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ABSTRACT

To study possible coupling between membrane
polarization and protein synthesis, elevated external
K* levels were used to depolarize the cell membranes

in isolated Aplysia californica parieto-visceral ganglia

(PVG). The effect of this treatment on the incorporation
of labeled leucine into proteins in the ganglion was
analyzed on sodium dodecyl sulfate polyacrylamide gels.
PVGs weré preincubated.3 hours and then incubated 4 hours
in either control medium (l%4c-leucine, 10 mM [K*]) or
experimental medium (3H-leucine, 10 + x mM [ K*] with
equimolar [ Na+] reduction)? These were homogenized
together, separated into aqueous soluble and aqueous insol-
uble fractions, and run on gels.

In the aqueous soluble fraction of the PVG
High [ K*] (90-110 mM [ K*]) caused relative increases in
incorporation in distinct peaks at 50K (K = 1000 daltons)
and 40K. The larger peak, at 50K, was studied further.

The relative increase at 50K occurred when
l4c-1eucine (instead of the usual 3H-leucine) was incorpo-
rated in High [K*]. The relative increase at 50K did not
occur (1) when [ K*] was raised to only 50 mM; (2) when

[ Na*] was reduced by 80 mM, and tris* (HCl to neutralize)
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was substituted instead of K*¥; (3) in pleuro-visceral
connective (PVC) nerve; and (4) in the aqueous insoluble
fraction of the PVG.

The effect of High [ K*] on incorporation into
the giant cell (R2) of the PVG was examined by first
labeling the PVG in control medium, rinsing it, and
then labeling it in experimental medium. High [ K¥] in
the experimental medium caused a significant relative
increase at 50K in whole PVGs, half PVGs, and R2s dis-
sected from the PVG following incubation. The results in
R2 were marred by great variability in the control
patterns.

Autoradiography of identified cells (R2 and R135)
dissected from PVGs labeled with 3H-leucine in normal [ K*]
showed that contaminating cells (mostly glia), which always
adhere to such dissected cells, generally account for less
than 20% of the total incorporated formalin-fixed label.
This contamination is large enough so that a glial origin
of the High [K*] effect on incorporation at 50K cannot be
positively excluded. However, the presence of this effect
in dissected R2s and its absence in PVC nerves, which
contain axons, glia, and connective tissue, but no nerve
cell bodies, lend support to the notion that the effect
is neuronal in origin.

High [ K*] caused a reduction of approximately 50%

in total incorporation into both aqueous soluble and
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aqueous insoluble proteins of the PVG. Similar decreases
of 35% were seen in dissected R2s. [Na'] reduction (by
80 mM, tris* substitution) had no significant effect on
total incorporation (measured only in the aqueous soluble
fraction of the PVG). High [K*] caused a reduction of
approximately 85% in total incorporation into PVC nerve.
Autoradiography of the nerve showed that this reduction
occurred in both the connective tissue sheath and the
axonal-glial region. High [K*] caused no significant
change in non-volatile TCA soluble label in either the
ganglion or the nerve.

Other effects of High [K*] on the PVG: (1) a
small (not large enough to have caused the relative
increase at 50K) decrease in the relative amount of label
in the aqueous soluble, TCA insoluble fraction compared to
the aqueous insoluble fraction, and (2) a relative decrease
in incorporation in higher molecular weight peptides com-
pared to lower moleculér weight peptides in both aqueous
soluble and aqueous insoluble fractions.

These results suggest, but do not prove, that
High [ K*¥] caused an increase in the synthesis of a
neuronal peptide of approximately 50,000 daltons molecular
weight. The possibility that this peptide may be a tubulin

subunit is briefly discussed.
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CHAPTER 1
INTRODUCTION

About 40% of the dry weight of the mammalian brain
is protein (McIlwain & Bachelard, 1971, p. 246). The high
rate of synthesis of brain proteins (Gaitonde & Richter,
1955; Lajtha, et al., 1957) indicates their probable func-
tional importance. Protein synthesis, and in particular,

the modulation of protein synthesis, have played important

roles in speculations about the modification of neural
activity and connectivity as the result of electrical
activity in the brain (Schmitt, 1964; Hyden, 1970; Rappo-
port & Daginawala, 1970; Ungar, G., 1968). As will be dis-
cussed below, changes in the metabolism, amounts, and/or
properties of particular proteins in the brain accompany
changes in behavior or neuronal activity. Understanding the
control and modification of the protein synthesis in the
brain is therefore, probably important to understanding how
the brain functions, and it was with this thought in mind
that I chose as my thesis project a study of some aspects

of the modification of protein synthesis in neural tissues.

In this introduction, I discuss, first of all,
previous studies on protein synthesis in neural tissues.
The method I used to modify protein synthesis was to raise

external potassium levels, and the rationale for this



procedure is discussed in the following section. Finally,
the tissue I used was the parieto-visceral ganglion of

Aplysia californica, and the advantages of using this

preparation are discussed in the final section of this

introduction.

PREVIOUS STUDIES ON PROTEIN SYNTHESIS IN NERVOUS TISSUE

In vivo experiments

Protein metabolism of brain has been studied in
animals placed in novel situations. These novel situations
include sensory stimulation, forced motor activity, electro-
convulsive shock, induced convulsions, and learning
situations.

