al. is remarkably
similar to prior heat production measurements (assume 1 cc 02=5 cal)
for both resting conditions and different rates of action potential
generations (131). Thus, they believe that 0p consumption mey be
a good measure of the energy requirements of nervous activity. The
02 consumption during activity appears to be distinct from that of
the resting cell since changes in the resting respiration have no
effect upon the "extra 0p uptake" which is differentially suscepti-
ble to dilute azide. Since methyl floroacetate has been reported
to inhibit resting Q0y but not the increase in oxygen consumption
with activity (129), the conc]usionvof Brink et al. is that the
metabolic support for nervous activity is via a metabolic pathway
somehow' distinct from the metabolic pathway utilized by resting
nerve. Their results certainly imply a two compartment system, but

the nature and location of these compartments is not known.

Heat Production During Action Potential Generation

Using créb nerves, A.V. Hi11 was able to detect the evolution
of heat as the result of action potentials evcked in his preparation.
 He posfu]ated that the source of this heat was chemical processes

which caused the recovery to the initial conditions in the axon.
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Recently, more refined measurements by Hill has erabled him to
detect a small transient initial heat change asscciated with the
action potential itself (107). The initial heat is diphasics
first a positive heat {evolution) is followed by a negative heat
(absorption) of slightly less magnitude. Thus, Hill was able to
detect the neat changes associated with the action potential
(initial diphasic heat) and recovery processes (later positive
heat). When the nerve was stimulated maximally the rate of re-
covery heat production was twice the rate .characteristic of the
resting level. This suggested to Hill that 50% of the maximal
-energy ountput of the nerve was required simply to maintain it in
a staté of -readiness (107). The reader will recognize this value
as one derived independently by Whittam (118) from oxygen

consumpticn studies.

The Effect of Metabolic Inhibitors

One simple method for assessing the importance of metabolism
is tb deprive the nerve of tﬁe benefits of metabolism (uéccup]ing)
or by inhibiting metabolism é]together. Appiication of dinitiro-
phenol (an uncoupler}, CN, hypoxia, and jodacetate may fTail to stop
the generation of action potentials for 30-300 minutes depending
on the source of the nerve [(14), page 73}. Fventually, however,
the compound action potential does decrease and finaliy fails com-
pletely in the presence of the inhibitors (14). This change is
thought by most investigators to be a result of restimg membrane

potentiel changes and not inhibition of the action potential
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genarating mechanism. With metabolic inhibition membrane poten-
tial depolarization would result from the accumulation of Nat
and loss of K by uncompensated diffusional leakage, since the
‘active ion pumps depend upon metabolically derived high energy
intermediates.

In an earlier section of this thesis mention was made of the
experiments by Hodgkin's group at Cambridge where injection of
high energy phosphate compounds into metabolically poisoned squid
axons restored sodium efflux. As Brink et al. had previously
hypothesized, the Cambridge group proposed two separate mechanisms
involved in ion movements. A simple scheme summarizing their
concepts of ion metabolism related to neuron function is presented
in Fig. 9. The energy source for the action potential is considered
to he the free energy in the electrochemical gradients that nor-
mally exist in the resting steady state. A metabolically Tinked
sodium-potassium pump restores the resting state after the pertur-
bations of nervous activity. Therefore, the action potential
generation mechanism is not directly dependent upon metabolism
bacause only the recovery processes are metabolically linked.

There is a report by others that cyanide and dinitrephenol
inhibit the action potential generating mecharism in frog nerves
(132). Though these inhibitors did not have the same effect on
squid axon it does not necessarily indicate that the action potential
mechanism is metabolically linked in frog. Cyanide and dinitro-

phenol, in this case, may be nonspecific inhibitors acting cn more



FIGURE 9. Diagram illustrating differences in "active" and
“passive"” transport of ions in the giant axon of
the sguid. :

Pump . Spike Mechanism
Works uphill Downhill
Recovery Spike
Maximum rate: ca. 50 pmo]/cmz/sec Maximum rate:ca.20,000 pmol/cmé/sec
Inhibited by DINP, etc. Not inhibited
High Q0 s Low Q10 -

Not affected by membrane potential lLarge effect
Not affected by calcium ions Large effect
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than metabolism alone.

Phosphate Metabolism in Nerves During Activity

An interesting and Togical sequel to the experiments of
Brink et al. was done by Cheng (133). He measured the concentra-
tion of high energy phosphate (i P) compounds in frog nerve be-
fore recovery from hypoxia, or azide poisoning. As would be
expected from the above discussien, these experimental conditions
resulted Tn a decrease in ATP and creatine  phosphate (CrP) and
an increase in ADP. The concentration of these substances return
to nearly initial va1des four hours after the experimental
period. No measurements of inorganic phosphate (Pi) were done,
however. Cheng does not describe the physiologic respanses to
stimulus (50/sec for 2 houfs) exeept for the statement that the
compound action potential disappears under nitrogen sometime
during the two hour experimental period. In addition, ﬁe does
not report an experimental temperature. It would be possible
to assume room temperature. about 25°C, if Wright (49) had not
observed the average survival time of frog nerve at th1s tempera—
ture to be a]most three hours.

What is most 1nterest1ng, however, is Cheng's attempt to
corre]ate phosphate changes with oxygen consumpt1on as measured
by Brink et a] (128) and jon sh1fts as measured by Asano and
Hurlbut (130). If the aﬂoant of oxygen consumed during act1v1ty,
the amount of codwm accumulation, and the quant1t" of. 2 P hydro]yzed

is known at the moment acL1v1ty ceases, one can set up an energy
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balance teble. (See Table 2). Che ng does this in terms of
A

micromoles of high energy phosphates (v P). High enerqgy

phosphate consumption is calculated ¥rom QO (P/0=3, lactate

(Bnv P=2 [ATPI+ [ADP] + [CrP]). The energy “"debt" after stimula-
tion is the accumulated sbdium>(Na/P=])i Presumably this correla-
tion cou]d be most i1luminating with respect to enerqy requwre-
mentq, and utilization during nervous act1v1ty (see Table 3A).
Unfortunately, Cheng uses a va?ue for oxygen consumed during
thevstiﬁu]ué period which Brink et al. (128) derives to indicateb
rate of oxygen consumption. The prdper value for oxycen consumed
in excess of resting rate ("extra") during the stimu?us period
can be hest célcuiaied from Brink's data by performing the

following integrationf Qcy stimfofz RSS (1-e jf;)dt

Where QO0, stim is the oxygen consumed during stimulation,

RSS is the steady state or maximal rate of consumption

(the leun by Cheng), t is time (hours), o is time constant

for the rise of oxygen consumpt%on to the stnaéj state

value.

Evaluating the integral for two hours resulfs in the value of
1.49 pumoles 0s/g 2 hr. during stimulation and before racovery.
The value of total oxygen consumption including vrecovery is 1.76
moltes Op/g 2 hr. This would indicate that the nerve is only
85% recovered during the 20 nsec. intervals between stimuli

(50/sec). Cheng. howaver, does nut take into account the impli-

cations of Brink's work and concludes that tha total debt (sodium
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accumulation) at the end of stimulation is eguivalent to 10
moles ~P. 'Assumiﬂg a P/0 of 3, this would require 1.7 u moles
0y to be consumed during recovery when‘one would calculate 0.27 u
moles 0p from the data of Brink et al. Since'Brfnk's eXygen
consumption data coméareé almost precisely with heat production
studies, one must conclude that it is Cheng's estimate of the
energy debts that are in error. It is possible, however, to re-
work Cheng's values by assuming that three moles of sodium are
transported by one mole of NP (Na/P=3). This would resuit in
a total energy debt of 3.3 um " P, equivalent to 0.55 u mole of
O which s much nearer the recovery value calculated from Brink
et al (138). The total energy cost in terms of ~ P is 13.2 u
m/g 2 heurs. This is equivalent to a total extra oxygen consump-
tion of 2.16 n moles which is not considerably different from the
1.76 uw moles 0p/g 2 hours calculated from Brink et al. But when
energy costs are estimated from azide poisoned nerves (extra
oxygen consumption assumed to'equa1 zero) the value of 8.2 p moles
v P/g (1.32 mm/g) is 20% less than would be expacted from the
inhibited values. Since Cheng did rot measure O consumption, one
cannot be certain'fhat all of the extra 02 consunpticn during
activity was inhibited. However, Cheng's ~ P data can, by manipula-
tion, roughly be compared within £ 20% of what one could calculate
from the oxygen consumption data of Brink et al. and this must be
considered a good reasonable approximation considering the technical

roblems in measuring such low metabolic rates.
D G



TABLE II

Retabulation from Corrected Values of Che ng(1°°)

Energy Consumption Energy
Envi rosen nti Debt Total
=2 =
. q i 5 %
Respiration| Lactate| InP Subtotal | Sodium
Normal 9.0 0.60 0.24 9.95 s 13.2
2m Azide 0.C 1.80 1.07 2.67 B3 8.2
Equivalent ~P from Oy Conﬁum3t1on %K 1.6 10.6
A1l values pmoles AP per g wet wt. per 2 hrs.
*  From Brink et al. {128} assume P/0=3
**  Faguivalent P assuming Na/P=3
Cheng's 0r1g1na1 Tab]e (133)
_ Encrgy consumptioa E(;S:tgy
Environment Totalit

Rmp rationf ‘ LuLL tel S~ ! Subtotdd]] | Sodium**

S | S S | O R SES—
i

Norm! 30 060 024 8-84 395
0-2 ma-2zide 0 ‘ 1-80 1-07 287 15

* Al waly
differenoes hotween values for stimuluted and resting nerves. See text for foll discussion,

i tn pmoles of ~P, converted from oxygen value in Table 3 of Bring, Brong, Care o
{1932%

*
+

ol

tn runales of ~ 1, converied "ror\‘ wetate values in Table 2,

§ fee pri m?u of ~ P, {1 Hu 2).
‘i suos af respiretic 2ot 1d‘(-f‘)
* s senades of sozians fon from Tuble 1ol Asaso and (nace, o (1958

ef sebiotul wwe! sodium, it beiong assumed, (sce Dhiscuss on) ihat the ont

o~

H 2103
TEQUIrIs oh

rusion of

1879
1357

s oare eapicssed In gemoles of ~ P (o7 Na®) per g wet nerve for a 2 hrexperiment. Th*) arc the

d Connrrey

nne sodiuin
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Asano and Hurlbut attempted to estimate the energy cost of
nervous activity from their observations of ion movements. How-
ever, they use 1000 cal/mole as the free energy of hydro!ysis of
ATP whl(h in fact is the standard free energy. Because of dilution
the standard free energy is about half the acfual b1o]og1ca]
value. Thus, their energy calculations are too Tow by abouc 40%,
and correcting this error increaSﬁ. 151de7a31v the apparert
quantity of che energy reserves Lnﬁt they La?culate. _

Several years following Cheng S paper, Baxer (134) published
a similar but more comprehensive Study of the phosphorous metabolism
of crab (Ma1a) nerve, Th1s prepara11on also has recei ved the
atteanCP nf A. V. Hl]l s group in heat production studiesr(?07).
The rationale fqr u51ng th1s preparation is that the nerve,
unlike frog sciatic, is comp]euely unmyp11rafed Presumably the
numerous smallef diah eter f1bers and uh@ grea+er ~urfare area
inv01 ved in art1un n:rﬁnt1a1 obnerat1on chause the f1b are
unmyellnuted would re u]t 1n larger and more easily detected
energy changes. Baker's ruxpose was uo dexonstrate iunctjonaljy
that the sodium pump is, in fact, the ATP'ase describgd in crab
herve homogenates by Skou (120). By measuring iﬁorganic phosphate
(Pi) changes under various experimental r‘onrh’rmns and including
measurcments of ion shifts and oxygen consumpf1on He could ra?cu-
late some oF the energv cssts of nervous activity. da«er found
thaf Na* accumulates in the nerve when exposedvtq 'S free media,

ouabain, cyanide, and stimulaticon (20/sec for 10 min}. The Pi



cancentraticn»of normal nerve increases 78% when st1nu¥dted but
does not ingrease at all if the active nerve is treated with
ouabain. Baker conc]uded that the release of Pi from high energy
phosphate compounds is triggered ty'an increase in internql Na
concentration. Ouabain acts as a mixed inhihitor, decreasing
both velocity and affinity of the sodium pump for Kt. By esti-
mating the rate of breakdown of energy rich phosphates, Baker
'found that'the rate of breakdown is.proportionai to the square

of the P1 concehtrat1on. This means tﬁat rOTafive1y small in-
creases in P1 resu]t from greater rates of ut1112at10n and
synthesis of»h1gn energy phosphates.

| Baker's experimentaYrresQIts and his theoretical calculations
can be‘applied tb other studijes if one is allowed te maniﬁylate
his data.' Assuma that the réte o% breakdgwn of high energy
phosphates normally equa]s_the>réte of synthesis (steady étate).
i cyanfde is assumed to prevent reéyntheéis of ~ P, then the
Pi prcductlon of cyan1de po1soned nerves is the result of break—
devn of 51gh enerqgy Dho:phafes, wh1cn in the steaiy state Qﬂu]&
be equal LO the rate of syntnes1s Ai reét, "Qar1de po1SOﬂed
neives hrbd'”e 12.5ug P1/g min aud th1s ”ath TYFYEQS“S w1th
stimulation (iC m1n @ 30/sec) to 31 ) P1/g min (ae 16° C).

The oxygen Lonsump ion data co]lected by Ba?er can bp converted
to.phosphate values (assuming P/O of 3 and Qj0= 3) at rest of
12.4 g Pi/g min and dur1ng aCtTV?ty .81 g P1/g min. These
oxygen consumption vaTues can he made equ1va1ent {assume 1 cc=5 cal)

to heat production values of 1.3 x 10-% cai/g sec at rest and



2.6 x 1074 cal/q sec during activity. Beresina and Feng (13%)
observed T % x 10-4 cal/g sec for ro=t1nq heat prodvcf10n.

Tiey did no meusureﬂentd of heatvprcduct1on under the same
stimulus conditions as those used by Baker. Conseguently,
Baker's exﬁeriments correlate well with various methods of
measuring metabo11c demands of nevrvous avL1v1tj HoweQﬁr,’fhis
rplarkable papor also contains an estimation of the energy cnst
of active transport. [See aiso (137)].

If ouabain 1§ assumed to irhibit only the sodium pump mecha-
nism, the_Pi ﬁroduction in a cyanide—ouabain preparation snould
?enlecb the braakuown of h1gh energv “hosohates not assoc1uted
with active ion uransport The oifF@:unce JﬂtWLen rest1nq cyanide
and cyanide~otaba1n Bi prouuutlon (12 5 3 2uag D'I/g min)Ais

bout 9 ugPifg an. Th1s represgﬂts the hate of high energy
phosphate hydroiysis by the sodium puhp under resting conditions
andAappears 1o bé abéut 75% of the +otal rest1ng rate of hvorolys:s
prévicusly calculated. Aga1n assumlrg the norma] rest1nf nerve is
the steady state, it follows that the sodiun inf1ux during cuahain
iahibition shbufr be equa] to the no:ma] raue of ;oc1um efflux
by the sédium pump. Tre obsorved value is 0.78 mole Fa/ﬁ/m1n.
This value leiued Hy the rate of Pi rc]ea e due to codium pump
act1v1tv (0. 78 G 29) gives a Na/P rat1o of rough]y 2:1. There is
evidence that for other tissues the normal Na/P ratio eguals three
[(113), page 150].

It would be interesting to compare Baker's results with a



éheoret%ca] estimation of the energy parameters of his system.

From ca?cuiations in the-appeﬁdix, the thecoretical electro-
chemica? gfadient appears to be about 145 wv representing a

A G=3340 ca]/mble. kThe cajcu]ated free energy of hydrolysis

of ATP at phyaioiogiual rcnccntratxons is -11,600 cal/mole (136).
Assuming a NG/P—S tn@ pu»p1zg efficiency of crab nerve approaches
88%. |

| These results are only dppr0x1m3t1ons, and 1t is 11ke1y that
the ca1cu1ated valhes of metabolic ac1+1v1ty from Pi product1on are
underest matas. The assumpt1on that cyan1de inhibition on blocks
resybfﬂcéls g P denzes any anaerob1c energy metabolism. Such |
ohosphate syrfre51s would not be ref!ebbed in oxygen consumption
and wiouid atlow <lo,e cerre?af1on of oxyqon uptake in rnormal nerves
with Pi productio in cyap1de Oisoned nerves. This would a]so
exp]a1n in part the d1fferencL beuween the der ved rectlng heat
prouuct1on oF 1.3 % 10 A ¢ cal/g min and the observed value of

1.9 x 1074 cal/g min (135). The undorest1mabe of nhosphate metabolism
also means that the eff|c1ency wou’d be 1ower fhan the theoreu1ca111
derived value of 88%. Lastly, Baker's st%mu]us conditions make it
1mpos§ib1e; with the exceotion of.one nxperiﬁeﬂt tn quanfitafe
metabo]igm with a pwac1sely known amount of nervous act1v1ty The

tion is tkc obgerved value of 1.6 p mo]es hd/g X ]0 4 uh1ch

('D

moves 1nto tke cel] w1th each 1mpu1se G1ven that the tota]
surface area of the C F’bers in c”ab nerve is 104 cm2 Baker

ca]ru1ates Lwat thp aﬂount of Na 1nf1ux s 1.8 pm/cm2/1moulse
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A similar attempt has been made ta est tmate the energy cost
of nervous activity on a standard mammalian nerve preparaﬁion.
Using rabbit vagus nerve, values of 50 u Pa]/g 1mpu1ce have been
observed and attributed to the C fiber population {138). Ritchie
(139) convarfed his oxygen consumption data to hnat production
and calculated 100 u ca1/g impulse., The calculatod free ewmrgy
for sodium pumping is 2400 ca1/mo]e hen energy recuirements
are caiculated from observed ion mo»ements (bOOG p m@]e/q impulse
or ] D ro]e/*nz impulse) the minimum energy requ1red pner impulse
is 14.5 u cal/g. The observed 0 uptake per 1mpu]¢e (1354 P mole/
g) “enresenfs about 150 u cal of energy, sufficient to SJpry 3
sodium pump at a rather low efficiency. The calculdued K/09=5
suggests that the K/P ratio is prébab]y neaf unity, or abéut 1/3
of what Baker ¢bserved in crab nerve. Sinﬁe the résting Kt effiux
is 0. 390 L mo1e/g min in the rabb1t vagus and tne ?PS»TPQ QOg
15‘0.09L4 u mo]e/g m1n, near]y all of the energy mnfabo11cm of
the nerve (92 ) is re]abed to the malnceranpe of ion gradients.

When tha "oxyacen bo=t“ of a single impulse in a s1r91m fiber
C fiber is compared with thab of a single frog mye]inated f1ber sone
startling resd]fs are‘revéa1ed. Aésuming-103 fibers @ 3.5 mg/cm
in the frog nerve, thé cé!pu]ated 0z per fmpu}se éost for 1 cm of
@xcifed nerQe is 2.8 x 10-7 molés (1?9). According to Ritchie
(139) th re are about 80,000 nonmyalinated C fikers n thé rabbit
vagus nerve w1th a Tinear we1gnt of 1.8 mg/cm. The ca]cqlated

oxygen cost per impulse is about 2.7 x 107 moles, or about the
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same in both fiber types. Hill has also shown that the initial
heat production per cm2 of nodal area in frog myelinated nerve
is about 1000 times that observed for nonmyeiinated fibers (139).
These fesuiﬁs suggest to Ritchie that the large surfaée area of
nonmyeiinated fiberé in some way has been compensated for by
enargy consefving mechanisms. Furthe?more, Hi11 (107) suguests
that mere totai membrane than that of the ncdas is involved in the

nervous activity of a myelinated fiber.

Metabolic Asnects of Activity in G“ﬂd]i and the CNS

So far Lh1$ d1scu5510n has only dealt w1th nerves or the axonal
port10n~ of neurons,. Attempts at meuaboIic st udy in nervous tis s. es
tnat (011 ain re]T bod1e5 and synap ?r Ponneahxons are nuch more

f"i:,lt to pret becauJe of the bomUseley of the tissue and

thp THGQI]TLy to quaﬂt1fate nervous act1v1ty The cray'1sh stretch
receptor, axon, and cell body have been investigated by micro-
fluoromctv1c tuLHN!QUQS, as have frog dorsal root gang]10r celis

and ra i cerebral corcex (123 ]40 14]) By ohserving Lhe f]uoreSuence
of DFVP one can monitor changes in metab011c act1v1ty in tre
vt1ssue (125). Increases in metabplic or neurona} activity cause

an nx:oat1or of DPNH vhereas ma tab ic inhibitors or anoxia

gen .aITJ result in reduct1ﬂn. ‘ |

| The isolated memmalian ;ywpathet‘c ganol1on has been studied
by Larrabze and his co-workers (96 ng) The oxygen and c]ucose
consumption of this issua is about ten times that of nerve grun<s

mder similar conditions. St:ma]at1on reou-ted in an increase in
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glucose uptake, lactate prody ct1un, and oXygen €0 nsumption

at 15/sec). lack

&G

proportfona] to the stimulus frequency (407
of oxygen or glucose resu}t in a toss of postganglionic response.
The effect of hypoglycemia on the (esponée is hagtened i ihe-
nreganglionic fibers are stimulated repetifive]y for a sh0rt
time at alfre‘uency that’would noct have aftered‘the response in
Vg1ucase. However, the functional fal1u N under nyp glycemia is
seen when oxygen consﬂmption chanées or ion shifts are small.
On th1s ba§1s it has been nostulated thét glucose is necessary
to prov10e 1ntﬁrmed1ates for the action potential generat1ng
mechanism, as well as maintain energy supp]y to the sod1um pump
(143). Stimulation and inteffereﬁce with metabolism by dinitro-
phenol result in loss of Kt by the tissue,_ with_hetabo1ic inhibi-
tion, the postgangliconic Peaponse may be lost when only 10~Tk%
of Lke gangi mic pohaas1um is lost. It has been suggested that
fuifure of th response occurs in the f1ne terminal arborizations
of the preg 911cn1c axons, where changes in K+ cone entrat%on
suft 1cient to depo.ar1zg the endnngs would not be Vef ected in
totaT gang]ionic Kt changes. Thus the presence of ceTT bodies
and syndpkxc transmission does not a1ter the ba ic responses
seen in nerves to 1ncreasps in metabolic demand by act1w1ty cr
the changas aqsoc1a+ea w1th metabui1c 7nh1b1t1on.

The brain, a target of many metabo]ic studies, is the most

diffi uTt of the nprvous t1s~ues w1fh which to comvara mpbabo]1sm

and function quant1tat1vely. ALtempts to assess the mptabolic
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cest of "thinking" by providing subjects with mental tasks have
failed to demonstrate any change in brain metabolism (993. (No
guarantee exists that nervous activity increases with "mental
exercise”.) No consistent differences are observed in brain
metabelism between sleeping and awake subjects or during EEG
synchronizafi@n and arousal of perfused cat brains (101). On
the other hand, cortical s]ibes increase substrate censumption
and lose pota551um when st1nu]ntcd on wire gr?ds, even though
e]ectr1ca] responses cannot be detched {93). Evidence of in-
creased metabo1ism is seen in convulsing subjects and in the
brains of mamnals cubJected to e]ectroslock (145). 1t appears
that to date, cortical slices, even when capabie of respondlng
e?ectricai]yrtn stimu?i (144), are so comp]ex neuronhysio!ogica?ly
and so nutewcgarous ce]]u]ariy that it is 1mp03>1b1c to control
aul1vat1on and measure the response WiLh enough accuracy to
re]ate metabo11sm quanbitatlve1y to nervous actiVlty.

The soiﬁa1 cofd it w111 be re nambered from Part I, is we11
oeflned n@urophys1o1og1ca11y D]SLTH T nathways can be ac t1vated
in a c0utr01]ed manner and motor neurona] d1scnarre measured semi~»
quant1tai1ve1y Fur he rmoreﬁ the functi ond1 charact r1st1cs of
each element in a ref?ex Oathway can be mon1torqd Unfortunate]y
mptabol1c studies on this tissue are scarce. The effects of
hypoxfa have a]ready been discussed, but one group with experience

in spinal hypoxia have extended their observations on motor neuron
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| function by the fohophoretic injection of Na and azide (66).

lto ahd Oshima (66) demonstrated that the effiux of Na injected
into spinal motor neurons was independent of the membrane poten-
tial but dependent upon an azide sensitive extrusion mechanism.
Extending their coﬁc]usiohs by obsarvation of the kineticslof
injected ion movements, théy found that the sodium pump was con-
siderably more active in mamnials (at 37° C) than frogé. The |
rate constant is 8-10 times greatervthan the sodium @ump of
émphibians even when corrected for temperatures differences (Q]0=3).
Thfs represents a Na pump rate of about 77 pm/cm2 séﬁ. Using
acceobed valueas J"or‘ the concentration qrad19nts the free energy

for sodium Lransport is about 2500 cal/mole. Thus the minimum
energy requirements for resting spinal motor neurons shou]d be (77
pm/cm?/sec x 3500 caT/mOTe) about 16 u cal/cm?/min.

In conclusion, one can see that though‘considerabie data
exists in the T1tnrature, no one group has done the d0f1nit1ve
series covrrxng heat, phosphaLes, oxyaen, and ion movenents in
interrelated, nfewna11j consistent 9x3er*menfs The general
conclusions that can be drawn are:

1. Maintenance of excitability of all nervous tissue
depands on the presence of oxygen.

2. Excitability is not affected for short periods during
metabolic inhibition but eventually faiis over a period
of time depending upon metabolic rate (temperature),
kind of nervous tissue (cell bodies or axons), and
perhaps the source of nervcus tissue (veatebrafes Vs
invertebrates).
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The action potential generating mechanism is separate
and distinct from an active ion pumping mechanism.
mer is dependent upen ion gradients maintained
by the latter, which in turr is dependent upon
metabolism. :

The active fon pumping mechanism is in part fat-Kt
activated ATP'ase, and the liberated ADP may consti-
tute the stimulus to respiration, or feedback for
cellular metabolic control, S

The energy cost of nervous activity appears to be
dependent upon the surface area of the cell, the

rate of ion pumping requirad to maintain the steady
state, the electrochemical gradient against which the
ions are pumped, the amcunt of ion movement during
action poternitial generation, and the efficiency of

operation of the ion pumping mechanism.



INTRODUCTION

PART III - EXPERIMENTAL DESIGN
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The First two parts of this introduction presented physio-
Togical and biochemical evidence that neursn excitability depends
upon oxidative metabalism. This oxidative metaboliswm in part

provice the ATP that drives the sodium pump. The sodium pump

maintains precise ion concentration gradients that produce the
resting membrane potential. Furthermore, the generation Qf action
Potehtiais results in fon movements, and the sodivm pump activity
can be seen to increase indirectly its pumping rate ¥n order to

restore the ion distributions pricr to the pas age of the action

potential., Most of the experimental obserVaiinns»in suppord

of the abnve scheine have been made on gqolAtmd FHON SPghents.
Relatively T?»tle work appears on systams where synaphic trans-
missien is & criterion of function.

The Spina? cord is a tissue that is reasonably wall defined
physiologically. This CHS tissue contains cell bodies which have
extensive dendritic aborizations an Iarger manbrane ﬁurface
areas than axens. The great difference in spinal iuw:t1cn conpared
=0 axgﬁa1 Tunction is that synaptic transmission is rﬁquired for
reflex conduction. There is much Titerature on t;e effect of

nypoxia on mammalian cord, but such prnaarahlaws require jg_§jﬁ

studies and are influenced hy the systemic effects of the induced

hypoxia. The isclated frog spinal cerd preparation offers the
simplicity of isolation frem systemic influences by the organism,

and capability of controlled experimental conditions rot possible

sue is ismlated,

U

with in gitu preparations. Because this ti
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experimental procedures such as temperature change and appiica-
tion of metabolic poisons are possible. No estimates of the
energy cost of narvous activity or the relationship between
temperature and hypoxic survi&al time have been described for
central nervous system tissue. Furthermore, there exists only
one short nole describing the electrophysiologic consequences of
hypoxia in frog spinal cord. In or&er to even begin molecﬁlar
cofke]afions, experiments were designed to sfudy the behavior
of refTéx éctfvity in various anatomical pathways. This thesfs
will present patterns of change in reflax activity observed
when the iso]ated>cord 1s exposed to conditions designed to
upset oxidative metabd?ism or ion transport. These experiments
were done in order to test hypotheses éoncerning the éiﬁe’of
nynoxic reflex failure and pdssib!e machanisins by which this
failure could occur. J

Gther experiments were performed to attempt a qualitative
estimatfoh of the metabolic energy cosﬁs of this CNS preparation.
If one considers.the spiné] cofd as a metabolic black box (seev
Figure 24} if is apparent that there are at least two metabolic
rates. The first is the metabolic rate at rest, and the éecohd
is the added metabolic rate induced by nervous activity. If a
resting spiha] cord is exposed to hypoxié, the synthesis of ATP
might be expected to Le drastica]1y reduced, and ion gradients

would not be maintained. If the energy éost of nervous activity
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requires a significant drain of synthesized ATP, then the failure
of excitability would be expected to occur ecarlier if the cord
was stimulated during hypoxia. If the restiﬁg metabolic rate is
very high re1ut1»e to the increases causéd by stimuiation, then
changes in resting metabolic rate should affect the survival of
the hyp@xic ccrd more than changes in nervous activity. If the
regions of high surface area/volume require the greatest expend1~
vture of metabolic energy, then block of the spinal reflex should
occur in the finé terminal branches of the afferent akon.

With the above hypotheses in min&, the following experimental
procedures were 4mp]enented | | |

1. The techn1que of isolation of an intact, functioning
frog spinal cord was refined.

2. A paremeter of reflex function was established.

3. Characteristics of reflex activity to different stimuli
and at different recording sites ware examined.

4., The isolated cord was tested for hypoxia dur1ng the
control (oxygenabed) LOHth1OPS.

o Fhe eieutrnph151olog1c character1sf1cs of hymox1c
reflex failure were examined.

The survival time of reflex act1v1tf at d1fferenu rates
of stimul at101 was determined.

o

7. The survival time of reflex activity at d?ff@r@
tamperatures was determ1red

8. The anatomical s1te of failure of the reflex response
was cuucrht by micro- 91ectrode fechn1ques.

9. Evidence for thp existence of a sod1un -potassium ion
activated ATP'ase was obtained,

10. The affect of ouabdln on active ion transport 1nh1b1tor,
on rff?:x activity was studied. :



METHODS AND MATERIALS



REFLEX ACTIVITY

The Preparation

The basis of this these studies lies in the successful iso-
Tation of a functicning freg spinal cord. Consequentiy, tech~

niques for handiing of frogs and for isoclation of the co*ds are

important. The animals, Rana pipiens, pipiens or grass frogs
were obfained from‘the Poviell Laboratbries, Division of the
CaroTina Biological Supp]y Company, G!adstone, Oregon. These
frogs, shipped from M innesota, were dpec1f1ed as medium small in
size (two fo three 1nch in budy length). Upon arr1va], they
were transferred fron the shipping box to a plastic di:hpan with
a portlon of the moss or1g1n11]y packed with the frogs. Al this
timé ch froa was 1Pcoecb9d for "red leg" and bthe signs of
disease; any that showed obv10us signs of i11~hea1th were dis-
carded. Tap watef was added to thé wire-covered dishpan and this

cage was ke pf tilted so‘that the water pooled o one end. The
water was changed svery.two'or three days and the moss rinsed and
left in the cage. Though the frogs were usually used within two
weeks of afrivai, ﬁheh stored in this fashfon, they were viable
for months; | | | il

Usually a Tively frog was selected for 01579Ct10n decanita-

ted with scissors, the skin strwpped from the body, and the dorsal
body wé!! of the frog, inc]uding thé urostyle, was'cevered from
the careass. The body wa]] was pirned down in a suitable dvc ection

charoer vpvtra] s1de up, and a stream of oxyg enatpu Ringer solution
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(18° €) was directed over the ventral surface. After removing
the adherent connective tissue and bioced vessels from the surface
of the vertebral column, a pair of cuticle nippers was employed
to quickly nip away the major portions of *%= centra of the
vertebrae. Next, remaining portions of tha centra and parts of
the 1aminae were nigped away with care tm fo1d damage to the
underlying spinal cord. With tﬂe ventrai pnwt1on of the verte-
bral co]umn remoy ed thc cord 1s exposed. dp1na1 nerve X exits
near the articulation of the urostj1n with the sacrum. Ry care-
ful d15>ect1on w1th iris scissors and fine tipped fo ceps, the
ligaments atta hing the nerve and uorsa} root ganglion 1n this

re 3*0: may be severed. The sp1nﬁ? rerve X may be cut at the Tumbo-

i

-
i

(¥

ral rlexus, freed from COPﬁ@LL!VG t ssue and aufo mic ganglia,
and T:Ythd to aid freeing its dorsal root aang]ion. Care muét

be taken aot to pull on the nerve to prevent tearing the roots

aﬁ the root entry zcne of the cord. Usually both-sbiha] nerves

of level X were iso]atéd. The cor& wasrsevered pbetween level ¥

and VI, the narrowest pdrtion 6f'the spinal cord between the

ceyvical and Tumbar enlargements. It was then 1ifted from the bed

sequentialiy cut to free the cord and the attachad nerves of level
X. The extreme cauHaI end of the cord was cut where it enters
the uro Jthe and Lhﬂ cord tran”fer;ca 1mmed1at 1y to the exper1ﬂpnt
chambor. .The oxygenated solution which had been Flowing over the

cord curing the dissection was switched to the experiment chamber
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and the cord positioned for electrode placement.

This whole disﬁection procedure must not take Tonger than
30 minutes if the cord is to be»excitabTE, With practice the
dissection could be accomplished in 7-12 minutes. Microscopié
aid (7.5 X) was routinely empioyed, and the preparation was
inspected fer obvious sfgns of mechanical damage and morpholegi-
cal abnafma?ities. If any were found or if the disseétion tock
Tonger than 20 minutes, the preparation was discarded.» Typicai1y
the rcots of level X are about 2/3 the diameter of those level
IX, but they aré Tonger and the dorsal root ganglion is easier
to free from the intervertebral fascia. The rcots of Tevel X
are ahout T cm Tong and the spinal nerve is about 2.5 cm long.
The isciated cord weighs approximately 50 mg. A1l studies were
carried out on level X; preliminary observations did not reveal
funcfiona1 differenceé’between Tevel X aﬁd IX. Figure 10 ccnfaﬁns

a scaled diagram of the preparation depicting its gross morphology.