Situations other than learningl situations. Talwar

and associates have investigated the effect of exposure of
animals to light (as opposed to constant dark) on protein
synthesis in occipital cortex. Talwar, et al. (1966)
observed an increase in incorporation of 14C labeled glucose
or valine into proteins of occipital cortex in adult rabbits
exposed to 30 minutes or 2 hours of 7/sec flickering light.
A similar result was obtained with Rhesus monkeys using 3H-

lysine as the label (Singh & Talwar, 1967). In both rabbits

l"Other than learning" in the sense that the animals
in these experiments are not required to learn a particular
task. The animal may, of course, be learning something

anyway .
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and monkeys, the effect is seen in both soluble and
particulate fractions. Some of the proteins which have
increased labeling have similar chromatographic characteris-
tics to the S-100 brain specific protein (Moore & Perez,
1968), known to be present in monkey occipital cortex (Singh
& Talwar, 1969).

Wegener (1970) found that unilateral eye removal in
frogs subsequently (10 days later) exposed to light produced
relative increases in 3H-histidine incorporation in tectum
contralateral to the remaining eye. Similarly, Bondy &
Margolis (1970) unilaterally enucleated chicks' eyes and
found that 3H-leucine incorporation into protein was higher
in optic lobes and whole cerebral hemisphere contralateral
to the seeing eye one day or 17 days after eye removal.
These results obtained using intra-animal controls, are sim-
ilar in direction to Talwar's. This suggests that the
effects of light seen by Talwar were not due to different
degrees of stress involved with exposure to light or dark.

Rose (1967) found that rats first exposed to light
at age day 50 increased incorporation of 3H—lysine into
visual cortex, but only during the first three hours of
light exposure. Subsequently, the animals remaining in
light incorporated relatively less than animals kept in the
dark. Bateson et al. (1969) found that a flashing light

3

produced an increase in incorporation of ~H-lysine into the

roof of the forebrain of chicks.
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Increased motor activity has also been shown to be
accompanied by changes in protein synthesis. Rats made to
run at about 25 ft/min in a running wheel showed an increase
in labeling of neurons with 3H-leucine during the exercise
(Altman, 1963). This increase was shown in all areas of the
brain and in spinal motoneurons. A similar result was
obtained in motor cortex by Rose (1967). Such results have

35

also been obtained with S-methionine in a swimming task in

rats by Krawczynski (1961). In contrast, Jakoubek & Gutmann

35S-methionine

(1968) found a decrease in incorporation of
into spinal motoneurons of rats during swimming. Tiplady
(1972) found a decrease in incorporation of 3H-lysine into
cerebral cortex of rats during running at about 8 ft/min.

The reasons for these discrepancies are not known; no two of
the experiments on motor activity are alike in all (or even
all but one) respects.

In the experiments discussed above, the levels of
sensory stimulation or motor activity were not excessive,
although the treatment of the animals or the means of obtain-
ing the experimental "activity" may be regarded as unusual.
The function of the observed changes in protein synthesis is
unknown though one may guess that they represent adaptive
responses to changes in nervous activity.

Protein synthesis has also been observed in situa-
tions which may be regarded as essentially non-physiological,

such as during and after convulsions and during spreading
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depression. Electroconvulsive shock (ECS) is known to have
many long term effects on behavior and brain biochemistry
(briefly reviewed in Dunn, et al., 1971). ECS has acute
effects as well: wusing either 3H—leucine or 14C-glucose as
precursor (and expressing incorporation relative to label
in amino acids), Dunn, et al. (Dunn & Guiditta, 1971; Dunn,
Guiditta & Pagliuca, 1971) showed a 20 to 70 percent
inhibition of protein synthesis in mouse brain during the
first five minutes after electroschock. A significant but
smaller decrease in synthesis of protein was present one to
24 hours after ECS as well.

Ruscak (1964) showed that spreading cortical
depression (SCD) decreased 355_methionine incorporation into
proteins of brains of anesthetized rats during the first 30
minutes or first 90 minutes after SCD was elicited. Bennett
& Edelman (1969) similarly showed a decrease in incorpora-
tion of SH-leucine into cortical proteins of unanesthetized,
freely moving rats during spreading depression. Fractiona-
tion of proteins by centrifugation and disc polyacrylamide
gel electrophoresis did not reveal differential effects on
specific proteins. In both of these studies, SCD was
elicited unilaterally and the comparison was made between
the two hemispheres; decreases were approximately 15 to 25
percent.

The one type of peptide synthesis of the brain for

which we have at least a partial idea of the function of the



peptide is in the synthesis of peptide neurosecretions.
Among these peptide neurosecretions are the vasopressins,
the oxytocins, and the various hypothalamic releasing
factors. With regard to their synthesis, most information
presently available is on vasopressin. Slices of hypothal-
amus taken from guinea pigs exposed to four days of water
deprivation (known to cause release of vasopressin) incor-
porated two to four times as much 358-cysteine or 3H-
tyrosine into vasopressin as did slices from control ani-
mals. Incorporation into total protein of the tissue was
not changed (Takabatake & Sachs, 1964). Similar treatment
(2% NaCl instead of drinking water for three days) is known
to increase the firing rates of hypothalamic neurons which
send processes to the neural lobe (presumed to contain
oxytocin or vasopressin) but not other hypothalamic neurons
(Dyball & Pountney, 1973). Sachs, et al. (1967)looked for
but could not find any immediate effect of hemorrhage (also
known to cause vasopressin release) on vasopressin synthesis
either in vivo or in vitro on slices of hypothalamus taken
after bleeding.