Physical Env%ranmeht and Experimental Conditions
The exbériment chaﬁberlﬁas 4 cm square andiz cin deap. The

trough in th@ chamberwfloor channeled the continously flowing

Ringer solution past the cord. The cord was elevated frmm the

floer by a {ins wire mesh screen or nyjon net to permﬁt flow beneéth

as well és over tha surface of the’cord; A platinum ribbon served

to greound the cord thivocugh the»Ringer solution. Ball and socket

etactrode holders mounted in the chamber walls permitted stable



FIGURE 10 - RIGHT LATERAL VIEW OF THE ISOLATED FROG SPINAL CGRD

This Ficure shows the relative size of the roots at the different
spinal levels (Roman numerals). The dotied area encircles the
region through which the micro-electreode is inserted for focal
pctential recording. :
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placement of the voots and nerves on electrodes isclated from
ground by a piecs of Parafilm. The chamber and 1id were shielded
with grounded aluminun foil.
Once the dorsal root and spinal nerve were positicned on the
lectrodes, their exp osed surfaces were covered with a mineral
011 petroleum jelly mixture te prevent drying, The portion of
the cord te be stimulated by the lateral column eleéﬁrodes wés

raised ,Jst abﬂve fiuid le vw? w’ th a tiny cotten wad; a little of

D

the dura was removed, Bipolar stimulating electradé tips were
inserted ;ubp«a]]; along the n1d 1au“”3} Tong%tudina? axis of the
coird.,  This last step was found to be critical for effective pro-
duction of the lateral column reflex. When micro-electrode record-
ing was dane,.the dura was removed from the left lateral surface
of the cord. The pia was carefu}Ty split on the mid«?atera?yline
with fine fipp&d forceps. A glass micro-electrode was mounted
in a microwmaﬁipulatof, }dweréd into the chamber through a hole
cut in the 1id, and inserted fnto tha cord under microscopic
observation. |

Two anger sotutions of identical jonic composition were pre-
pared (see Aﬁnendix}. One so?ufion was saturated with 95%
02~5% (07 and the other with 95% No - 5% €02 for at least l,b
hours baTore an experiment. The desired gas m1xturos were pasced
continuously through the sﬁphan bottles using a gas daneFSIOn
tube to aid in complete saturating beforr and during the experiment‘

Fluid from the botties passed through a plasma dropping tube
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calibrated to measure flow (3-6 ml/min) end controlled by a screw

Lo

clamp. The Ringer solutions passed through several coils of Tygon

P
e -
byl
=3

=

ing imrersed in & cooling bath, and were delivered to the
chaber via a three—way stopcock. This stopcock cdu]d be turned
to admit either oxygenated or nitrogenated nane so]utions,
Dhrvrg hypoxia, 95% nitrogen-5% COp gas was admitted to the chamber
ta deoxygenate the atmosphere. The temperature of the.system was
monitored by a mstered thermistor bridge and a Grass pongrdph |
Low te ﬁperature ca11bvat10n was ch*cked at six month 1nLLrvals
and Tound to require only a minor adjustment of th@ bridge. Room
tcmperature recoraed from a thermometer was used LO check the
vh1gh temperature calt urat1on iemperature was measured w1th a pre-
cis:an of 0.5 uegs cs Cent1grdae and an aceuracy of b@tue“ than
0.1 degree Centigrade

uUbamment Lcmp rature was produced in the cooling bath by
a metai colid firger. Usually it was sufficient to circulate cold
tap water through- this cold F’Dﬂer to 0ﬂoduce bath temperatures
in the deswred range (1o~19° ) however, dur1nq the summer months,
or when very low temperatures were needed, it was neceésary to
circuiate cold water from a secénd bath. This second béth was
cooled either by 1Cu, or by a th@THO“TECtr1C cold f1quet (C. Thomaa
and Co. ) Fire control over the chamber Temoerature (f 0.5° €) was
attained oy varying the Pomb2nat1on of water flow +hrougb the co]d
..nger and Ringer flow through the cncl1rg bath and chamber Flow
was YG&deSLGd whenever the temperaturg ur1ft was seen to approach

2° €. Riager flow was never a]]ovcd to be ]eas th n 3 cc/minute
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and was usually around 5 cc/minute. The mean temperature during

the control (oxygenated) and experimental periods {unoxygenated)
g , y )

was not permitted %o differ by more than 2° C.

o
[

Instrumentation for Measuring Reflex Activity

E?ect#odns for stimu]ating the dorsal root and recovaing frem
the ventral root or spiné? nerve weré made with 0.01 inch plati-
num wire. Insulated Teads to a phone plug connzctor were soldered
to the wire and affixed to a suitab?e glass tube for fnsertion
into the electrede holders of the experiment chamber. The lateral

column stimulating electrodes were fashioned from 000 insect pins

insul

i)

ted with Insulex except at the tips. Again, appropriate

ieads and cornectors were fastened to the electrode.

—ie
T

Micro-electrodes were drawn fram giass cqullary tubes on a
micro-electrode puiler. The pipettes wefe filled w?th alcohol
by vacﬁum boiling. The alcohol was'subsequently rep]aced with two
molar NaCT by diffusicn. (Scmetimes the electrodes had a bubble
visible in the tapering shank of tﬁe pipette thét could-be safely
d1$1odged by flicking a_finger against the electrode). Electrodes
with resistances between two and ten megohms were uéed,

The instrumentaticn used to measure reflex activity in the
iso1ated spina? cord 1s presented diégrammatical1y in Fig. 11. The
stfmuTus pq]se is obtatned from a Tekironix Type 167 pg?ge generater

and sent to the dersal root or lateral column through an isolaticn

transformar.



FIGURE 11 - SCHEMATIC OF THE INSTRUMENTATION

This arrangement was used in most experiments. When micro-
electrode recording was performed, another stimulator and

an electrometer vere added to the above system. In addi tzﬂn,
a dual beam plug-in urit (Tek Type 3A3) replaced the
Tektronix Type 63 vertical plug-in amplifier.

Various trigger circuits were designed and built for
stimulus selection and timing Schematics for these
circuits can be Fozrﬁ in Lnﬂ Apgend1x.

Ins;ru;anf ALl Eers refer to Tekt%on1x Ty;e numbers. The
camera is a Grass InsL. Co., modﬁl F4



X

timing

circuit
1
. - * m“ man.
161 162 161 ;
scope e
1 |v~. auto
trig rigger
in reset
t
- ﬁpm >
integrator
63
122 ﬁ¢ %




84

Reflex motor neuron discharge in the nerve or root was amp11-
fied by a Tekitronix Type 122 differerntial preamplifier with a Qain
of 5,000 and a Type 63 vertical p}ug~in amplifier. Display of the
reflex discharge Was obtained from a Tektronix 565 dual beam
osci]ibscope. The amp}ified rervous activity from the Typg 122
was a1$o channeled to a Type 3A8 operational amplifier b?ug—in
unit, The operaiionai amplifier was used to integrate tﬁe réf?ex
discharge, anﬁ this was d%sp]ayed on thé secoﬁd channal of the
dual beam osci]]oscope. | |

it was neceésary.to be able to recqrd with reasamab]g accuracy
reflex responses having peak amﬁ]itudes as low as TOG.mv. The
high gain required for the proper integration of these low fevei
resbenses made it necessary‘to fake unusual precautions‘to avoid
elactrical variations of non-biclogical origin. Therefo?e, the
system was modified in the following way. To prevent mechanically
indu:éd noiée,vthe nerve recofding electrode 1eads WET'E sereré&
direat1y to the amp]ifierrinput céb?e. The input connector of
the praamp]ifierrwas chahged to accommodate a Bendix four pole screw
type conniector, The band pass of the pfeamplifier was reduced fe |
values that did not significantly affect the wave form or amplitude
of the refiex discharge signals. The band pass was normally 0.8h,-1
Khg. A fine.contru1 potentiometerrfor the ocutput D.C. Tevel was
added to fhe préamp?ifier. The output of the preampiﬁf?er was
connected té 2 three pole shielded switch thét would couple the

Type 63 and 3A8 amplifiers directly {D0.C.) or by capacitors
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(1.0 and 0.2 uf). These capacitors prevented D.C. drift in the

output stage of the preamplifier from interfering with the inte-

.«

,
e}
o

gration of the bioiogical signal without affecting the frequency
response.  Other procedures such as common groundlng, proper |
power xupp?y ?ocat1on e1'm1nat1nn of room ligh ing, and eleatrode
shielding helped ach:eve a noise level of apnrox1mateay 10 m1cro~
velts ppdy to peak over the band pass of the 1n51rumentat1on.

When micro-electrode recorc.ng was emp]oved a Medistar A-34
electrometer was used in conjunction with a Tektronix Type 3A3 dual
trace amplifier,

PﬂwmuﬁLnt rerords were made by phoLonrdph1ng the faca of the
C 'T@acope with a Grass 64 osc.?iogfanh1c camera., In exper1ments
where the stinuTU° interval was 40 seconds, the camera was also
used as a pacemaker to synchranize stimulation and disp]ay_of the
response for vhotography. The camera was set to take pictures
at 40 second intervéls. When the shutter opened, a spike.was
gererated by the camera mn1ch +r1ggered a Tektfonwx Type 162 wave
form gcwnwwtor ikat in turn triggered the osc1110wcope sweﬁp and
the stlmqius puise. A gate circuit on the F/Pc 16? was used to

-~

ireset the 3A8 integrator by closing a relay to short out tne

ezd-

bark capacitor of the operaticnal amp]ifier. This relay openad 50
msec. prior to the stimuius pulse and closed 4 seconds later. FEach
picture ftaking eVent waé recorded on the timebase of a Grdss poly-
graph. Because the shutter 01 tre cainera apened for 1’2 seuond

the actual interval between stiruli is 40.5 seconds. When it was
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desired to stimulate at 4 second intervals, a special counting
circuit was designed to trigger the camera automatically (see
Appendixj. This circuit allowed the camera to photograph four
consecutive respenses out of a set of sixteen. Ancther special
gating circuit for use during micro-electrode experiments was con-
structed to select in sequence three different stimulators. During
those experiments, stimuli would occur at 40 second intervals.
The stimulus sequence was lateral column, dorsal root, lateral
column, antidromic, etc. Thus, there was an 80 second interval
between successive Tateral column stimuli and a 160 second inter-
val between successive dorsal root or antidromic stimuli.

Stimulus characteristics: A1l stimuli, unle ess 50 stated,
wera supramaximal rectangular pulses which did rot exceed 6 v out
of the isolation transformer. The pulse widths for Tateral column
stimuli varied from 0.01-0.15 msec. Pulse width for dorsal rcot
vas usually 0.10 msec. and for antidromic, 0.01-0.05 msec.

Recording polarity: 1In all traces an upward deflection indi-
cates negativity relative to the killed end of the roct for bipolar
recording or nerve bathj ing solution for micro-elactrode recording.
| Thus., the instrumentation providad for automatic stimuiation
of the isolated cord, displaved the response, end photographed the
results at precise intervals. The Grass polygraph continucusly
displayed the temperature and temporally monitored the events. The
photographic record was examincd in a film readar at 3.5 x the

original magnitude and the amplitude of the discharge and integrated



discharge was meesurad, In the case of four second interval
stimulation, the zverage of three responses in each set of 16 was
taken for a singlc data point. A1 measurements were made with

a precision of one mm. Reproducib§1ity was typically ¥ 1 mm, bhut
in some particularly noisy records the reproducikility was ¥ 3 .
The integral measures of the enlarged records vangzd between |
100-200 mm during the control period. Amplitude measurements

of the afferent signal in focal potential racords were batween
10-15 mm. Since these signals usually vere reduced during the
experimental period, the accuracy of measurament declined, especially
when the signal to noise ratio approached unity. Consequenily, the

measure called survival time in this thesis is based upon the

Tength of time that the response took to fail to only 50% of the
control level. Amplitude measurements of the integraiion trace
are subject to the same limitations. By recording the gain and
integration rate of the 3A8 p?ug~fn, an estimation of the total

amount of reflex discharge can be made {velt-sec.).

OXYGEN TENSION MEASUREMENTS IN SOLUTICN
A polarcgraphic technique was employed for three different
purposes to assay the amount of dissoived oxygen in solution. The
first purpose was to determine the amount of time it *ook to con-
vert from the oxygenated control to the nitrogepated experimental
condition so that the amount of onset of chamber hyporia could be

accurately estimated. A bare platinum wira polarizing elecirode



was positiconed in the trough of the experiment chamber near a

second non-polarizing Ag-AgCl electrode. A S

<

Corp. povier supply, a RCA ultramicro ammeter, and & Grass poly-
graph were connected as in Fig. 12A. The potential measured was
proportional to the oxygen tension of the Ringer solution flowing
through thé trough., With no spinal cord present but étherwise
normaf experimental conditions, the POz fell to a minimum value
(6%) within 17 seconds as nitrogenated Ringer was admitied to
the ¢ amber. It was assumed; therefore, that the onset of
enviroamental hypoxia began less than gne mirute after ﬁhé inflow
of nitrogenated Ringer so1ution. |
the $°ccnd use for oxynen tension measurements was to deter-
mine the level cf_oxygezlt.on inside the spzna? cord under the
usgal trol conditions. In this case a standard Beckman Micve
Dxygen Electrode was used to‘measure the POy in the centra!‘cora
of the $pfﬂa¥ card.‘ | |
The last oxygen tension study was undertaken to méasure tige
ygen co 1°umptian‘df spiaa? cord‘tissue Brei. The brei was pre-
rare‘ from Tour spfwa1 cords {180 mg) by tﬁree firm twists in a
ground giags Pgﬁt§r~E1evhjem homegenizer, It was auded to a
5pn¢iaiTy'desighad Jabpr~uac&uuad cuvette containing a standard
Reckman Macro Oxvgen Electrode {courtesy of Dr. H. S. Mason).
(See Fig. 12B). The value of POy in the cuvette was continuously
monitored by the electrode system and d.an?a3ei on a Qarment

servorecorder. Under these conditions, the effects of glucose,



FIGURE 12 ~ DISSOLVED OXYGEN MEASUREMENTS

Part A: A schematic of the arrangement to measure the latency
of environmental hypoxia after the start of the
nitrogznated Ringer inflow. The stopcock ceuld be
turned te admit either oxygenated or nitrogenated
Ringer. i '

Part B:  Schematic for the oxygen tension measurements of
spinal cord brei. The brei is pipetited into the
chamber, magnetically stirred, and oxygen tension
monitored by a Beckman Macro Electrode and 150 Gas
Analyzer. Slope measurements were made frow the
records gencrated by the servorecorder. Temperature
of the circulated water was thermostatically con-
trolled. o
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adenosine diphosphate (ADP}, and ouabain on the oxygen consumption

of the spinal cord brei were observed.

A Vedistor low voltage calibrator was used to check the
stability of the amp}ifier and display system. A 500 uv, 1 Kh,
signa]vfrom this device was fed into the input qf the Type 122
as an attempt to simulate the‘recording-condition durin§ the
experimenﬁs, The Type 122 had a gain of 5,000, and no measurable
drift in the cain of the 122 or yertica] pTugfin amplifier could
be detected over a-periqd of several hours. Initially, it was
routine before the start of each experimeﬁt to éhéck the écmmon
mode rejeﬁtion, the ouﬁput Teve]; and voltage calibrations from
tha ca?ibfate output on the Type 565 oscilloscope. However, these
parémeters requifed SO litt}e adjustment that they were on]j
checked once auring a Qeek of experiments. When ﬁhe Medisfor 34
e]éctrometerﬂwas used, 1nterné} calibration dgvices allowed gain
ahd electfode resistance checks during thé experi&ent. |

The time base of the Type 565 was calibrated By a Typ2 181
time mark generator which served as a tgrtiary standard.

The Tinearity of the integrator was checked in a fashion
designed to éimu]ate the conditions during the éxperiment. it
Tektronix Type 114 pulse ganerstor was used as a voltage source.
A rectanguiaf pulse of variable width andvamplitudevwas fed into a
50 ohm terminated attenuator on the inpgt Qf fhe“Type 122. Aéath

the pulse from the jnput of the integrator and its integral from
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the output of the integrator were disp]ayed‘ The integratar
output was a linear function of ,“anges in pulse width {1-40 msec.)
and changes in ampiitude (0-2 mv).
Befo?e any piece of electronic eguipment was incmrporated
intq the instrumentation, it was thorough]y checked cut and

intern Tlv ailorafed acrording to the manufart s specifications.

lgentifica 10n of Fxpor1menta1 Croaps

Two prircipal exper1merta] treatments were performed on frog
spinal cord 1501ated for study of their ref]ex act1thy There
were 52 cords made h)pox1c under various expgriment&? condftions,
and eight others were treated‘with ouabain. Of the cords made
nypoxic, there were i1yprenaratirns where observations of dorsal
root and lateral LO]UNP induced reflex aét1Vity were made at the
saine time, T e data from these exper1Mﬂnts, then, are paired
observations. However, Qf tnese 11 expariments, 6 were p%epared,
in additicn, for mﬁcro—e]ectrode study. The pattern of hynexic
reflex faiiu*e in-these two %ubq:oups Of paired Ob\eFWutlﬂﬁﬂ vas
significant?y dﬂffnrent. 1aaref0re, thnss experzmenms where paired

onservations were made, but whose cords were not nrepared for micro-

e?actrode pencLyat1on are jdentified as Er@up I {paired observations

Those experiments where paiwed observations during hyuoxia were
pe rf rmed with micro- esectrug“ u\\hniquﬂ ara identified as Group II
(paired cbservations). Other majer experimenta] subgiroups include

spinal cords whose dorsal rocts were stimulated at 40 second inter-

k)

vals and cords stimulated at 4 second intervals. The cords
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responding at 40 second intervals can also be divided into three
subgroups on the basis of the envircnmental temperature of thé
experiment. Theée temperéture subgroups are: hich, (20-25° C),
medium {17.5-19.5° ), and low (9-14.5° C). The following ouf!ine
may assist’the readér in differentiation of the groups, and pre-
péring the reader for compariscns made between subgroups in the

Resuits section.

I. Hypoxia experiments
A. Dorsal root induced reflex activity
1. 40 second intervals
a. High temperature
b. Medium temperature
c. Low temperature
2. 4 second intervals (medium temperature)
B. Paired cbservation of dorsal root and lateral
column activity ‘ ue ' i
1. Group I
2. Group IT - prepawéd or micro-electrede
recording i
C. Dorsal root induced uc+1v1ty reaorded from
tha ventral root
IT. Ouabain experiments - prepared Fnr m.cro-
electrode recovd1ng



RESULTS



ELECTROFHYSIOLOGIC CHARACTERISTICS OF REFLEX ACTIVITY
IN FROG SPINAL CORD

¥hen the dorsal root of the isolated frog spinal cord is

stimulated, a polysynaptic reflex discharge of the motor neurons
can be detected from the ventral root or spinal nerve. Typical

esponses of this kind are dispiayed in Fig. 12, as tha upper
traces of A and B. Unen lateral column fibers just beneath the
midlateral surface of the preparation are stimulated, a much
different pattern of motor reuron discha arge is seen from the
spinal nerve. This response is highly synchronous and anccurs with
a much shorter Tatency (Fig. 13C upper trace). Previous studies
(1456,147,143) have shown that the dorsal root induced reflex is
nurely polysyraptic whercas the Tateral column induced veflex is
fargely moncsynaptic. Swall amounts of po]yﬁynaptic activity
following the large woncsynaptic dischar ge can be observed in the
record of Fig. 13C. If the reflex d]SFQaIOP in the spinal nerve

in the

T

is electronically integrated, vecords similar to thos
Tower iraces of Fig. 13 are ohsorved. The amplitude of this lowsr

trace at _any peint in time is directly proportionsl to the accumu-

Tatzu area benpeath the discharge in curve in each upper trace.
The paraneter chosen as a measure of the magnitude of reflex dis-

charge in motor neuron axens is the amplitude of the integral,
For the monosynaptic reflex, the integral amplitude is measured
at the moment the monosynaptic discharge gives way to polysynraptic

activity.



FIGURE 13. Examples of reflex potentials and their integrals .
in the isolated frog spinal cord.

Rark s Dorsal root induced reflex activity in the
ventral root.
Upper trace - ventrzl root potential
Lower trace - integral of ventral root potential
Calibration mark
Amplitude - 100 pv, 10 volt-msec.
Duration - 50 msec.

Faxt B: Dorsal root induced relfex activity in the spinal
nerve.
Upper trace - spinal nerve potential
Lower trace - integral of spinal nerve potential
Calibration mark
Amplitude - 100 pv, 1 volt-msec.
Duration - 20 msec.

Part C: Lataral column induced reflex activity in the
spinal nerve.
Upper trace - spinal nerve potential
Lower trace - integral of spinal nerve potential
Calibration mark
Amplitude - 400 u¥, 2 volt-msec.
Duration - 5 msec.

lote: The integral amplitude is measured betwesen the arrows.






It is important to consider the differences between the
responses to dorsal voot stimulation represented by Fig. 13, A

and B. One can note that the time course and amplitude of the
response detected in the ventral root is much longer and larger
than when recorded distally on the spinal nerve. Previous reports
indicate that a large potential change can be detected in the
ventral root (A} in response to dorsal root stimulation even though
discharge is hlocked by pentabarbiturate (149). This potential
change is due to summated excitatory postsynaptic potentials

(EPSP) electrotonically conducted out the ventral roots. As shown
in the introduction, electrotonic potantials dacrease in amplitude
as the measurements are made at greater distances from the source.
The spinal nerve record was obtained at about 2 cm frem the cord

in contrast to 1 cm for the ventral root recording. The added
distance for spinal nerve recording decreases the amount of electro-
tonic potential in the record and'provides a better representation
of the patiern of discharge propagated in the motor axons since it
s uncontaminated by electrotonically conducted EPSP's and
prepagated axon potentials. One of the key elements of data in this
study is an estimate of the amount of discharge produced by excita-
tion of reflex pathways under various conditions. To facilitate
the evaluation of changes, the amount of electrical activity in-
duced by two varieties of excitation has been measured under con-

trolled conditions.
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Magnitude of Reflex Achivity

fabie IIT is concerned with dorsal root induced raflexas only.
There was no difference in the magnitude of discharge when re-
corcec from the spinal nerve at stimulus intervals of 4 or ﬁQ 
seconds, However, the reflex magnitude was observed to decline

wnen the interval between stimulus was Tess than ? seconds. At

w

imilar temperatures, median values of discharge recerded from

the ventral root were significantly larger {p<-0.001) then median
values of discharges recorded from the spinal nerve. This suggests
that the e]ectrotoniéa1]y conducted potentials account for about
80% of the tetal poténtia] change observed. The data in Table IV
indicates that the magnitude of reflex discharge was significantly
targer {p ~ 0.001) at low temperatures than at mcderate. There is
ne stgnificant difference between chservations at low [9.5-14° C)
and high temperatures (20-25° C). (Unless otherwise stated, the
two tailed rejection region for the null hypothesis is p= 0.05),

In general the standard deviations were surprisingly small consider-

—

ng the technical difficulty in making absolute measurements from
différent pregarations,

In Table V , the magnitude of reflex activity induced by
dovrsal root stimulation is listed with magnitudes from lateral
cotumn stimulation. Thesé observations are from contvrs? periods of
19 experiments in which both types of reflexes were produced in
the same preparation. Therefore, these values constitute paired

chservations. Though the mean values do not appear significantly
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TABLE III
MAGNITUDE IN VOLT-SEC. 10-2 OF DORSAL RCOT INDUCED REFLEX DiSCHARGE

(15~20° C)
Experimental Conditions Range Median Mean Sl
Stimulus Interval 40 sec.
Ventral root 2.76-3.83 2.85 315 D59 3
Spinal nerve group I 0.31-0.76 0.50 0.4 0.14 9
Spinal nerve group II 0.34-2.62 0.55 1.06 0.76 11

Stimulus Interval 4 sec.

Spinal nerve 0.46-4.27 0.60 1.24  1.37




TABLE IV

MAGNITUDE IN VOLT-SEC. 10-2 OF DORSAL ROOT INDUCED DISCHARGE IN THE
SPINAL NERVE AT VARIOUS TEMPERATURES

Temperature Range °C{ Range Médian Fean S.p. N
9.5-14.0 0.56-2.2 1.35 1.48 0.69 5
17.5-19.5 0.31-0.76 0.5G .49 0.14 g

21.0-25.5 0.23-2.4 0.40 .76 0.79 5




TABLE V

MAGNITUDE (IN VOLT-SEC. 10°2) OF SPINAL NERVE DISCHARGES INDUCED BY
DORSAL R?OT AND LATERAL COLUMN STIMULATION (N=19 PAIRED OBSERVATIONS;
15=20° €) :

Stimulus Range Median Mean $.D.

Dorsal root 0.34-2.62 0.67 0.95 0.67
Lateral eolulin 0.32-2.57 0.77 0.99 0.52
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differgﬂt, there were only five cases in which the dorsal root in-
duced reflex achieved a greater magnitude than the lateral column.
The prbbabi]ity that the reflex magnitudes from both stimuli will
be the samz in any experiment can be ccmputed from the binomial
(sign) test, wﬁere p=0.32 (cne tailed). Although the difference
was not great the dorsal root induced response was frequently
smaller thdn the response to lateral column stimuylation. The
relative magnitudes remained the same throughout the course of any
cne experiment. Further implications derived from observations of
reflex magnitude will be considered in the discussion secticn of
this thesis.

The amount of electrical potential recorded from platinum
electrodes placed on the ventral root or spinal nerve depends upon
several factors. The inter-electrode distance, the inter-electrode
resistance, and the amount of inactive tissue between active axens
and the active electrode are physical factors which affect the
magniiude of recorded potentials. Attempts were made to reduce
the variability of these factors by maintaining the same inter-
electirode distance, using the same spinal level, rejecting preparations
with unusual morphology, and affixing the preparation in the
chaiber in a similar manner with each experiment. The variability
in measurements observed among prebarations in any cne group pro-
bably results more from variations in these physical factors than

from biological variation.



Durability of Reflex Activity

Previous studies indicate that this preparation, when handled
in the manner already described, will generate reflex activity for
“four to five hours without signs of deterioration” (147). Re-
sponses to dorsal root stimulation have been observed for as long
as 19 hours (150). The latter study cites experiments on jzolated
frog spinal cord that were carried out over a period of twe days
[{150}, page 71]. Control experiments resylted in cemplete assurance
that the preparations used in this study were as durable as had
been repofted previously. Furthermore, control periods prior to
experimental manipulations were of sufficient duration to assure tha.
the preparations studied were viable and were not showing signifi-
cant signs of deterioration by reduction in the magnitudes of reflex
activity. |

It might occur to some that the spinal cord was hypoxic dur-
ing the control period in spite of the good evidence for durability
of the preparaﬁion cited above. Attempts were made to measure the
'POZ in the central core of the isolated cord while bathed in oxyger-
ated Ringer. Serious technical problems were encountered. A
commercial Clarke type micro oxygen electrode was used in twe prepa-
rations. In both preparations the POy readings varied abruptly
and erraticaily between zero or about 700 mm Hg. The POo of the
bath was measured at 600 mm Hg. The zerc readings were observed
as the e]éctrode was pushed into the canal. Abrupt changes between

high and Tow readings could be induced by mechanical manipulations
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of the electrode. Similar observations wers made when the electrade
was forced through a thin piece of sarafilm. It was conciuded that
the membrane of the electrode wade the recordings mechanically
sensitive. To test this possibility, the electrode was used With
out the membrane in place in full knowledge of the fact that the
electrode was not designed to be used in this fashicn. Errors
introciced due to the higher than normal resistance in the current

pathway, or the Formation of a protein scum or the electrode, would

-~

lead to an underestimation of POo. In spite of these possibilities
dr error, the membraneless electrode was calibrated in Ringer

ution at the cord temperature and quickly forced into the central
canal to obtain a brief reading. It then removed, recalibrated,
and another reading was taken. Values varying between 13 and 30
mn Hg were obtained at a time when the extarnal P02 was 600 mm Hg.
Since it was obvious that a special micro oxygen electrode would
have to be desigred, constructed, and calibrated to provide precise
values, further attempts at direct measurement were abandoned.
These experiments suggest, however, that there is a detactab]e level

»

of POy even in the inner most regions of the spinal cord.

PATTERNS OF REFLEX FAILURE DURING HYPOXIA

Polysynaptic Reflexes

Fig. 14 illustrates selected vrecords from a typical experiment
in this series. Following a period of normal, stable responses
recorded from the spinal nerve, the onset of hypoxia was associated

with changes in the magnitude of the responses to dorsal root



FIGURE 14,

Records of dorsal root induced raflex activity during
hypoxia.

Upper Teft hand record - control period subseqguent
records numbered in minutes after the start of hy-
poxia.

In each record:

Upper trace - spinal nerve potential
Lower trace - integral of spinal nerve potential
Calibration mark

Amplitude - 100 uv, 1 volt-msec.

Duration -~ 20 msec.






stimulation. Inspection of such records failed to reveal changes

in the latency of the reflex discharge. In addition, the duration
of the reflex discharge did not undergo marked aiteration. The

most nbvious changes in the discharce typically consisted in an
alteration of the éarliest eleiments of the complex discharge pattern.
The Tirst fow minutes of hypoxia were usually characterized by an
augmentaticn of activity. During the succeeding minutes activity
diminished gradually, reaching a very Tow Jevel in 30-40 minutes.

A more generally applied method of describing these changes is

-

illustrated in Figure 15. One can see that the magnitude of the

2 ’

integral was subject to less fluctuation than the peak voltage

attained during the discharge recorded from the spinal nerve. This

experiment showed an initial augmentation of the discharge magni-

tude occurring about 10 minutes after the onset of hypoxia. Follow-

Aa

ing this augmentation there was a gradual non-linear deciine of

o)

refles activity. The survival time, or time from onset of hypoxia
to 50% decay in response, was obviocusly different, when peak ampli-

tude and discharge integral are compared. This is understandable

i

-hat the instantancous voltage reflects the

S

when it is recalle
rumbar of alemnents ”zvuinaneaus?y active. Thus, peak voltage changes
reflect the degree of synchronizationy this may Tluctuate widely from

raespense to responsa.  The integral of discharge, on ther other

hand, is 2 function of the sum of all individual resporses over this

[45]
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time of measurement and, in my view, constitutes a mor

measure of the total discharge. This relation bhetwcen amplitude and



FIGURE 15,  Time Course of Polysynaptic Reflex Failure

The heavy soiid line is the integral of the spinal nerve potential
(% of control) plotted vs time.

The light dashed line is the peak amplitude (arbitrary units)
of the spinal nerve potentiail plotted vs time for comparison
with its integral.

These potentials were reflexly induced by stimulation of the
homolateral dorsal root.

(he data was obtained from the same experiment illustrated in
Figure 14).

Onset of the hypoxic period marked by arrows.



a0
[y .\./.




99

and integral is clearly evident in the data illustrated in Fig. 16.

The response (inset) recorded at 8 minutes showed a marked increase
in peak voltage and a reduction in duration. These two changes

resulted in only a relatively small change in the magnitude of the

integral. Fig. 16 is a grapn of the results from thise experiments

in which dorsal root induced reflex was recorded from the ventral

-

00t instead of the spinal nerve as was the case in Fig. 15. In

the experiments whose integrals are shown in Fig. 15, the peak

amplitude in all cases showed an initial augmentation, shortly after
the onset of hypoxia, but the integrals showad an initial depression.
This result is in sharp conirast to experiments where measurements
were wade from the spinal nerve (see Fig. 15). Consequently, it

wis decided to confine recordings of reflex activity to the spinal
narve because; (1) the center of interest in this study is magni-
tude of discharge and (2) the electrotonically conducted potential

changes cannct be eliminated from ventral root recordings.

Monosynaptic Reflex

In a number of experiments the effects of hypoxia on the lateral
column induced {imonasynapiic) reflex were examined. These experi-
ments ware tachnically much more difficult than were the dorsal root
(polysynaptic} studies. Slight mechanical disturbances could upset

the stimuius conditions sufficiently to destroy the value of the
experiment. It appearaed that minoe vncontrelled variatiors in the

lectrede in the lateral column were
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FIGURE 16.  Reflex Activity in the Ventral Root

The integrals of the ventral root potentials (% of control) are
plotted vs time for three separate experiments. Ventral root
potentials were preduced reflexly by supramaximal stimulation
ot the somolateral dorsal root.

Inset: Four records from one of the three experiments plotted
below. These records have had the integral deleted to show
more clearly the pattern of activity and the changes in this
pattern during hypoxia. Upper wost record is from the control
period, and the nunbers indicate the minutes after onset of hy-
p@xia whan the record was made.

Calibration: 500 uv, 50 msec.
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associated with major changes in the amplitude and time course of
the dischargz. The experiments which were discerded were characior-
ized by abrupt changes in the pattern of discharge which could
only be explained on this basis. Nevertheless, 19 experiments were
successtul in that the responses during the contrel pariod were
stable and alterations during hypoxia were not marked by sudden and
reversible changes in discharge pattern or maanitude. Four records
from one such experiment are shown in Fig. 17. Tha portion of
these records produced by monosynaptically induced dischar ge is
the initial larger negative potential and is followed by a series
of lesser potential T1UFtUatI“nS which vepresent motor neurcn dis-
charge induced via poTysyﬁaptic pathways. The augmentaticn of dis-
charge vihich occurred during the first 10 minutes of hypoxia
was seen in all Eroup I experiments but it was never as great as

the augmentation of the dorsal root induced (polysynaatic) reflex

in the same prepavation. The median values for the maximal levels

b

of reflex activity achieved during hypoxia were 120% and 1507 of
centrel in wonosynaptic and polysynaptic observations respectively.

Botl f reflexes reached their peak augmentation at about the

=
cr
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same time (10 uinutes). The Tailure of the reflex was gredual and
withoul any marked change in the duration of the discharge. It
weuld thus appear that reflex failure, examired in terws of patter
and magnitude of the evoked discharge, occurs im the same fashion

in both simple (Lonosynaptic) and more complex {polysynaptic) reflex



FIGURE 17.  Monosynaptic Reflex Activity During Hypoxia

Four records from ona experiment. The integrals have been deleted
in order to demonstrate the details of the discharge in the spinal
nerve,

Top trace - control record.
Lower traces - numbers indicate minutes after onset of hypcxia.

Calibration: 400 pv, 5 msec.
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pathways, i.e., by 3 gradual reduction in magnitude without re-

-
1
1

markablie changes in time course. Figure 18 is a composite of
the integral measurcments of monosynaptic refiex discharge taken
during hypoxia in five separate preparations not prepared for

micro-electrode studies {Group I).