Learning situations. Hyden's laboratory has studied

changes in rats associated with learning to use the non-
preferred paw. They found changes in the relative amount of
particular electrophoretic fractions of pyramidal cells
which were dissected freehand from the CA3 region of the

hippocampus (Hyden & Lange, 1970a,b). A fast running band
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stained by amido schwarz appeared in tissue from trained
animals. The band has been identified as the S-100 protein
(Moore & Perez, 1968) by the following criteria: the band
dissolved in saturated ammonium sulfate, gave a positive
immunological reaction with antiserum against the S-100
protein and ran on the gel near where S-100 would be expect-
ed (Hyden & Lange, 1970b). The appearance of this band of
S-100 may not necessarily mean that the new S-100 has been
synthesized, since there is evidence that the S-100 of con-
trols runs slower on the gels. The new band may just be a
different conformational species (Haljamae & Lange, 1972).
The claim was made that the sum of the usual S-100 band and
the new one is increased in trained animals; however, the
increase is only 10% and may not be significant.

Using the same training paradigm, they also found
an increase in incorporation of intra-ventricularly inject-
ed 3H-leucine into proteins of pyramidal cells of the
hippocampus (Hyden & Lange, 1968). The claim was made that
"protein synthesis of two fast-moving fractions (in poly-
acrylamide gel electrophoresis) was significantly higher
bilaterally in the hippocampus of trained rats (than in
controls)." Similar results were obtained for incorporation
into total unseparated proteins of these cells. Yanagihara

3H-leucine

and Hyden (1971) studied the incorporation of
into proteins of whole regions (i.e., CAl, CA3, and CA4) of

the hippocampus, and made a similar claim for the total



protein of the CA3 region. A more recent paper (Hyden &
Lange, 1972), using intraperitoneal instead of intra-
ventricular injection, showed decreases in incorporation
into hippocampal proteins.

One of the problems with Hyden's incorporation
experiments, as well as many of the papers discussed in the
previous section, is that they make use of what may be a
spurious correction factor derived from the measurements of
trichloracetic acid (TCA) soluble label. 1In Hyden's exper-
iments, the difficulties with this correction factor are the
following: (1) The data demonstrating a linear relation
between specific activity of proteins and TCA soluble label
(Hyden & Lange, 1968) showed great scatter and, indeed, may
not be linear at high levels of TCA soluble labels; (2) The
TCA soluble material contains metabolic products of leucine
as well as leucine itself (Banker & Cotman, 1971); and (3)
although the experiments in Hyden & Lange (1968) and
Yanagihara & Hyden (1971) are essentially identical (the
only difference is the anesthetic used), the TCA soluble
label in the CA3 region of the trained animals fell drasti-
cally in the former paper, but did not change at all in the
latter. This discrepancy was not discussed by the authors.
Some of these criticisms have been suggested previously

. 1 .
(Bowman & Harding, 1969). The experiments of Hyden and co-

lThere does not seem to be a completely satisfactory
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workers on leucine incorporation into brain proteins, while
interesting, remain essentially uninterpretable.

Kerkut's group has done in vivo studies of learning
in the cockroach and garden snail. Headless cockroaches
suspended over a saline bath, from which they would receive
a shock if they lowered their leg, learned to keep their
leg up (Horridge, 1962). Kerkut, et al. (1972) injected
3H-leucine into animals to be trained one hour before con-
ditioning. l4c_leucine was injected into controls (yoked
controls which received unavoidable shocks whenever the
trained animals were shocked). Analysis on disc polyacryla-
mide gels of the aqueous soluble fraction of the meta-
thoracic ganglia of the control and experimental animals
showed relative increases in the trained animals in incor-
poration into one, and possibly three, fractions observed
on these gels.

The garden snail experiments (Emson, et al., 1971)
were very similar to the cockroach experiments: the snail
was shocked on the tentacle whenever the tentacle was

extended and soon learned to keep its tentacle retracted.

s

way of dealing with this problem of precursor specific
activity. Among the solutions suggested or used are (1)
use of carboxyl labeled amino acids, particularly valine
(Banker & Cotman, 1971), (2) use of labeled glucose,
accompanied by measurement of specific activity of amino
acids, or (3) comparison of incorporation into different
proteins to find relative differences of synthetic rate of
proteins.



10
A yoked control, receiving shocks on the tentacle whenever
the trained animal was shocked, was used as in the cock-
roach experiments. Analysis of 3H-and !%c-leucine labeled
proteins of the brains of the trained and control animals
showed relative increases in the trained brains into at
least two fractions observed on disc polyacrylamide gels.

This would indicate that learning in the cockroach
and garden snail is accompanied by a relative increase in
synthesis of particular proteins, unless the effects
reported are due to (1) changes in the specific activity of
the pools from which these proteins are synthesized, or (2)
a difference in the pattern of proteins synthesized with
14¢ and 3H labeled precursors. Kerkut did not report on
controls to check these possibilities.

Ungar has probably produced the most convincing
evidence that particular peptides are present in the brains
of trained animals which are not present (or are of much
lower concentration) in naive animals. Animals trained to
avoid the dark have a substance present in their brain
which, when injected into naive animals, caused dark avoid-
ance behavior. The substance was sensitive to proteolytic
enzymes, and upon purification, appeared to be a pentadeca-
peptide. The purification technique has now been refined
to the point that a chromatographic spot which can be
dansylated can be found in brain tissue from trained

animals while it is absent from brain tissue from naive
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animals subjected to the identical purification procedures
(Ungar, et al., 1972).

Ungar and co-workers have worked with a number of
other trained behaviors, including airpuff habituation,
loud sound habituation, and stepdown avoidance. Again, sub-
stances are present which are sensitive to proteolytic
enzymes and which induce homologous behaviors in naive
recipient animals (Ungar, 1971). A few of these have been
purified enough to identify their constituent amino acids
(Ungar, 1972). Behavior induction by means of brain ex-
tracts of trained animals has been observed in many other
laboratories (Ungar, 1971), suggesting that this is a real,
though sometimes difficult to observe (e.g., Goldstein, et
al., 1971), phenomenon. No other laboratory has carried
the chemical analysis of these substances as far as Ungar's.

Several other experiments on changes in protein
metabolism, associated with learning are reviewed in

Glassman (1969) and Uphouse, et al., (1973).

In vitro experiments

Most in vitro experiments have utilized brain slices
from vertebrate brains, although recently a number of exper-
iments using the superior cervical ganglion and invertebrate
nervous systems have been done. The preparation of brain
slices is explained in great detail by McIlwain & Rodnight

(1962), and many recent studies using this preparation make
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reference to this work. Generally, slices about 0.3 mm
thick are cut from the surface of the brain(usually guinea
pig or rat). Slices are placed in an oxygenated physiolog-
ical saline. They maintain ion concentrations much like
those found in vivo and exhibit resting potentials as large
as -90 mV. They can beelectrically stimulated or subjected
to addition of drugs or changes of ionic constituents in
the incubation fluid. Under normal conditions, incorpora-
tion of 14C—valine into proteins of such slices is linear
for at least four hours (Orrego & Lipmann, 1967).

Orrego and Lipmann (1967) studied the effects of
electrical stimulation and acidic amino acids on the incor-
poration of 14C—valine into brain slice protein. Electri-
cal stimulation of the slice for 15 to 30 minutes caused a
decrease of about 40% in incorporation into protein.

Orrego and Lipmann did a large number of control experi-
ments, showing (1) electrical stimulation did not change
the amino acid uptake of the noninulin space of the brain
slice; (2) the result was the same if labeled glucose was
used as precursor (after correcting for an increased con-
version of glucose to amino acids caused by stimulation);
and (3) stimulation after incorporation did not decrease
incorporated label. Essentially identical effects were
produced by acidic amino acids which were known to have
excitatory effects on vertebrate nervous tissue (glutamate,

homocysteate, aspartate, and aminoadipate). The magnitude
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of the effects of acidic amino acids ranged up to a high of
47% inhibition with homocysteate and approximately paralleled
their excitat ory effects on neurons (Curtis & Watkins,
1963). Protein synthesis in kidney slices was unaffected

by either type of treatment.

Jones and Banks (1970) also observed a similar
decrease of incorporation of l4C-Valine into brain slice
protein after 15 minutes of electrical stimulation. At
shorter periods of stimulation (not used by Orrego and
Lipmann) increases in incorporation of up to 85% were
observed; however, the increase seemed to be due to an in-
crease in valine uptake early in stimulation (Jones & Banks,
1970).

Jones and McIlwain (1971) tested the effects of
increasing [k*]) in the incubation medium on 3H-leucine
incorporation. They found that added KCl decreased incor-
poration into protein. Measurements were made for [ k*]
between 3 and 48 mM, and no effort was made to control for

3H-leucine

changes in osmotic strength. 48 mM[k+]inhibited
incorporation by as much as 85%.

Folbergrova (1961) examined the incorporation of
35g.methionine into brain slice proteins. High [ k*] medium,'
produced by adding excess (100 mM) KCl or making an
isosmotic substitution for NaCl([ K¥] ranging from O mM to

130 mM), reduced incorporation into protein by as much as

70%. No measurement of the effect of [K+] on methionine
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uptake is reported. Glutamate decreased methionine
incorporation into brain slice protein. Ca**-free medium
inhibited incorporation about 40%. Similar results have
been obtained by Mase, et al., (1962) using 14C-glycine as
precursor. Control experiments on liver slices showed
little or no effects of [K*] or [catt] changes.

In order to localize effects on protein synthesis
in brain slices to either glia or neurons, Blomstrand and
Hamberger (1970) incubated brain slices as usual and then
fractionated the tissue into glial and neuronal-enriched
fractions. High [K+] media caused an increase in incorpora-
tion at moderate (40 mM) levels but a decrease at 100 mM in
both glial and neuronal fractions. In this experiment Kt
was added in excess and osmotic strength was equalized in
the control media by addition of sucrose.

Protein synthesis in the superior cervical ganglion
(SCG) of the rat has recently been studied by McBride &
Klingman (1972).' The SCG was stimulated by means of a
suction electrode on the pre-ganglionic fibres. With 14C-
glucose as precursor, stimulation increased the specific
activity of free amino acids in the ganglion over the
unstimulated control. Stimulation had no effect on incor-
poration into proteins; however, if one assumes that the
measured amino acid pool is similar to the pool from which
the proteins were synthesized, then a decrease of 14-25% in

protein synthesis occurred.
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Wilson and Berry (1972) studied the effect of
synaptic stimulation on the proteins synthesized by a
single, identified large cell in the parieto-visceral

ganglion of Aplysia californica. Patterns of labeled

leucine incorporation observed on SDS polyacrylamide gels
did not change. Total incorporation did not change signi-
ficantly; however, the variability was such that even a 25%
change in the mean was insignificant.

In brain slice experiments, electrical stimulation
decreased protein synthesis. The same result was obtained
with the superior cervical ganglion. The relation of this
in vitro change to in vivo observations is not well under-
stood. Jones and Banks (1970), noting that the method of
stimulation produced general excitation rather than the
complex patterns of electrical activity normally observed
in cortex, suggested that the conditions used might be
likened to those occurring in vivo during convulsive
activity. The decreases in protein synthesis actually
observed by Dunn and Guiditta (1971) immediately after
electroshock support this idea.