Polysynaptic vs Monosynaptic Refiex Survival Times

In the preceding paragraphs, it has been shown that dedrassion
of diccharge from two different neurcnal systems accompanies hypoxic
episodes. The major difference between the two systems is
struciural and consisté in participation of internuncial activity

n the iresponse to dersal root excitation and the lack of signifi-

e

cant intarnuncial participation in the response to lateral column

imulation., It is, therefore, cf interest to inquire whether

(7]
s
sk

any differences can be detected in the rate at which the two systems
fail during hypoxia episodes. The data in Table yI were tabulated
to Tacilitate comparison of the survival times of iatera] coiumn
induced discharges with the dorsal root induced reflexes. In all
Group I experiments the monosynaptic reflex cutlasted that of the
dorsal root cr polysynaptic reflex. Uhen similar cbservaticns were
mde on spinal cords prepared for micro-electrode studies (Sroup I11)
poth reflex survival times were significantly longer than they were
vor Group I experiments. However, in Sroup II experiments, noc con-
sistent divference between monasynaptic and pélysynaptic reflex

survival was evident. Considering all 10 observations together,



FIGURE 18.  Monosynaptic Reflex idagnitude During Hypoxia
Fach trace reprasents the results from five experiments where the
macriitude of raflex activity is plotted vs time.

Magnitudes ara the integral of spinal nerve discharges presented
as % of imean contrel level. (A17 experiments from Sroup I).

Onset of hypoxic period is indicated by the arrows.
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there were only two experiments where the polysynaptic reflex
outlasted the monosynaptic refiex {see Table Vi ).

The differential in the survival times of Group I and Group II
axperiments deserves special attention. Re-examination of the
records permits rejection of several possible reasons for this

~

difference. The sequence of the experiments was such that seasonal

variations can be rulad out. Similarly, the occurrence of the long
and short survival times was such that the development of skill

in preparation and manipulation cannot be related to the difference.
There were two major differences befween the technical procedures
involved in preparing the spinal cords. The Group II experiments
Tnvolved manipulation of the meninges ard penetration of the cord
substance by the micro-electrode tip. These procedures were not
carried out in Group T experiments. It would be highly unlikely
that the damage to the preparation resulting from meningeal manipu-
Tation and electrode penetration would prolong its survival time.
The second major difference involved the amount of time elapsing
between the introduction of the isolated cord into the chamber

and the initiation of the hypoxic episode. This preparation time

for the Group Il experiments was invariably greater than that for

the Group I experiments hzcause of the technical procedures just
mentioned. However, it seemed worthwhile tc Tnquire whether differen-
ces in preparation tiie could ba covvelated with +he differences

in survival time.

ceordingly, the relation belween preparation time and survival



MINUTES SURVIVAL TIME FOR MONOSYNAPTIC AND POLYSYNAPTIC REFLEXES

TABLE VI

(N=5 PAIRED OBSERVATIONS EACH GROUP)

Spinal Nerve - Group I Range Median Mean 8.0
Monosynaptic (lat.col.) 42-65 52 51.8 8.6
Polysynaptic (dor.root) 33-48 . 49 40.4 5.9

Median diff. (mono-poly)= 9 min.

gpinal Nerve - Group II
Monosynaptic (lat.col.) 64-115 87 8.3 17.1
Polysynaptic (dor.root) 31—195 75 69.9 27 .2

Median diff. (meno-poly)= 0 min.




¥

was first determined for the composite of all experiments in

m

(x4

waich paired observations of mono and polysynaptic responses were
inade during hypoxia. The rasulting Tinear regression analysis and
Kendail rank order correlation are presented in Figure 19. For
monosynaptic response the regressien coefficient (Pearson product
mement) is significant (p <.005). For the palysynaptic responses
the Kendall rank order correlation was significant to the .05
Tevel of rejection. According to these results, the possibility
exists that the preparation time constitutes an uncontrolled varia-
ble which might influence survival times.

In view of this possibility, other experimental groups have
also been subjected to the same kind of analysis. MNo one experi-
mental group showed any correlation of preparation with survival
time. Conseyuently, two experimental groups were combined to form
composite populations and examined for correlation. When this
was done, only one population showed any correlation of preparation
time with hypoxic survival time (see Fig. 20). This population was

compesed of rolysynantic reflex data from cords stimulated at 4

and 40 second intervals, and iacubated at medium temperatures
(17.5-19.5° ©). The correlation coefficients are significant to

-~

rejection levels in excess of 0.02. The pessible meaning of these

observations wili be considered in the discussin

DIFFERENTIAL St!SLTIVI]Y OF REFLEX ELEMENTS TO P””OXIA

In the resuits presented above, attention has boen centered on

the amount of motor neuronal discharge initiated by reilex excitatio



FIGURE 19. Correlation of Preparation Time with Hypoxic Survival
Time :

Computer generated plet of data from a population compased of Groun
T and Group Il experiments. Since these two groups contain paired
opbservations of monosynaptic and polysynaptic reflexes, the

r

resuits from both types are iacluded here.

Monosynaptic reflexes
Asterisks and sclid regression Tine

Poiyvsynaptic reflexes
Triangles and dashed regression line

The pertinent statistical data is presented for both types of
reflexes. In order of display: : :

. Linear regression eguation

Pearson vroduct mament corvelaticn coefficient

t statistic computed from the linear reqressicn coefficient
. Tall - Kendall rank correlation cocefficient

Bl Y -
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FIGURE 20.  Correlation of Preparation Time with Hypoxic
Survival Time

Camputer gererated plot and computations firom data taken from &ll
peiysynaptic experiments performed at medium envivonmental

temperatures (17.5-19.5° C). This population of data is derived
from experiments where the stimulus interval was 4 or 40 seconds.

Statistical data tabulated in the same order as Figure 19.
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and the changes in this parameter induced by hypoxia. It must be
remembered, however, that the discharge of motor neurons is only
the firal event in a complex chain of processes which transpire
in the activated reflex pathway. If real insight into the

.

mechanisms underlying hypoxic failure of neuvonal function is to
be obtained, an attempt must be made to inguire whether there is

a differential sensitivity to lack of oxygen within this set of
processes which Tead up to motor neurcn discharges. The experi-
ments to be described in this section were designed to yield infor-
maticn about these events. The reactions of peripheral axonal
components of the reflex arc to oxygen deprivation were examined.
In addition, focal potential recordings were used.to obtain infor-
mation about the reactions of presynaptic terminals and of the

dendritic and somatic nortions of the metor neurons.

Evidence Related to Peripheral Components of the Reflax Arc

‘The first experiments in this series deal with peripheral elements
o7 the veflex arc. A number of investigators have noted the rolative

y of peripheral nerve function to hypoxia (49,50).
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However, one experiment was performed in a siightly different manner

taratura. The effects of hypoxia were observed

—te

than those in the 1
on a frog sciatic nerve under the identical vhysical conditions that
were used for the spinal cord experiments. During the control
period the maximal magnitude of discharga was monitored, but Just

prior to the start of hypoxia, the stimulus strength was reduced to



105
produce a discharge approximately half-maximal. The magnitude of
discharge during the hypoxic period decreased stightiy (15%), but
at the end of 20 minutes when the stimufus strength was increased,
the response returned to the control magnitude. Unlike spinaf
reflexes, the nerve discharge did not augment during hypoxia and
proved to be considerably more resistant than spinal reflexes.

In two experiments intended for lateval column studies,
curvent spread from the stimulating electrodes was sufficient to
cause direct excitation of motor neurons. The discharge of

divectly stirulated motor neurcns did not decrease dur ng the

period of hypoxia. However, if *he stimulus trength was suffi-
cient to cause only 1/2 maximal discharge, the raspense was seen

.

Lo augment shortly after the onset of hypoxia. Since periphazral
rerve dees not augment during hypoxia, response to direct stimula-
tion of motor neurons must be influenced by intraspinal events
during hypoxia.

One last piece of evidence to suggest that the extras pinal
elements are not the weak 1inks in the reflex pathway is derived
from micro-electrode focal potential recordings of amtidromica]!y

ctivated motor neurons. lYhen the motor neurons wera activated
antidromically by stimulation of the spinal nevve, the focal
pot@ntial changes reveal the activity in the axonal sequents as
wall as that in the soma-dendritic portisns of the nsurons.

Figure 21C, and 22 contain examples of this kind of discharge.

The initial positive deflection signals axenal activity prior to
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antidromic invasion of the motor neuron pool. 1In all experiments
this positive deflection was observed teo remain unchanged in ampli-
tude for as long as 135 minutes of hypoxia. »

From the above observations, it is apparent that peripheral
axcns are cuite reSistant to hypoxia. Reflex failure, therafore,
rust be caused by failure of elements inside the spinaf cord.
he next series of experiments was designed to exemine intraspinal

processas and their susceptibility to hypoxia.

Evidence Related to Central Componcnts of the Reflax Avcs

Focal potential recordings from the motor neuron peol allows

¢

one to assess the relative activity of the afferent and the
efferent eloments of the reflex pathway inside the spinal cord.
Wnen lateral column fibers are stimulated a monosynaptic reflex

is produced which involves only the afferent bundle of axons and
the motor neuron as the elements of the reflex arc. A micro-
é!ectrode in the motor neuron pool should be especiaily sensitive
to the terminal portions of the lateral column axons and the motor
reuron soma.  Fiqure 21 contains three racords from a typical
experiment of this kind. Amplitude rather than integral neasure-
ments were made on the focal potentials since attempts at fntegra—
tion of micro-electrode signals were unsatisfactory due to noise
and nigh integration rataes. The record in part A of Figure 21
contains three traces. Tha upper trace is the focal potential

gerived from the micro-electrode. There is an initial positive-



FIGURE 271. Examples of Records from a Micro-electrode Experiment

Part A: Focal potential, spinal nerve potential, and integral
in response to lateral column stimulation.

Upper trace - monosynaptic focal potentia]
p and n zre the emplitudes of the positive and
negative waves, respectively, of the presynaptic
Toca1 potential.

m - ampiitude of the postsynaptic focal potential

Middie trace - integral of the spinal nerve
discharge - {int. - amplitude of the monosynaptic
portion of the integral)

Part B: Focal potential, spinal nerve potential, and integral
in response to dorsal root stimulation,

Upper trace - polysynaptic focal potential

p - amplitude of the second p wave

i - maximum amplitude of the postsynaptic focal potential
Middle trace - spinal nerve discharge
Lower trace - integral of the spinal nerve discharge

Part C: Antidromic focal potential. Anti is the amplitude
measured from base line.

Amplitude calibrations: Focal potential - 2.5 my
Spinal nerve - 4C0 uv
Integral - 5 v.msec

Duration = 5 msec/div.
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negative defection (p) wave which is the elecitrotonic sigral of

the oncoming lateral column voiley. The n wave signals the

errival of the volley into the region of the motor neuron pool.

The n wave is almost immediately followed by a large negative
potential (m wave) which represents postsynantic activity. Ii

can be seen that there are potential fluctuations following the

m wave which probably represent activity via polysynapiic pathways.
The lower and middle traces represent the spinal nerve

di

n

charge and integral respectively. The onset of spinal nerve
discharge is about 1 msec. after the beginning of the m wave.
Since the m wave is producad at least in part by the discharge
of motor neuron somata, the conduction velocity of the fastest
moLor neurcns was about 30 meters per second in this experiment.

| The upper trace in part 3 of Figure 21 is the focal notential
response to dorsal root stimulation. The polysynaptic focal poten-
tials is éonsiderab]y more complicated than the monosynaptic.
There are two positive waves (p) and a diphasic negative wave (m).
The two lower traces are the spinal nerve potential and its inte-
arzi.

Fart © of Figure 21 is an antidromic focal potential produced

by stinulatizn of the proximal spinal nerve. It is generated
principé;]y by discharge of neuronal somata.. As previously des-

cribed, the small inicial positive potential is
i

5]

an alectrotonically

conducted signal of axonal discharge prior to the invasion of the

somata.
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Measurements made from focal petentials produced during
hypoxia should allow cne to test the hypothesis that hypoxic
reflex failure occurs because of conduction failure in the fine
terminal branches of the afferent axon. If this hypothesis is
true, one might expect that the p wave of the monosynaptic focal
potential would not decrease and probably would increase during
reflex failure since axons are relatively insensitive to hypoxia.
The n wave which should be principally generated by Yateral column
coilaterals and fine terminal brénches in the motor meuron pool
shouid decrzase as the reflex disappears. The postsynaptic
pﬁthntld] (m wave) should also decrease during failure since it
is princivally generated by synaptically activated motor neurons
and therafore is contingent on activity represented by the n wave.
Furthermore, if failure is truly presynaptic in origin, the anti-
dromic focal potential should not markedly decrease Juring hypoxia,
as this is a test of motor neuron excitability. With the above
considerations in mind, the reader should examine Figure 22 which
contains vecords of the control, hypexic, and recovery periods
of a typical experiment. After 155 winutes of hypoxia, the lateral
column Focal poteniial showed considerable decrement in postsynaptic
response {m wave). However, the p wave was raduced in amplitude
and was even more reduced in amplitude than the n wawe. The whole
presynapltic signal was decremented. At the same time, the poly-
synaptic focal potential (dorsal.roct) was unchangad with respect
to the initial positive deflection, but the later nesativity as in

the lateral column response was considerably reduced. The fact that



FIGURE 22,  Focal Potentials During Hypoxia

Upper row - focal potential records during the control period.

Middle row - focal potentials after 155 minutes of hypoxia

Lower row - focal potentials after 60 minutes of recovery in
95% 05

Calibration mark - 2.5 mv and 5 msec.
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the moter neuron soma was still excitable to invasion from
antidromic propagation after 155 minutes of hypoxia is demonstrated
by the anticromic focal potential which was essentially unchanged
with respect to the control period.

ATter €0 minutes of recovery under aerchbic conditions, the
monosynaptic and polysynaptic focal potentials were quite similar
to centrol responses at the start of the experiment. The anti-
dromic focal responses, however, appeared somewhat different from
respanses during the control period in that it was more synchronous
and is followed by a more prominent tate negative potential.

It would be of interest to compere focal potentials with
notentials recorded from the spinal nerve during hypoxia. Figure

ented for this purpose. After 120 minutes of hypoxia

ro
[€¥]
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changas in Tocal potential records occurred in the same fashion

as in the experiment described from Figure 22. However, in this
experiment, recovery was less complete and the antidromic focal
potential was quite similar to that during the control period.
During hypoxia, the monosynaptic spinal nerve potentials decreased
in magnitude without any initial augmentation. The polysynaptic
spinal nerve potential decreasad gradually after augmentation

and reached 307 of control 1&?@1 before the lateral column response.
As mentioned previously, the 50% survival time of the zpinal nerve
potential in this and other micro-clectrode experiments is cen-
sidersbly longer than in experiments not praraved for micro-

electrede measurements.



FIGURE 23.  Reflex Activity in One Experiment from Spinal Nerve

and Focal Recording Electrodes

Upper row - records from control period
Hiddle row - records after 120 minutes of hypoxia
Lower row - records after 65 minutes ¢f recovery in $5% 0o
Upper trace - focal potential in each record
Lower trace - spinal nerve potential and its integral
(Antidromic vesponses - focal potential only)
Calibration mark
Amplitude

Focal potential - 2.5 mv

Nerve potential - 1 nv

Integral - 5 volt-msec

Duration - 5 msec.
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fhe following characteristic changes during hypoxia were
consistently observed in the focal potential studies:

1. The pre ojﬂapLIC a:gnai decreased in amplitude with

respect to the positive and negative portions of the signal in

all experiments.

2. The antidromic focal potential usually increased some-

what Tn amplitude during hypoxia. In one experiment where

tne antidromic focal potential markedly decreased it was

68% and 40% of control when the spinal nerve potent1ai
as 50% and 18% respectively.

3. There was only one instance of complete reflex failure

within 185 minutes of hypoxia out of seven experiments.

In this case, the antidromic focal potential was 98%

of control and the presynaptic po itivity of the morno-

synaptic focal potential was 60% of control.

These results indicate that the motor neuron soma is the least
sensitive of the intraspinal elements to hypoxia. They also indi-
cate that refiex failure is synaptic or presynaptic in nature
but do not critically establish that the fine terminal branches

f the afferent axon are the most sensitive elements in the reflex

path to hypoxia.

WHY DCES FAILURE OCCUR?

The previous sections have describad results of QXpPPTPentS
designed to uncover the site of rcflex failure. Certain e1ements,
notably the motor reuron soma and peripheral nerve, have been shown
to be quite resistant to the effects of hypoxia. However, these
experiments shed no Tight upon the questions of why or how reflex

failure is caysed.



Mataholic Correlations

Pravious investigators have observed by intracellular record-
ing that spinal neurcns depolarize during hypoxia {41,56,61,62,69).
When these neurons depolarize %o a level above threshold potential

they wiil become inexcitable and fail tc initiate an action poten-

Ciag

ial. Though this failure may be the direct vesult of a passive
physical process, the primary disturbance of hypoxia is metabelic

in nature. Since hypoxia results in reduction of oxidative
metaholism, then reflex activity may be dependent upom high

energy intermediates whose production is curtaiied by hypoxia.

It is-Tikely that the unstimulated spinal cord requires these
metabolic intermediates in order to maintain its excitability.
Furthevinore, there is ample evidence that nervous activity also
requiras energy in order to restore the ncurons to their initial
pre-discharge conditions [(14), page 72]. At the onset of hypoxia,

t is hypothesized that energy metabolites will not be rr0uu ed

—di

at a rate sufficient to meet the demands of the tisswe. Thus,

when the limited stores of these intermediates are raie limiting,
neurcnal excitability should begin to fail. If the processes
underlying the maintenance of reflex discharge in this prenaration
requires a significant proportion of the total energy requirements
of the tissue then reflex activity should fail sconer when the
preparation i3 stimulated more often. This hypethesis is diagrammed
in Figure 24 A, If pathuay A is the resting metabolic energy

drain, and 3 the added drain due to narvous activity, then it is



FIGURE 24.  Metabolic Aspects of Hypoxic Reflex Failure

Schematic diagram -~ a greatly simplified representatic
metabolic energy flow in the spinal cord. Pathway A repre
sents energy demand by the tissue at rest. Pathw dj B repre-
sents the added demand of nervous activity. The nypethesis
assumes that reflex survival time is inversely proportional
to total metabolic rate (A+B).