An unanswered question in these in vitro experiments
was whether all proteins in nervous tissue are affected
equally by stimulation. This is the question I sought to
answer. This question seemed of interest in the light of
possible effects on specific proteins which some in vivo

experiments had shown. The method of stimulation I chose
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was that of raising external Kkt levels, the rationale for

which is discussed in the next section.

RATIONALE FOR USING HIGH Kt MEDIA TO

STIMULATE NERVOUS TISSUE

In this section, the following topics will be
discussed:
(1) the dependence of the resting membrane
potential on external [ K*],
(2) the efflux of intracellular K* caused by
electrical activity,
(3) similarities between electrical stimulation
and raising externallkﬂ, and
(4) possible physiological roles of increased
levels of external[kﬂ.
The idea to be developed is that raising external[kﬂ is a
convenient method of depolarizing brain cells, has effects
similar to electrical stimulation, and may resemble, in a
gross manner, a physiological process taking place in the

nervous system.

The dependence of the resting membrane

potential on external [ K*]

The membrane potential of nerve, muscle, and glial
cells is dependent upon the distribution of K* across the

membrane. The potential is approximately that of a K*
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electrode, the behavior of which is described by the Nernst

equations:

EK+ = RT 1n [K*] outside
F (K*] inside

According to this equation, the membrane potential should
become approximately 58 mV less negative if the external
potassium concentration is raised ten-fold. This behavior
has been verified in many systems, notably in molluscan
neurons (Gorman and Marmor, 1970; Kerkut & Meech, 1967;
Carpenter & Alving, 1968), squid giant axon (Curtis & Cole,
1942), vertebrate nerve (Huxley & Stampfli, 1951),
vertebrate neurons, (Blackman, et al., 1963) vertebrate and
invertebrate glia (Kuffler & Nicholls, 1966), and vertebrate

muscle fibres (Hodgkin & Horowicz, 1959).

The efflux of intracellular 5: caused

by electrical activity

Normally, the internal K' concentration of nerve
cells and glial cells is about 15 times higher than the
external K' level (External [K'] is about 2.5-5 mM for
terrestrial and aquatic forms and about 10 mM for marine
forms.) During an action potential the permeability of the
neuronal membrane to sodium and subsequently to potassium
momentarily increases. Potassium leaks out of the cell;
sodium, normally low inside the cell and high outside,

leaks in.
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Squid giant axon loses 3 to 4 x 10712 mole K+/cm2
per impulse (Hinke, 1961, and others: several references
given in Baylor & Nicholls, 1969). Brain slices also
decrease their K¥ content in response to electric stimula-
tion. Thus, Jones and McIlwain (1971) observed a 30%
reduction in K content following 15 minutes of 50 Hz
stimulation. Similar results have been obtained by Jones &
Banks (1970) and others (reviewed in McIlwain & Bachelard,
1971).

This amount of K% entering the extracellular space
during electrical activity is non-trivial, and, indeed, can
cause sizable--and measureable--changes in the normally low
extracellular [ K*]. Frankenhaeuser and Hodgkin (1956) found
in squid giant axon that repetitive firing of the nerve at
50 per sec caused a decrease in the action potential under-
shoot. (The undershoot is mainly dependent on the K* dis-
tribution across the membrane, and varies in a nearly
Nernst-like manner with external &fb. They attributed this
decrease to an increase of [K'] adjacent to the membrane of
approximately 1.6 mM/impulse. Baylor and Nicholls (1969),
similarly using the undershoot of the action potential,
observed in the leech an increase in extracellular [ K*]
adjacent to a neuron amounting to .8 mM/spike. Neher and
Lux (1973) used ion-specific K' electrodes to show that
extracellular K* adjacent to snail neuron cell bodies in-

creased following action potentials. They shows a 1 mM
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increase of (k%] in the course of 7 action potentials given
at the rate of 3 per second.

Nicholls and his colleagues have exploited the fact
that the glial cell resting potential behaves as a very
good Kt electrode to demonstrate the build-up in extra-
cellular[kf]during repetitive stimulation. Using a maximal
10/sec stimulation of the optic nerve of the amphibian
Necturus, Orkand, Nicholls, & Kuffler (1966) observed
depolarizations in glial cells of the nerve corresponding
to an increase of extracellular [K¥] of 15 to 25 mM. 1In
the leech, Baylor and Nicholls (1969) recorded from a
ganglionic glial cell while stimulating the posterior root
maximally at 15 per second. Depolarizations in the glial
cell corresponding to an average increase of [k*] of 10 mM
were seen, but, as the authors state, "This figure must
represent a lower limit to the build-up which accumulated
near some regions of the glial membrane, since portions of
the cell and others to which it is electrically coupled
face extracellular space in which the K* build-up would in-
evitably be smaller." Karahashi and Goldring (1966) have
also observed in mammalian cortex slow depdlarizations of
"idle cells," presumed to be glia (Castellucci & Goldring,
1970), in response to direct stimulation of the cortex or
indirect stimulation via stimuli to thalamic nuclei. These
observed depolarizations would correspond to increases of

extracellular [ K'] of between 5 and 20 mM (Prince, 1971).
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The rates of stimulation used in the above experi-
ments are not at all unusual for neurons. The glial
depolarizations observed by Orkand, et al. (1966) in the
optic nerve of Necturus could be observed in response to
light shone in the eye. 1In Baylor and Nicholls' (1969)
experiment on the leech, measurements were made on a
"pressure neuron" using pressure on the skin as the stimu-
lus. Frequencies of over 60/sec are easily produced and
lead to an increase in [ K*] adjacent to the neuron calcula-

ted at 4 mM or more in less than a second.

Similarities between electrical stimulation

and raising externallgﬂ

In in vitro experiments on brains and ganglia, both
high Bf]and electrical stimulation inhibit protein synthe-
sis (see previous section), increase respiration and
glycolysis (Orrego & Lipmann, 1967; Larrabee, 1958; Mase,
et al., 1962; Ashford & Dixon, 1935), decrease high energy
phosphate reserves (Heald, 1960), increase the rate of
cyclic adenosine monophosphate (cAMP) synthesis (Kakiuchi,
et al., 1969; Shimizu & Daly, 1972; Cedar, et al., 1972),
and increase transmitter and neurohormone release (McIlwain
& Bachelard, 1971; Arch, 1972) of nervous tissue. Thus,
many of the effects of raising external potassium are
similar to those produced by electrical stimulation.

Some of these effects are undoubtedly due simply to
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the depolarization of neurons that both treatments cause.
Thus, this mechanism explains the release of transmitters
and neurohormones. Such a mechanism has also been suggest-
ed in the explanation of the increase of cyclic AMP
synthesis (Shimizu & Daly, 1972).

In view of the large efflux of K* into the extra-
cellular space during electrical stimulation, it seems
possible that the common link between electrical stimula-
tion and raising external[kf]is simply that both treatments
increase [ K*] outside neurons and glial cells. 1In
addition, such increases of externalﬁ(jnwy have other
direct effects on neurons and glial cells.

The depolarization of glial cells brought about by
increases of externallkf]may be responsible for some of the
effects common to electrical stimulation and high[kj treat-~
ments. To my knowledge, glial depolarization has not been
suggested in discussions of these phenomena.l The experi-
ments on cyclic AMP which suggested the involvement of
neuronal depolarization utilized depolarizing agents (K+,
veratridine, ouabain, and batrachotoxin) which may affect
glial membranes as well. Therefore, a mechanism of this
type is not ruled out.

Other effects of increased external [K+] have been

lKuffler & Nicholls, 1966, have, however, speculat-
ed that this type of mechanism may be involved in the
possible trophic function of glia. See p. Z24.
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invoked to explain the action of electrical stimulation on
protein synthesis, respiration, and high energy phosphates.
Heald (1960, p. 119) suggested that the influx of Na* and
the efflux of K+ caused by electrical activity results in
an increased energy usage by ion pumps in the membrane.
These ion pumps, which act to restore the initial distribu-
tion of ions across the membrane, are known to utilize high
energy phosphate compounds. This would, therefore, de-
crease the store of high-energy phosphates and divert these
compounds from less urgent functions, such as protein
synthesis. The increase in respiration wéuld be a compen-
satory mechanism to keep up with the increased demands for
high energy phosphates. Similarly, Heald (1960, p. 133)
suggested that, raising external[kf]would also increase
the activity of cellular ion pumps, thereby increasing
energy expenditure, and producing the same result as elec-

trical stimulation.l

The point to be noted from this discussion is that
electrical activity, a normal component of nervous func-

tion, and high[kﬂ treatment, the manipulation used for most

lThis explanation is undoubtedly overly simplified.
Jones and McIlwain (1971) have shown that neither the
kinetics nor the thresholds (frequency for electrical stimu-
lation, concentration for potassium) for these effects were
exactly correlated with the drop in phosphocreatine in the
tissue. Since ion pumps play a central role in the suggest-
ed mechanism, I find it incredible that I cannot locate an
article in which the effect of ouabain, an ion pump inhibi-
tor, has been tested for its effect on these phenomena.
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of the experiments in this thesis, have many features in
common.

Caveat. It must be pointed out that the levels of
K* used in most of the experiments in this thesis and in
most brain slice work are probably higher than those
normally encountered in the nervous system, even under the
most extreme conditions of electrical stimulation. Levels
of K+ which depolarize neurons much above the threshold
potential cause them to become electrically inexcitable
(Curtis & Cole, 1942). When external [ K'] is high enough
to block conduction, the efflux of K+ accompanying elec-
trical activity must cease. Levels of external K+ above
this point must, therefore be considered non-physiological.
Electrical inexcitability, which accompanies higher levels
of K+, probably does not normally occur with the long time
scale used in most high[kﬂ experiments. Biochemical
changes, at these higher "non-physiological" K" concentra-
tions may be extreme manifestations of phenomena taking
place at lower K+ levels. One must be aware, however, that
they may be completely new phenomena which take place only
at K+ concentrations above the level needed to block

conduction.

Possible physiological roles of increased extracellular[Kﬂ

As has already been discussed in the section on K"

efflux during electrical activity, increases of
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extracellular &f]can occur during normal activity of the
nervous system. Experiments with high[kﬂ therefore take on
added significance if these increases of extracellular[kﬂ
have roles in the function of the nervous system.