¢n of the
rapre

I'EJ

Histouram - The results of experiments where the eneray demand
in pathway B (above) was altered. The poljsywaptx ¢ survival
times of two populations of spinal cords handled in the same

way except for stimulus interval.

Abscissa - stimulus interval
Crdinate - survival time ninutes

data polnts are plotted to show the range of valuas. The histo-
gram bars ex *e1d to the arithmetic mean of the gronp.
Mean curvival time 4 second intervals - 33.1 minutes

Mean survival time 40 second intervals - 30.2 wminutes
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cord will be inversely proportional to the maonitude of the

quantity (A+B).

To test this hypothesis, one may vary the magnitude of E}
the energy drain due to activity. Accordingly, survival times
of cords stimulated at two rates, an order of nagnitude differeht,
are compared in Figure 24 B. There is no statistical signifi-
cance in the difference of the mean or median survival %Zimes
between the two stimulus rates.

The corollary of the above hypcthesis is that: The survival

times of spinal cords should be inversely procortional to the

resting metaboiic rate (pathway A). One method of varying this

etement would be to adjust the environmental temperature of the
spinal cord. The results df these experiments are shown in
Figure 25. The survival time was indeed found to be inversely
proportional to the environment temperature (p <0.001). The Q10
is 2.5 (10°-20° C) which s typical of biological systems rather
than physical processes.

One can conclude, therefore, that most of thne metabolic
requirements cf the spinal cord exist in the resting state and are
not greatly increased by causing the reflex system to generate
activity. Symbolically the hypothesis may be expressed in the
following form: Eneryy costs are a function of the magnitude of
A+B where A >>>B, The experiments show that hypoxia and survival

times are related metabolically but do not suggest the mechanism by



FIGURE 75, Palysynaptic Reflex Survival Times vs Temperature

A computer gererated plot of the data including a linear regression
analysis.

The statistical summary in order displayed:

Linear regression equation

Regression coefficient (Pearson product moment)

t statistic to test significance of the regrassion
coefficient (p <0.001)

L2 ) —
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vinich hypoxia causes nervous tissue *o become inexcitable. Based
upoh the evidence in the literature, a reasonable hypothesis would

be that hypoxia primarily resuits i v failure of the active jon

8.

transport that sustains the transmembrane ion gradients necessary

for excitability.

Quabain vs Hypoxia

In crder to test this hypothesis it would be nec essary to
specifically inhibit the sodium pump. Ouabain has been postulated
©0 act as a specific inhibitor of the sodium pump in a number of
tissues [(113), page 305]. The evidence is quite good for several
tissues of the frog including peripheral nerve. Accordingly,
soie preliminary experiments were devised to gain confidence that
the spinal cord tissue was sensitive %o ouabain in a manner similar
to other narvous tissues discussed in the literature. It has been
demonstrated that the frog spinal cord contains a Nat, Kt activated
ATP'ese wiich can be inhibited by ouabain {D. Reed and D, McAfee
unpubiished reéu]ts). This is a necessary condition which must
be met before it is pessible to postulate that ouvabain snecifically
inhibits the Nav pump. A second manifestation of sodium nump
inhibition that has been accepted by many is the reducticn in 02
consumption which accorpanies the action of ouabain. Prelimin nary
tests of this sspect of cuabain action have been carried out.using
spinal cord tissue brei. 1In 211 trials {four experiments) ouabain

contistently reduced oxygen consumption to about 70% cf its original
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value. Addition of cyanide completely inhibited all oxygen uptake,

Similar resilts have been observed W1+ cerebral cortex (118). The

—y

‘act that ouabain inhibits oxygen consumption suggest that the
energy requiring sodium pump in the Frog spinal cord is sensifiVe
te ouabain. The fotal amount of inrhibitien is squivaient to that
sean in cerebral cortex (118).

Since it has been hypothesized that hypoxia primarily iphibits

the sodium pump, guabain should also cause reflex failure and do

S0 with a pattern similar to hypoxia. Ficure 26 shows focal

potential and spinal nerve potential recording from a preparation
treated with cuabain. The experiments were carried gut in a manner
identical to the hypoxia experiments except that the SLOPCOCK Was
wrned to admit ouabain oxygenated Ringer instead of nitrogenated
vingar,  After 50 minutes in 25 micromolar ouabain Ringer, reflex

activity completely disappeared. Furthermore, the antidromic signal

;..J

contained evidence of only axonal activity (p wave) whereas the

soma den‘r1f1c invasion was lost. These results are in sharp
coitrast to results from hypoxia experiments where the antidromic
signal never decreased before or to the same extent as the ortho-
dromic.  The presynaptic portion of the monosynaptic focal potential
aiso completely disapneared under cuabain. Howsver, in four experi-
ments it disappearad 40-12C soconds after the entidromic signal.
Atter 30 minutes of simple oxygenated Ringer, the reflex activity
recovered partially. Another ouabain episode resuited in complete

failure within 20 minutes. One singularly startling result is the



FIGURE 26. Effects of Ouabain on Reflex Activity

Reflex activity in response to lateral column {L.C

L) 1

.t
} stimulation.

First row - control records

Second row - after 50 minutes in ouabain Ringers

Third row - recovery after 30 minutes in ocuabain free Ringer
Fourth row - 20 minutes after return to the ouabain Ringer

Upper trace represents the Tocal potential activity

Lower traces are from spinal narve d?scharges and its integral.
These portions of the records have been deleted from the anti-
dromic records.

Calibraticn marks
Amplitude
Focal poctential - 2.5 nv
Spinal nerve - 400 pv
Integral - 5 volt-msez.

Duraticn - 5 msec.
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pattarn of rerlex failure during cuabain poisoning. Figure 27
contains records of the various parameters of veflex activity.
Failure is not by simple decay, but is an abrupt change in magni-
tude of response to zero, after which there is temporary reco?ery
Followed by a second complete failure of reflex activity. Evi-
dence of this "oscillatory" pattern of reflex failure was seen

in ail experiments with ouabain and never seen with hypoxia.
The survival time of reflex activity to cuabain poisoning is a
funcition of the concentration of cuabain. The dose response
relationship can be seen in the graph in Figure 28 plotted to
compare survival time and ouabain concentration.

Comparison of ouabain records in Figure 25 with those taken
duriag hypoxia {Fig. 22 and 23) illustrate the difference in the
patiarn of Feilure in the various elements of the reflex path.
Uhein Figure 27 is compared to Figure 15 and 18, the differences
in the pattern of failure of spinal nerve discharge between
hypoxia and Quabain cecome apparent. The significant features
of ouabain induced reflex failure as they contrast to hypoxia

may b2 summarizad as follows:

1. Reflex failure is periodic

2. Reflex failure is rapid and complete

3. Antidromic excitzability deas not extend beyond post-
synaptic failure

4, Antidromic signals do not cutlast presynaptic signa

—

s
The discussion section will dwell in detail upon these differences
and perhaps offer some meaningful conclusions concerning the mecha-

nisms of hypoxic reflex failure.



FIGURE 27. Patterns of Reflex Failure Under Quabain

Magnitude of monosynaptic reflex activity as determined by
integration of the discharge in the spinal nerve. Maanitude
plotted as percent of mean control level vs time. Three
different experiments pepresented here. '

Arrows denote time of ouabain experimental period. Recovery
from ouabain inhibition shown for curve with dotted line.
The 02 indicates washout with ouabain free oxygenated Ringer.

Solid lina - 100 wumolar ouabain oxygenated Ringer during experi-
mental period. bl ‘ ‘

Dashed line - 75 umolar ouabain in oxygenated Ringer.
Dotted 1ine - 25 wumolar ouabain oxygenated Ringer. Ouabain

washed out after about 55 minutes duration of experimental
pariocd. ' ' .
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FIGURE 28. Dose Response Relationship

Quabain u molar cencentration vs survival time of monosynaptic
discharge in spinal nerve. (Survival time=time to reach 50%
of control magnitude).
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DISCUSSION



The experiments which have been described in the previous
secticn were directed toward obtaining further insight into the
metabolic activities of nervous tissue by studying the effects of
hypoxia on a relatively simple reflex system. In order to achieve
this goal it was necessary first to hecome familiar with the
reflex hehavior of the chosen prepiration and to devise a method

cf estimating the amount of nervous activity induced by various

stimuli. Given prediciable behavior capable of being desaribed

in guantitative terms, it became possible to examine the influence

of metabolic manipulations under conditions which would permit

tions of the results. The vesults ob-

tained from these experiments will be discussed in relation to

1. Uthat vas the basis for selection of criteria for functional
measurements?

2. What are the implications of the pattern of hypoxic reflex
;alzure?

3. Mhat wight be the machanisms by which hypoxia causes
reflex failure? -

In the course of this discussion, the current hypotheses of the
wecnanising of reflex failure under hypoxia will be reviewed and
related fo the rosults of this study. An attempt will be made

to demonstrate that the use of an isolated reflex system in a

quantitative fashion provides advantages over other CNS preparations

vhen correlations are sougnt between neurophysiologic and molecular
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CRITERIA FOR FUNCTIONAL MEASUREMENTS

Quantity of Raflex Discharge

The Tirst important criterien was the need for a measure of
reflexly initiated discharge from a population of motor neurons.
Prior to the development of satisfactory techniques for electro-
physiolegical recording, early investigators usad the tensien
developed in a suitable muscle as a measure of reflex magnitude.
However, muscle tension provides only an indirect, non-linear
measure of discharge which has unpredictable sensitiv itys Thus)
quantitative estimates of discharge are difficult or impossible

0 achiave. The amplitude of reflex discharge has also been used

(%3

to measure reflex magnitude (54,55,56),

There are several reasons why the measurement of the integral
provides move accurate measure of the magnitude of the induced
discharce than does amplitude. In contrast to amplitude measures,
the integral of nervous activity is not affected by changes in the

synchrony of discharge, but only by changes in the ts#al amount

of electrical potential developed by the n

G

rve. Unless the voltage-
time curve of the discharge is swmetrical about its peak and
changes in ampiitude are not associated with changes in duration,
anplitude will not be a measure of the amsunt of nerva discharga.
There are three scurces of potential that can coatribute io
the maynitude of the integral-action potentials, electrotonic
potentials, and noise. Since electrotonic potentials do not

2oresent discharga, they must be considered more carsfully. Large
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etectrotonic potentials were shown to be present when the record-

ing electrodes ware placed on the ventral root. Others (147,148
have presented convincing evidence that the scurce of this poten-
tial is the electrotonic conduction along the ventral roots of
summated EPSP's generated in the motor neuron cell bodies. Since
it was desired to wecord only potentials from discharge beneath

the elecirodes, these EPSP's represent a source of urwanted signai.

Moving the recording electrodes distally to the extreme end of the

b

spinai nerve caused an 80% reduction in the magnitude of the inte-
grated potentials. One can calculate a length constant of 3.5 mm
for a 10 u diameter myelinated fiber firom the constants and
Tormulae in part I of the introduction. This calculated length
| constant is an overestimate since it does not take into account
the shorting effects of the low resistance membrane at the nodes.
Recording from the distal spinal nerve resulted in an increased
conduction distance of about 15 mm or almost five length constants.
Spinal nerve potentials, therefore, should contain a negiigible
electrotonic component. Consequently, the integral of the spinal
nerve potentials as epposed to that of the ventral root should
represent the best estimate of the total amount of discharge
genevated by motor nzurons as the resuit of synaptic activation.
The integrated spinal nerve potentials do not allow cne to
assess the frequency »f discharge. In fact, a neuron that discharges

5

most often will contribute morz to the inlegral than one which
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discharges cnly once. Therefore, the integral cannot be a measure
of the number of elements discharging, but only of the total
nurber of discharges. Because the effzrent elements of spinal
nerves are axons of only motor neurons, spinal nerve potemtia1s
Will contain no potentials from internuncials. Induction of reflex
activity, furtherwore, will invariably cause discharge of motor
neurens whose axons exit from adjacent spinal levels. Thus, the
spinal nerve integral is a measure of motor neuron discharge
from one spinal level only. The integral of the spinal nerve
discharge therecfore yields 1nnormat1on only about the behavior
of the motor neurons contributing te the spinal nerve on the
electrodes and cannot be regarded as an inde$ of the total amount
of impuise activity in the preparation.

it is difficult to reproduce ﬁhe recording cenditions from
experiment to experiment and differences in these conditions have

ontributed to the variability or variations seen in integrated

O

discharge magnitudes tabulated in Tables I1I, IV, V. However,
standardizetion of technique reduced the variability between

successive experiments to minimum and as a result it was possible

ot

Lo make some meaningful comparisons of magnitude of reflex activity
betwean different experimental groups. For instance, the magnitude
of the polysynaptic reflex at low temperatures (9-14° C) was sig-
nificantly greater than at higher temperatures (15-25° C). Other
investigators have reported this phenomenon (151,152,153). Reflexly

induced muscle tension was cbserved to increase during cooling of
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the frog <pinal cord {153). However, in the mast recent paper
vinich contributes information in this area, measures of ventral
root discharge amplitude were used as a guantitative measure of
reflex activity. Tebacis and Phillis (151) reported large chénges
in vefiex "magnitude" when the temperature of the hemisected
cord was varied between 0 and 30° C. These resuits are therefora
invalid as far as magnitude of reflex discharge is concerned,
but are valid with respect fo the change in the synchrony of
discharge which increased markedly - as the temperature feil below
10° C. Despite the shortcomingsiof the teciiniques used by previous
observers, the more reliable data reported in this study (see
Table IV) indicate that the reflex discharge is augmented in the
cold enviromment,

Other possibilities for influencing the magnitude of reflex
activity were examined. Although the data have not been presented
in Results, adequate examination has revealed that there was no
correlation of reflex magnitude with the time lapsed betwesn cord
Iselation and start of hypoxic peried (preparation time). However,
preparation time never exceedad 180 minutes and was usually only
30-50 winutes long. There was no corvelation with season, though
the availability of frogs limited experiments to principzlly the
sumner and autumn months.

The capability for making integral measuroments on freg reflex
dischargas in the spinal nerve was established only after overcoming

great technical difficulties with isolation from neise. These

1]



cifficuities wers never surmounted for integration of micro-

D

ectrode vecordings. Therefore, ampiitude measurements were

made on fTocal potential fluctuations whose synchrony did not

change. The focal presyneptic signal and the focal antidromic
discharge did not change appreciably in duration during the
experimental pericds except when complete reflex failure was
approached. The amplitude measures in the study have been usad only
to jdentify the presence or absence of a specific response, and

ochly as a rough index of reSponsé magnftude. in Summarys it has
been. concluded that the magnitude of reflex discharge of a popula-
tion of spinal motor neurons can be measured in the spinal nerve.

The iategral measure is satisfactorily free from contamination b

‘<t

sources of electrical change other than axonal discharge and
affords a more reliable estimate of the amount of reflex discharge

than can be obtained by other methods. -

Periods of Time

Since this study has been concerned with the temporal course
of events, it is necessary to re-define and explain the criterion
selecied for the measurement of survival and preparation times.

The survival timz constitutes the time from onset of the
exparimental period (hypoxia or suabain) to the time at which re-
flex magnitude decays to one-half the wmagnitude of discharge during
the control period. The selection of a relative weasure of magni-
1

tude permitied normalization of the results. e selection of the
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time to 50% decay as a measure of the survival time, was
necessitated Ly the slow non-linear decay of activity during
hypoxia. The decay of hypoxic reflex activity was most rapid
from the peak of auginentation to about 50% of the control
fevels. During the remainder of the hypoxic period the rate of
decay diminished and the magnitude approached the zero axis very
stowly. This sTow approach to zero would have arforded a very
insensitive measure of survival. Furthermore, in the experiments
in which hypoxia was continued long past the criterion, with one
exception, the reflex magnitude did not go to zero even after 3
hours of hypoxia. The 50% survival time, therefore, was a
canvenient measure of duration because, at this time, differences
between experimental grouns would most likely ba greatest.

The preparation time was measured from the moment the dissected
and izolated cord was placed in the experiment chamber to the
moiment the hypoxic episode was begun. During this period of time
all spinal cords were uniformly exposed to Ringer's solution
saturated with 95% 0p-5% C02. During the preparation périod the
spinal cord was positioned in the chamber and the necessary procedures
were implemented for stimulating and recording from various sites
of the cord. When the cord was finally ready for the experiment,
a series of control records were made. The preparation time extends
to the end of this control period at which time the experimental

precedure (hycoxia) was begun.
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It will be recalled that significant correiations were dis-
covered between survival time and preparation time in two com-
binations of experimental groups. The combined observations of
survival times of paired moncsyneptic and polysynaptic refiexeé
in experiments which did not involve preparation for micro-
electrode penetration (Group I) and experiments which did involve
such preparation (Groun II) was one instance of a significant

orrelation. The combined observations of survival times of

(»]

discharge to dorsal root excitation at 4 and 40 second intervals

was the other instance of this correlation. HNo group of experiments
involving only 2 single variable exhibited a correlation between
survival and preparation times.

Cne may well question the advisability of treatihg as one
population the Group I and Group II experiménts which were
handled so differently. Obviously, correlation does not imply
causation, and the observed correlation is further suspect since
the survival times of the two groups are also correlated with
manibu]ations necessary for micro-electrode insertion.