Specific suggestions for such roles have been made
by several authors. In considering the possible trophic
function of glia, Kuffler and Nicholls (1966) suggested
that the K+ mediated depolarization of glia "may be a
mechanism by which neurons provoke glial cells to supply
metabolites." John (1966) speculated that extracellular K'
may play a role in learning and retention. According to
his hypothesis, changes in glial and neuronal k" brought
about by electrical activity could modulate protein
synthesis of these cells in such a way that the neurons in-
volved would be more likely to respond to particular
temporal patterns of input. Izquierdo and associates have
provided evidence that K" accumulation and release in
hippocampus is associated with learning. Rats of low in-
born learning ability released less potassium into extra-
cellular space of the hippocampus in response to stimula-
tion of the fornix than did rats of intermediate learning
ability (Izquierdo & Orshinger, 1972). It was also shown
that in a normal population of rats, performance in a
shuttlebox task was correlated with the ability of the
hippocampus to release K, when stimulated (Izquierdo, et

al., 1972). These effects are also correlated with
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responses of RNA synthesis in tﬁe hippocampus to topically
applied K+. Accordingly, they have speculated that learn-
ing involves the release of K+, which triggers biochemical

events initiated by RNA synthesis.

ADVANTAGES OF USING THE PARIETO-VISCERAL GANGLION OF

APLYSIA CALIFORNICA FOR BIOCHEMICAL STUDIES

The preparation I used is the parieto-visceral

ganglion of Aplysia californica. This preparation has a

number of advantages over the brain slice preparations used
in most previous studies on protein synthesis in neural
tissues.
(1) The preparation can be maintained in a function-
ally active state in vitro for several days in
a simple sea water medium. It can be maintain-
ed in vitro for more than six weeks in a
modified Eagle's culture medium (Strumwasser &
Bahr, 1966; Strumwasser, 1967).
(2) The neurons in the preparation are large (up to
fS mm in diameter) making biochemical studies
on single, identifiable neurons possible.

(Up to 30 neurons in the ganglion are identifi-
able in the sense that they can be recognized
from preparation to preparation by their size,
morphology, and position, and have been shown
to have characteristic patterns of electrical
activity (Frazier, et al., 1967). Many have
been shown to have characteristic responses to
acetyl choline (Frazier, et al., 1967),



20

characteristic amounts of choline acetyltrans-
ferase (McCaman & Dewhurst, 1970; Giller &
Schwartz, 197la), and acetylcholinesterease
(Giller & Schwartz, 1971b) activities, and
characteristic patterns of incorporation of
amino acids into their proteins as studied on
SDS polyacrylmide gels (Wilson, 1971).

(3) The electrical activity of the identifiable
neurons is easily monitored. The effect of
various manipulations on the electrical acti-
vity of particular neurons can be observed.

(4) Particular neurons can be manipulated electro-
physiologically in specific ways, for example,
by stimulation of known presynaptic pathways

or by intracellular current injections.
SUMMARY

Changes in protein synthesis may play an important
role in the function of the nervous system. In order to
study one aspect of this, I have been doing research on the
effect of high[kf]media on protein synthesis in the

parieto-visceral ganglion of Aplysia californica.

Previous studies have shown that the metabolism of
proteins in brain is changed in animals exposed to novel
situations, including sensory stimulation, forced motor
activity, electroconvulsive shock, induced convulsions, and
learning situations. The studies discussed in this

introduction are summarized in Table I.
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In vitro studies of brain tissue (mostly brain
slices of vertebrate brain) showed changes in protein
synthesis in tissue which was electrically stimulated or
exposed to high &f}media. Both treatments generally caused
a decrease in protein synthesis, which was similar to the
change in brain protein synthesis occurring during
convulsive activity. These studies are summarized in Table
II. An unanswered question in these in vitro experiments
was whether all proteins in the tissue were affected
equally by stimulation. To study this question, I chose to

stimulate nervous tissue using high[kﬂ media.

The rationale for using the high[kﬂ technique was
that (1) the resting membrane potential of both neurons and
glial cells depends largely on external [K+]; (2)electrical
activity causes an efflux of intracellular K+, raising
extracellular [ K*] and thereby mimicking some effects of
using high [K*] media; (3) electrical stimulation and raising
external [ K'] have similar effects in brain tissue not only
on protein synthesis but also on respiration and glycolysis,
high energy phosphate metabolism, cyclic adenosine monophos-
phate metabolism, and neurotransmitter and neurehormone
release; and (4) functional roles for the K' released dur-
ing electrical activity have been suggested.

The parieto-visceral ganglion of Aplysia

californica was chosen for these studies because (1) long

term in vitro experiments can be done with relative ease,
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(2) studies on identifiable neurons or groups of neurons
can be done, and (3) electrical activity of identifiable

neurons can be monitored or manipulated electrophysiologi-

cally.
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CHAPTER II

HIGH K' EFFECTS ON LEUCINE INCORPORATION IN APLYSIA

NERVOUS TISSUE. GEL ELECTROPHORESIS STUDIES

Much work has been done to investigate the possible
coupling of electrical activity and behavior to macro-
molecular metabolism in the nervous system (for review, see
Glassman, 1969, and introduction to this thesis). Recent
work describing electrophysiological and biochemical
aspects of the parieto-visceral ganglion (PVG, or abdominal
ganglion) (Frazier, 1967; Strumwasser, 1971) has laid the
groundwork for investigating further the effects of elec-
trical activity in neurons on their synthesis of macro-
molecules. Synaptic stimulation of R2, the giant cell of
the PVG, caused an increase of labeled uridine incorpora-
tion into RNA (Berry, 1969; Peterson & Kernell, 1970;
Kernell & Peterson, 1970; Berry & Cohen, 1972); however,
the interpretation of this result as an increase in RNA
synthesis is problematical since the increased incorpora-
tion is not found at lower uridine concentrations (Wilson &
Berry, 1972). Using similar stimulation procedures, Wilson
& Berry (1972) also found no change in the spectrum of
proteins synthesized by R2.