A proposed correlation of survival times with preparation
time would be more meaningful if it could be cbserved within oné
experimental group or at least in a population established by com-
bining two groups whose mean survival times and experimental
manipuiations were similar. It sheould be remembered that there

was no significant difference between the survival times under
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hypoxia of cords stimulated at 4 and 40 second intervals
(17.5-79.5° C). Since the null hypothesis cannot be rajected,
the polysynaptic survival times of these two groups can be Tumped .
together and considered as & single population, with more justifi-
cation than can be -mustered for the Group I-Group 1I combination.

Though neither of the two groups separately showad any correla-
tion, together there was a significant {p <.02) correlation of
hypoxic survival times with preparation time. This observation
on ihe tolysynaptic reflex strengthens the proi bability that the

carrvelation chserved in the combined Group I and II nopulation
is nob an artifact of the mechanics of preparation. In contrast
to th2 population of Group I and II experiments, the composite
ropulation of polysynaptic survival times was obtained from cords
not prepared for lateral column stimulaticn or micro-elactrode
recording. Therefore, there are two populations of experiments
each handled in a different fashion, yet both exhibit a correla-
tion of hypoxic survival time with preparation time.

Tne basis behind the correlation of hypoxic survival time
and preparation time remains a mystery. It is possible that there
is & true functional change scceurring in the spinal cord during
the period of isolation before hypoxia. The recovery frain spinal
shock has been considered as a factor, but the observations of
reflex magnitude or amplitude do not reveal any consistent *tendency
to increase during the control peried, as one would exnect if spinal

=
v

siock was wearing off. Furthermore, most {nvestigators who have



had experience with this preparation feel that spinal shock
disappears within the first five minutes after spinal trans-
. However, there may be some more subtle change in the
spinel cord &ssoclatedeéth spiral shock that does not affect
refiex magnitude but does influence the resistance of the spinal
cord to hypoxia.

Another reasonable possibility to explain the significance
ot preparation time is that there was a depletion of metabolic
reserves during the 10 minute disséc*?on period in spite of the

are to keep the cord bhathed in oxygenated Ringer during dissection.

&

17 metabolic reserves are significantly depleted and if these

s

SSRrves ar

cnly slowly replenished, then the resistance of

D

]

reviexes to hypoxia might be expected to increase with longer
preparation times,

Tt is important to point out again that variahility in pre-
paration time was too smalT in any one group to show a correlation
With hypoxic survival time. Therefore, none of the cenclusions
drawn from these experiments need be concerned with variations . in
preparation time. The subject has been introduced into this
Discussion unly because it appears that it is a variable which
should be considered in the design of similar experiments in the

future. The correlation was guite unexpected; there is ro indication

1 Fersonal Communication with J. M. Brookhart, 1¢63.
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from the Titerature that other investigators are aware of the

possibilities fmplied by the above considerations.

IMPLICATIONS OF THE .HFTEQN QF HYPOXIC uEfLEA FATLURE

Li ﬁfﬂrfwc :s Between Fo1v5ynqut ¢ and Mo ﬂoswnanaic nc%]exes

The chservations reported here provide for the first time
infornation about the susceptibility of the moncsynantic reflex
in the ¥rog to hypoxia. This reflex has received little attention

but offers the possibility for direct comaaflson of pure mono-

<

synantic nd po}js/napt1c refTex maanxuudes and their pattern

of hypox1a reflex failure in the frog sp1na] cord.
Po;h types of reflexes undergo augmentat:aﬁ in the magnitude

of motor neurcn df } arge during the 1n1t1n1 siares of nypox1d.
The aUg‘”ﬂiaW!O of poTJSJnapt1c d1~ch arges is greater than

the aucment on of the monosynaptic response. The augmentation
of the mcrosynaptic response is probably due La a recruitment of
undischnarged motor neurons since the durat1on of vresponse is too
short to pro?ide fgr an increase in the frgquency of‘ﬁischarge;
Cni the other har,d the augmentation of polysypaptic activity could
.have been due to recruitment as well as to an increase in thé mmfor

neuron discharge frequency. The pattern of reflex failure, initial
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augmentation and subsequen general sequerice
of events that Kirstein (44) observed in faline sp incl reflexes.
However, feline reflexes survive for only two to four winutes,

whereas the frog spinal veflexes survive for 35-100 minutes under



hypoxia. Therefore the pattern is developed much more siowly

in the frog, and this enables one to test the spinal cord for
gflexes atl intervals long enough to aveid neurophysiciogic inter-
actions belween the responses to succeeding stimuli. Kirstein's
figures indicate that the monosynaptic reflex endured perhaps twice
as icng as the polyaynaptic reflex, but he did rot tabulate his
data, nor give any indication of the reproducibility of his obser-
vations. It is interesting to note, therefore, that in the frog
thera appears to be some evidence to suggest that the monesynaptic
reflex is slichtly less susceptible teo hypoxia than: the poly-
synaptic refiex. However, the statistical significance of these

(p=0.06} is only marginal for rejection of the null
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hypothesis and one carnot conclude with great confidence that there
is a difference between the survival times of the two kinds of
reflexes during hypoxia without further experimentation. If there
is a differcnce it is small compared to those observed by Kirstein
in the cat.

There may be a functional and/ov structural basis for a
difference in the susceptibility of polysynaptic and monosynaptic
reflexes to hypoxia. Since the polysynantic reflex travels a
multi-neuronal path to the motor neuron there are probably a large
number of loops and internuncial interconnections. The spread of
afferent activity thercefore has mauny possible routes to the motor
neurcn.  COne micht expect that during hynoxia, in spite of the loss

of a Tew of these elements, the refiex could he sustained by
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alternate pathways to the motor neurcn pool. On the other hard,

e

ince the moncsynaptic reflex involves a direct relation between

o

srimary affereht and motor neurons, no alternative bathways are
available if any of the oprimary afferents fail and the reflex
aischarge must necessarily decrease. On this basis one might
predict that the moncsynaptic reflex would be more susceptible

£o hypoxia than the polysynaptic refiex. Van Harreveld made
axactly this observation on cats when he compared naturally induced
tendon refiexes with flexion reflexes. However, in the frog, the
tateral column input is extremely powerful and probably each -motor
neuron receives terminals from several different lateral column
fibers. If only a Tew of the axo-somatic terminals are necessary
to discharge a motor neuron, synchronous activation of all Tateral

cotumns fibers may produce a surfeit of input (over-kill). In

this case the hypoxic depolarizatien of part of the afferents might
be without eifect on the magnitude of reflex discharge. Therefore,
when synchroncus supramaximal stimulation of reflex afferents is

used to produce reflex discharge, a somewhat different pattern of

refiex Tailure could be expected than that observed when natural
stimuli (e.o., tendon stiretch) are used. If in the frog there is

stightly more security in the monosynaptic pathway, it is probably
because of its powerful axc-somatic input.

Thera is no reasca to suspect that the metabolic disturbances
caused by hypoxia are different in different elements of the two

refiexes. ELvidence has, however, been produced which indicates



that all kinds of neurons are not uniformly susceptible to
wypoxic depressicn (41,44,54,56,53). It has aiso been proposed
that different subneuronal elements are differentially depres;ed
diring hypoxia. Differential susceptibility has beer ascribed te

differences in size of neurons or of subneuronal elemants (41,586).

3

Cn this basis, the smaller neurons are more readily damaged by
hypoxic episodes. Histologic obsefvations made on anrimals which
have survived hypoxic episodes show intarnuncials to have bzen
more severely damaged than motor neurcns {45,53). However, sub-

neurchal LTE& nts such as dendrites, and axon terminal branches

T refiexes, there is no a priori reason %o predict
graat differences in the survival times of polysynaptic and

monosynaptic reflexes.

Lﬂ}‘ erences in Presynaptic and Postsynaptic Susceptibility to

1:
i
)‘( f/ Ia

Attempts to piapoint the site of hypoxic reflex failure were
not entire1y siecesstul in these frog studies. Yhat appears certain,
howaver, is ithat hypoxic failure does not begin with failure of
oter neuron excitability. The Trog spinal motor neurecn receives

its menosynaptic input via axo-somatic synapsas {146}, Therafore,

%]

antidromic excitability is a trie test of postsynaptic exci ability.

Since the monesynaptic synapses on the feline motor neuron are not

corifined to the scma (146), antidromic <omatic excitability is not
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as reliable a test of posisynaptic excitability as in the frog.

depolarization

o
fel}

It is possible to imagine that hynoxia ceuld caus

[

of feline motor neuron dendrites causing postsynaptic failure to
orthodromic input while the cell body remainad excitable to anti-

dromic invasion.

The Problem of Presynaptic Failure

Sirice the motor neuron soma in the frog retains its excita-
bility after reflex failure has occurred, and since the peripheral
afferant exons continue to conduct during hysoxia, it appears highly
probable that the reflex failure occurs because of functional

deticiencies related to the synaptic region. There are two separate

teyminals which, by default, would pravent synaptic transmission.
The second is failure of the synaptic-secretory or receptor |
mechanisms.

t is possible to observe signs of primary atferent activity

with a micro-clectrode placed in the motor neuron pool. The pre-

synaptic signal is a synchronous ranid positive-necative fluciuation

jut]

which is followed by a larger, more enduring postsynartic potential.
Classical interpretation of the componsnts of the presynaptic signal
ascribe the initial positivity to the approaching wave of activity

distai fo the recordﬁng Tield of the micro-electrode. The potential
swings negative as the activity spreads into the reéording field and

invades the afferent terminal elements in the motor neuron pool.

Crooks and Eccles (35) have suggested that the positive portion of
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the presynaptic focal signal (p wave) is cue to activity in the
parent axon and the negative portion {(n Wavﬁ) 15 due principally
to activity in the ferminal branches of the parent axon. On this
basis, one would expect the positive portion to be unaffecte dlby
hypoxia since axons, at least in peripheral norve, are quite
resistant to hypoxia. If, as Eccles has hypothesized, failure of
reflex activity during hypoxia is the result of depolarization of
the terminal axon branches, then the negative wave would be
expected to disappear and the positive comnonent to increase
with concomitant failure of synaptic tranemission and postsynaptic
réesponse.  This pattern of reflex failure was not observed in the
frog. Goth the p and n waves decreased in ampiitude during hypoxia.
Focal potential studies drawa from the Titerature {(56) do not pre-
sent convincing evidence that the p wave is movre resistant to
hypoxia than the n wave. One must either question Eccle's inter-
pretation of what elements contribute potential to the p wave or
conclude that the intraspinal axons of the lateral column are more
susceptible to hypoxia than peripheral axons. The model proposed

by fceies (Figure 3) 1s an oversimplification of the complicated

spatial arrangements of the i pinal =lements. There is not
encugh information at present to suggest aiy naw interpretation of

tha presynaptic signals, but a decrease in amplitude of the pre-
synaptic focal potential during hypoxia is consistent with the idea

of presynaptic failure.
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It is impossible with techniques available in this laboratory
to determine whether the failure of central synaptic activation

is due to blocked invasion of presynaptic terminals or te failure

—2a

he secretion-recention mechanisms which normail 'y result from

“h

0

(=

\

3

such invasion. Thus, the possibility rerains that the reflex
failure in these experiments was due to the second type of functional
deficiency in the syraptic region. The susceptibility of the
myonauronal junction to hypoxia has been studied in 1ieu of a CNS
synapse {154}, This research also failed to distinguish between
nypoxic failure of presynaptic invasion by action potential and
tailure of the secretory mechanfsm.‘ It did esfab]ish, howaver,

that repeated episodes of hypoxia could cause chaiges in the

amplitude and frequency of miniature end-plate votentials. There-

)

forz, synapiic secretory processes are, in fact, influenced by
hypoxia under certain conditions in the myoneural junction.
Whether or not this information can be extended to the CNS synapse
remains to be demonstrated.
It 1s tentatively toncTuded, therefore, that the reflex failure

in the frog spinal cord is oresyrantic in nature and involves

ailure.of presynaptic ccndﬁttion. At present it is uaknown as to
whether conduction failure precedes or is concurrent with a possible

failure of synaptic trensmission wechanisms.

Metabolic Relationships to Hypoxic Reflex Failure
As mentioned previously, the fealure that distinguishes the

pattern of hypoxic failure in the frog from that in the cat is



-

the length of the surviva] time. The frog spinal cord undoubtably
has a lower metabclic rat@ at 18 6 tnan the cat at 36° C. The
survival time could be postulated to ke a functlﬂﬂ of the length
of time it takes for depletion of the metaholic reserves in the
Treg spinal cord. Chviously, any change in metabolic rate would
result in a change in the time required for these reserves to be
desleted, These reserves should be drawn upon more rapid?y during
activity than in the resting state. On this basis a hy vpothesis
and its correlary were tested experimentally. If nervous discharge
is a significant compenent of the total metabolic demand then it
may be predicted that increases in reflex discharge would cause a

i)
agerease

ypoxic survival time by increasing the rate at which

e

~

]

v—r
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—a

¢ raserves are consumed. 1% would also follow that de-

P
[

met
cresses in resting metabolic demand should cause an increase in
hynoxic survival time. Simp]y stated; thisﬂhypothesis predicts an
Tnverse re]atﬁonshfp netween survival time during hypoxia an
metabolic rate. The experiments were designed to test this
hypothesis by firsf changing the stimulus interval to nffect a
hange in the metabolic dra1n due to d1schdrgp and ﬁecond1y, to
change the environmental temperature and thereby influence basal
metabolic rate. Since an ovder of magnitude.change“in reflex
discharge resu]ﬁed»in no change in survival time one rust conclude
that the energy cost of reflex aétiviéy in the frog spina]’card

is cons 1de ahly iess than that required by bésa? metabolism., The
inversa correlation of env1rnnmpnial temperature withvref1ex

survival time under hypoxia confirms the predictiocn that survival
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time is indeed related to resting metabolic rate.

It should be pointed out in support of this conclusion that
other more direct measures of metabolic activiﬁy have been applied
froitfuily to peripherai‘nerve preparations. Such measuraes as
phosphate preduction, oxygen consumption, an& neat production,
ifdicate that nervous activity does indeed consume energy (14, 107,
138,139). Peripheral axons have re]ative]y small surface area to
volume ratios compared to central neurons and the humber of ions
q@\ed during each action potentiai (esppc.ally in myel1na+ d rerve)
i 50 ¢ma]1 that concentration gyradients are not greatly affecte

[(14), page 71, (i38)]. Therefore, high rates o7 stimulation and

-

<

priremely sensitive metabo]?c measuras are nacassary to detect
any increase in metabolic rate during activity. The increabod
netabslic rate dui1ng “"*1v1by is thought to be ths result of
increased active jon pump1ng quﬂng recove fy from the action poten-
tials (118, 137,139). |

The probiems of interpretati@n of measuras of metabo]ism of
CNS prduarac.ono are e/cced1‘g1" d1f 1cu1t w{th péripherai nerve
one can simply measure the oxygen or phosphate Lonaumud and a1v1dp
by the number of action potentza?s, or surface area to get an
nstimate.of the energy cbst per action potént1a1, This cannot be
done in the O hnwaver First of all the CNS contains whole
neurens whos rfacp areas per unit we1ght have nnt been mnasured,

though they are undcubtably much Targer Lhan axons (103). How
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does one estimate the total amount of membrane depolarized or the
total rumbers of neurons excited, aspecially with polysynaptic
reflexes? In order to make this estimation che nuinber of elements
discharging, their frequency of discharge, total surface area,
icnic permeabilities, sodium pump rates, and ion fluxes are para-
metzrs of esnergy drain to be measured.A Obviously, the prchlems are
too complex at present to expect direct measures of metabolic rate
with neuronal.activity to be made on CNS tissue with the quaﬂtité-
tinn possiblé with axon.bund}es. However, Ito and Oshima (66‘
su&seeded in measuring scdium puinp rates in spinal motor neurons

in response to jonophoretic injected cations. Their calculated

sedium ef flux value (77 p o C/Cm“/JEL.) is more tham twice that

<

observed in giant squid axon. In their opinion the sensitivity
cf the cat spinal functfoﬁ tb hyaoxiavis'based upon depandence

on OdeatIVL WFLdbO]1~M to d;1ve these very busy active ion pumps.
The ionophoretic 1njecticn of azide caused depolarization at the
rate of 10 wmv/min which is near thé value cobserved by others for

’ 1 zation.of motor'neurons under hypoxia 655,6056?),
Furthermorer 1nh'bition of the sodium pump by ouabainm caused a
30’ 0% 7311 in oxyaen 00ns:mpt1on in the cerebral cortex (!13)

wnich also indicates that a great deal of resting oxidative me tabo!:sm

—de
73
(=5
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ted to ion trancoort vSince only small numbers of fons move
across the membrane during an action potential it is not swiprising
that the added metabolism of nefvcus dischafge 13 insigniffcantr

relative to the resting metabolic rate.‘ However, if 'hypcxia causes

reflex failure by dcpo!arization of presynaptic afferont Levminals,



then survival time of orthodromic reflex activity is really a
mzasure of the metabolism of these, the weakest elements of the
ref]ex path, |

The great advantage of the spinal cordvever cerebral cortex
is that input can be controlled, and output measured.‘ Spinal
cord reflexes provide a measure of function to relate to metabolic
activity. The isolated frog spinal cord hés the advantages of
isolation from systemic influences and capabi1ity}for petter
control and measurement of nervous activiﬁy. Thus, these studies
present the base line data which will permit éystematic use of
the preparation in future experiments éesigned to relate function
to metabolic factors. The author intends to exploit this prepara-
Lion Further in an attempt to gain a better understanding of CNS

function and neuronal cell physiology.

THE MECHANISMS OF HYPOXIC REFLEX FAILURE

1

“Hypoxia has been used in this research to produce a "metabolic
disturbance”. One might ask, what kind of disturbance, and how
does this metabolic disturbance influencekref}ex activity? Current
hypotheses have been identified throughout this thesis. Brief]y,
the concepts are as fo]fgws: Hypoxia resuits in depletion of
energy reserves which are necessary tq drive the active fon trans-
port processes. Passive ion movemént, unéompensated by active
wcd1sw1bqt1or,vhoﬂd result 1n depo1ar12a+1un of Lhe neuron maﬂbrane.

As a first avnrox-mat1on it has .been assumed that regions of the
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neuron that have the highest surface area to volume ratio should
depolarize first. If these ideas about the mechanisms of hypoxic

reflex fai?ure arz true, then simple inhibition of the sodium pump

b
e

should result in the same pattern of reilex failure nbsnrvea during

hVﬂo%1a. It 19 possible to apyroxbn this problem pharmacologically.
Cuabain is considered by some to be a specific inhibitor of
the sodium pusip in certain tissues [(113), page 305]. Fvidence

vas prescnted that the oxygen consumption of the frog spinal cord

," »

calls in response to ouabain poisoning in e fashion similar to that
chbserved for {he.cerebra} coftex; Preliminary evidence a]so
~nQ|CHiPd that the frog sn1na] chd contains a Nat, K ac 1"ated
ATP'ase, fnh101geu by ouahain. These resu]cs suggest that the action
of cuabain on the frog spinal C“fd shows charar+?b stics similar

to those sean in tissues where ouabain is known to inhiﬁit éctjve
sodium eff]ux. Thar fore it is assumed her that ne frcg

5‘1na] cord is anotner of Lho many t1ssues wknse actwD ion trunspor
5 nh1b1ted by ouabain.’

Apparently, no ekperiments have been performed to test ihe
action of cuabain on spinal we1]e es.  However, it is worthwhﬁ?e to
predict wnat th@se effezts might be, assuming ouabain acts to
Specvf ically 1rh1b1t active ion franspowt in u»nrral nervous st+em
tissue. First of al] cuabain shou*d cause reflex rallure. The

elay bptwcen onset of drug admlnlstrab1on aﬂd refiex failure shouid
be in part due to dif fUC1on to the 91tns on 1n9 neuron memurane |orb

aa+|vp tra ncpur There shouid “150 be a de]#] bELWEEH the time
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tnat active transport is halted and the time depo?ar?zatian has
occurred in encugh QTements in the refiex arc to cause reflex
activity to decrease. The rate of depo]arizat1on should be pro-
pertznna! to the rate of change of intracellular coﬂcentratioh whic
wou}d, in Tu“n, be 1n11uenC)0 by membrane permeability and the ratio
ovf surface arca to vo?ume. Thus, ogabain could be predicted to

cause reflex failure in the same marner that hypoxia has been nostu-

-4

tated to act. On this basis it appears that ouabain and hvuox;a
would cause rgnTex failure w1th similar patterns.

There are, however, some impertant additional facts to be
enngiderad before accenting the assunption thét hypcxi& ahd ouabain
milar petterns of dysfunction. Hypoxia primarily
Causes a ueplo‘:on of energy resarves; secoﬂdariiy, tha depletion
resylts in inhibition of active tfanspoftﬁ The delay between the
starﬁ ef nypnxia and ref1ox failure w1]1 a2 due in part to diffusion
of the sicweﬂ oxygen out oF tha tissue. However, even when the
neuron is hypoxic it should nsot begin to depo?arizé until its
energy reserves are depleted o the point where they are rate-
limiting for the operétion of the sodium pump. The rate at which
Energy reserves afe.depleted depends upon the metabelic raie of
arnaerobic eneray production. Only when energy stores arve uep?“ted
to a Teve] where the sodium pump activ y is depressed, will the
cell de pu}ar1/e at a rate pronortiopa] to the ienic pwrneab111fy
and-the surface area to vo1ume ratio o$ the ce1§ - It follows tnen,

that mn’?e the rate of hypoxic rellex fa11ure is dep ennbnt upon both



the metabolic rate and the structural characteristics of the cell,

L}
the rat

of ouabain induced reflex failure would be independent

1y

of neuronal metabolic rate and a function on?y of neurcn structure.
Most investigators apparently do not consider the metabolic

aspects of diTferent elements of the refliex @ath when they disctiss

patterns and mechanisms of refilex faiTure. Both Eccles and

Van Harreveld tacitly assume fha he rate of ﬁetabo]ic depletion

in the'e1ements of the ref}ex.path is an unimportaht factor, because

they consider hypexic ref1ex .a11ure sclely on structural (SUPfuCE

area to vo?ume)»grounds. There is evidence that the metabolic

rate is different for the varfous elements in the reflex path.

For exemale, Lowry (sée Tower (183), page 1802) has sugqested that

abolic activity of gxey matter is centered pr1nrlpaliv 1n the

L
e

V"/"
&

dendrites. Since the soma is tho site or Drotp.n syn1he¢1s, one
would expect a higher metabolic rate in this structure in ccmpar1~
san té the axon, whose princip]e métabo]ic.requirement seeins to be-
the ma ten ance of the sodfum pump. Nevertheless, it would be
difficult to preujct with certainty which element in the fefle path
would fail first under hypoxia because hc roe is ﬁot EROUgN mctailad
information about the Te;dxiVe Fetab011c ratec or potent ia] for
anaercbic metabolism in the various elems nts of ﬁke rpalex path.

if it can be aséumed that ouabain has indeed a dirert affect Colely
on puimp activi ,y, one could pre edict wh1ch e]emrnbs oF Lhe ref?ex
path would be mnsf sensitive to ovabaln s1nbe much is known dbout

.

their structure and re]acwve surface area to volume ratios. Should
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a comparison of the patterns of hypoxic reflex failure and osuabain
reflex failure reveal obvious differences, thése differences might
ke related to the relative metabolic rates of the elements underj
going depo}arizat?on* The problem then becomes o1e of kinetics.

From the hypothesized mode of action of oitabain, it can be

sredicted that ouabain should cause dendrites and terminal axons to

depoiarize before the cell bodies and parent afferent axons which

W

iv

<l

rise to'presynaptic terminal branches. Therefora, dzpolari-
zation of ﬁresynaptic,terminaisvshou]d occur first and cause loss
of the presyﬁaptic focal potentials, and orfhodromic motor neurch
discharge before fai?ufe of the antidromic response.

the results from thé frog experiments wera not as predicted.
raeed there was ref]ek failure, but the pattern of faiﬁ&re vas
not at all similar to ﬁhat seen durihg hypoxia. In the presence
of ouabain, féi.ure of reflex activity was not charactérized by
the reiatively s]ow~simp]e decay of ref]ex discharge seen during
hypaxia,bu*,iﬁstead féi]ﬁre was actompanied by several abrupt
f]uctuations in magnitude (see Figure 27). The resﬁ}tﬁ of most

axperiments exhibited at Teast one episcde of transient fluctua-

tion in veflex magnitude. Most of these episodas were character-

P

ze¢ by an initial abrupt, and sometimes, comslete loss of reflex

excitability which was followed by a temporary "rebound” or recovery

<

f response to stimulation. In three experiments there were two
episodes of decline in revlex magnitude bui the level of recovery

following the second episode was less than in the first.
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The conclusion drawn from fhe observations =f fecal potential
records is thal refl ex failure is the res&]t of inexcitability in
all of ihe elaments of the reflex path. Antidromic focal poten-
tial H1Juwp03rnd even during the initial temporary loss of ref]ex
excitab}?ity. The pattern of changes was‘so rapid that cbserva-
tions made at 40 second intervals were unable o prov1de, with
certeinty, 1nfurmat1on as to which element in the reflex path
became completely inexcitable f1rst. There were four experiments
vhere both phases of thé nresynaptic focalipotentTaia were present
after the regative phase of ﬁhe antidromic focal potential
disappeared, which might .nd]catp that the motor neuynn became
inexcitable earlier than the lateral column fibers

Thare is some question, however, as to the mechanism underiying

1

transient 21excit1biiity of the ref’ex elements. Since ihe dis-
wxnearaqhe of the raf1ex and art1drom1P d15chargns was orly tempo-
rary, and s1nc- rhe recovery was quite rap1d the motor nntrons

ccufd not hav; bcen madn 1nexk1tab]e by vd§s1ve ion equ.i1or ﬁiQn.

It wou]d seem more ]1ke]y that ouabain in some manner caused a
\EWporiry imbalance Let#een 1ﬁh1b1t0ny anq excitatory activity

whjch vas so extreme that reflex exc1tab131uv was tcamporavily over-
come. IT unpredictable functional changes occur in the sv.na] cord
dur1ng ouabaln poisoning, it wuula be d1ff1cu]t to test the hypothesis
concerning its mode o acf1ﬂn by using gross recordiang o]ﬂctrodes
Uncontrellable changes in the balance of excitatory and inhibitoryr
input to motor néurons, perhaps by spontaneous infermuncia? activity,

would invalidate the present experimental design as a means for
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testing the structural hypothesis for susceptibility to metabolic
interference. Intracellular recording from motor neurens would
perniit a mere rigorous evaluation of the nature of soontanecus
input to the motor neuron and a differentxatien batween hyper-
polarization (from IPSP's) and depolarization as the cause of motor
neuronal inexcitability. These exngw ments have not yet been per-
Torired, but it is hopedrthat in the near future a more defaiied
analysis of the effect of ouabain on spinal ref]excs can he

acconn iE' ed.

In sumnary, the ouabain experimgnts faijed to yield infor-
mation about the Susceptibi]ity bf different elemenfs to passive
ion fluxes., The spinal cord responsas ue"e.arabab1y complicatsd
by nzurophysiolegic changes which could not ba monitored by this
exseirirental design. The studies performed with hypoxia involve
consideration of metabofic as wei]‘as structura] factors in |
detcrm?ning the susceptibi]ity of reflex elements to hypoxia. This
susceptibility of functlon to hypoxia is hased upcn meiabolic
destands present in Lhe resting unstimulated cord and én}y secondarily
on the ?eve? of activity. To what extent these metabolic demand§ |
are coupled fc active transport is unknown, but it szems that the
moter neuron is structurally and metabo]icaf}y favored tq resist

the disturbances caused by hypoxia to a greater degree than any

other element in the reflex path.



SUMMARY AND CONCLLSIONS

Experiments designed to influence metabolism while monitoring

Tunction were performed on the isolated frog spinal cord. Quanti-

t—:

aii /e estimates of motor neuron discharge, obtained by electronic
integration of spinal nerve potentials, p?pvided a means for de-
termining the eifebfs of met aboiic alterations on nervous discharée.
A large number of experiments weré carried out to estab]iéh the

pattern of monosynaptic and golysynaptic retlex failure during

et

n episode of hypoxia. The resu1b~ F these experiments differ
Trom the resuits obtained by others from cat spinal cord in the
Tfollowing manner:

1. Hypoxic reflex survival time is much YoncGer in the frog.
Vi ¢

%]

. Monosyraptic reflexes are not markedly more resistant
: b ia than po]jsynapb1c reflexes.

3. The excitability of the motor neurdn soma and axon is
muych less susceptible to h;oox1a than other elemants
of the rcrlcx arc.

Several xpnw1went" were performed to determ1ru the site of
reflax failure. InberpreLat1on of che focal potant1a1 fecnrds
Indicated that the monosynaptic afferent axon and its terminals
ware the first elements in the mcnosyraptic refTex path to fail.
It was conciuded, however, that this nraSJnaatlc failure ma yvor
may not occur inftial 1x_1n the fina tcrm1ﬁ 1 branch2s.

The apparent failure of the ]atera] co?umn axon‘ind?cated by

] studies i

(..)

1

the focal potentia incensistent with evidence presented

that axons ave extremely resistant to hypoxia, and demands a re-
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evaluation of the basis f the interpretation of the focal siuns

of presynaptic impu?se arrival. The presynaptic focal potential
may be comp]icated by activity not directly associated with the
moter nuuleus in which the micro-electrode resides. Turthermore

- -  x

foca] potential signa1é cannot be used to distinguish between
conduction failura in the presynapiic axons and 7ailure of synaptic
secretory mechanisms. Conseguently, it was concluded that the
qenesis of the presynaptic ‘oca} potential is not sufficiently

well understood *o permit identification of the site of reflex
fai?ure. |

The mechanism of hypoxic reflex failure urdoub”»dlv has a
me:aba?i; basis. It was hypotheéized that the rate of refle
failure would be directly ﬁroportionai to the wetabolic rate (the
survival time would Be inversely proportional). Changes in the
basal metabu!}c rate were assumed to occur when the environmental
temrerature was changed. Siﬂce hypaxfc reflex failure wa§ moya
i at warmaer iemperatures thaﬁ at « oidur temparatures the
dependence of 1Uﬁ-t’on on ox1da11v; metabolism is cons i idered
provan.

The jncrease in nervous activfty produced by increasing the
stimulus ratﬂ 10 times dud not increase the metqbolic rate over
basal conditions enough te alter survival time. It wust be
concluded that the anerqy cost of nervous acb1v1fy is relatively
small compared to that recuired simply Tor maintenance of excita-

bility.
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The mechanism of hypoxic reflex failure was proposed to consist

of failure of activa ion transport and consequent depo]arization

af neurbna! elements. It has Leen suggested that the rates of

ObDﬁ]ar]/aLTOﬂ would be a function of relationship of the surface

area to the volume of the neuronal element. This suggestion is

bazed cn the imp1icit_assumption that active ion transport is

completely inhibited in all clements at or near the same time.

It was cenc]uded'frombthe research reported herein that the vulnera-

bility of various neufona] elements to hypoxia cannct he so]ely

ascribed to surface area-volume considerétions. Ouabain, considered

to be a specific inhibitor of active cation transport, resulted

in a pattern of reflex failure quite unlike ithat associated with

hypoxia. Reflex failure wés rapid and oscf]]étary, ana failure of

condiiction cccurred in bot pre and postsynaptic structures'at

about the same time. It is suggeéted that the vu]nerabi?iiy to

the effect of HVPOKI&,Va]LhOUﬁh ultimately produ ed by ion'trans-

port +a11ur9, would be conditioned by the jvallab1]1iy of netabol1c

énergy raserves. These metabolic reserves should be different in

the various portions of the neuron.

&

The frog spinal cord is an evc~11ent prenaration which has many
advantages over the in S1tu manla11an pr@parat1on< Bj virtue of
the ahove res arch fnture exppr1ments with this p pardu1on can be

performed to 1nvpst1gahe tne 1nfr1qu1ng prco]ems of metabolic

correlates Lo nervous ac’m\nty
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Operational Description of Fiyure 29

The camera shutter relay is activated when the transistor
is biaéed on. This condition pravails when the input to the
transistor is at ?east I volt positive. Two gates in the Figure
were effectively wired as a single three input gate. Whan all
inputs to the gate are low the output is pos?tive 3 volts, and
this is suificient to trigyer the tranéfstor and shutter. One
gate was used simply as an inverter. The flip-flops toggle on
the negative going portion of the input pulse. Between pu]ées
the output-of the inverter is high which céuses é 10w ouput
from the gate. The input pulse will cause the output of the
inverter to swing low. This in turn causes the output of the ga
to siing high to trigger the shutter only i¥ the other two inputs
are low as would be the case initialjy. At the end of ﬁhe first

nput puise the first flip-flop will toggle high. The operation

Ty

—ip

s the same for the next three input puises cnly. The four
flip-flops are in reality arranged as a four bit binary counter.
Therefore a picture of the stimulus response is taken for the first

four of each set of 16 stimuli or for 25% of the responses.



FIGURE 29. Timing Circuit for Experiments where Stimulus Interval
was 4 Sec. :

Components:

914 - Faivchild micrologic dual NAND gate
922 - Fairchild micrologic RS Flip-flop
D] - Germanium Signal diodes

Dz - Zener 3.0 volt diode

Resistances in ohms

Capacitances in microfarads

Truth table for the NAND gate

Input voltage Qutput voltage
Low-Low High
Low-High Low
High-Low Low

High-High Low

(See Appendix for a functional description of this Figure.)
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COMPOSITION AND PREPARATICN OF FROG RINGER

Compositicn and Stock Solutions
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Cempeound Ringer Concentration Stock Sol. Stock/Ringer
.9/ mm/ 1 g/ L VA I
haCl ﬂ .28 73.25 171.2 25
MaHCOz 2.94 3500 58.8 « 50
KCI 3.23 3.13 8.2 25
NWPHPPQ 025 1.76 i0.0 25
lahipFdg. H20 0.C8 0.59 352 25
G JLCae 2.92 16.18 116.8 25
CaClo.2M20 0.22 1.99 8.9 25

[n RPW, -y Y
Preparation

1. Add appropriate vn?umes of steck solution {except Cally),

Ditute to the required volume less 4he vo!uwe recusrﬁd
for the baC]Z ' ~

™3

Cas cc]uf1on with a gas mixture 5% €0, for 15 m1nutps.
ﬁdd CaClg The pH sbou?d ba 7.4.

Note: In the eVpe iments herain, 5 Titers were made up at one
time without any glucose and storad in the cold rcom. Before
the start of the ex9e;1ment 2.9 grams of giuccse was disolved
in one liter of the Ringer ahd tne solution gassed with the
appropriate mixture. ' '