In the present work, a more general and more pro-

longed stimulation of the cells of the PVG was sought by
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the use of high [K'] media. Since the membrane potential
of nerve cells and glia is largely determined by the dis-
tribution of k' across their membranes, an effective
depolarization of these cells is produced by raising
external Kt levels (Carpenter & Alving, 1968). Thus, high
[ K*] media can be used as a gross means of depolarizing
cells for studies aimed at finding biochemical processes
coupled to the membrane polarization. In vertebrate brain
slices, high (k"] usually decreases amino acid incorpora-
tion into protein (Folbergrova, 1961).

Whole PVGs were labeled in a defined medium con-
taining a labeled amino acid and either normal or higher
than normal levels of K*. The proteins synthesized were
analyzed on polyacrylamide gels for differences due to
changes in K' concentration in the incubation medium. To
maximize the chance of seeing any changes produced, a
double-label technique was used. This chapter shows that
in high [ K¥] media significant changes in the relative
amount of incorporation occurred, including a previously

reported change at 50,000 molecular weight (Ram, 1972).
MATERIALS AND METHODS

1. Animal

Adult Aplysia californica, obtained from Pacific

Bio-Marine, Venice, California, were maintained at 13-14°C

in large tanks containing filtered and aerated sea water.
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The animals were kept on a 12 hr light : 12 hr dark light
cycle, and experiments were generally begun within three
hours of the time the lights went on. Following a pedal
incision, the nerves of the PVG were cut and the ganglion
was lifted out by the branchial nerve (Eales, 1921). 1In
all subsequent transfers the ganglion was held by the
branchial nerve; in the most recent experiments, a thread
was tied to the branchial nerve and used for handling the
ganglion. The left and right connectives were generally
cut about half-way between the PVG and the anterior
ganglia. All dissections and incubations were carried out

in a room thermostatically held at 14°C.

2. Incubation protocols and sample preparation

The usual incubation protocol, called parallel
control, is shown schematically in Figure 1: Two ganglia,
designated here the control PVG and the experimental PVG,
were dissected from two animals of approximately the same
weight and sexual maturity [ determined from the weight of
the reproductive tract (Strumwasser, et al., 1969)]. The
control ganglion went through two 90 minute rinses in
normal blood salts medium (Table I) followed by a 240
minute incubation in normal incubation medium (Table I),
which usually contained 14c_1eucine. The experimental
ganglion went through two 90 minute rinses in experimental

blood salts medium (Table I) followed by a 240 minute
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Figure 1. Schematic diagram of parallel control

incubation protocol and sample preparation.
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incubation in experimental incubation medium (Table 1),
which usually contained 3H-leucine. |

After a brief rinse, nerves were removed, and the
two ganglia were homogenized together on ice in 50 pl .001
M phosphate buffer (pH 7.8) for 1 minute in a hand held
glass~-glass homogenizer. The homogenizer was rinsed with
another 50 pl of the phosphate buffer, and the combined
sample was then centrifuged at 8000 g for 10 minutes
(<4OC). The supernatant was centrifuged again at 8000 g
for 40 minutes (<4°C), and the final supernatant, called
here the aqueous soluble fraction, was combined with an
equal volume of 2X sodium dodecyl sulfate (SDS) sample
buffer (double the concentration of normal SDS sample
buffer, which contains 10% glycerol, .2% SDS, 2% 2-mercapto-
ethanol, .0015% bromphenol blue, and .01 M Na+—phosphate
buffer, pH 7.2 (Arch, 1972)) and frozen at -10°C for Yake
analysis. Sometimes the pellet from the first centrifuga-
tion was further homogenized in normal SDS sample buffer
and frozen for later analysis.

A second incubation protocol, called internal

14C

contxol, utilized only one ganglion. The ganglion was
labeled in the usual manner for a control ganglion. This
was followed by three 20 minute rinses in normal blood

salts and then the ganglion was put through the usual pro-

cedure for 3H labeling an experimental ganglion. Homogeni-

zation and centrifugation was as for parallel control
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experiments except the volumes used were cut in half.
Analysis of the three post—l4C incubation rinses showed
that about 75% of the counts that came out in the 60 minute
rinse came out in the first 20 minutes.

In a third protocol, called simultaneous incorpora-

tion, a ganglion was treated either as the control or the

14Cm and

experimental ganglion in Figure l1; however, both
3H-1leucine were present during the incubation period. This
protocol was used to demonstrate the similarity in 3H- and

14C--incorporation patterns.

3. SDS-polvacrylamide gel electrophoresis

After thawing, samples were heated to 65°C for 30
minutes and centrifuged at 8000 g for 10 minutes (<4°C).
The electrophoresis system was a standard one for SDS-poly-
acrylamide gels, modeled after the system of Shapiro (1967),
as described by Burgess(1968). Peptides are separated on
SDS_polyacrylamide gel approximately according to molecular
weight. Tubes were 3 mm i.d. and generally pretreated with
Siliclad (Becton, Dickinson & Co., Parsippany, N. J.); gels
were 75 mm long; and electrophoresis took about 5 hours at
a constant voltage of 28 V. No more than 20 A of the
sample was used per gel. After electrophoresis, the posi-
tion of the tracking dye (bromphenol blue) relative to the
top and bottom of each gel was noted. Gels were stained

for several hours in 0.25% Coomassie Brilliant Blue in 9%

acetic acid, 45% methanol. The gels were destained by
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diffusion in 7.5% acetic acid, 5% methanol for several days
and then traced on a Joyce, Loebl and Co. (Gateshead,
England) microdensitometer. Standards used for determina-
tion of the molecular weight scale of the gels were bovine
serum albumin (68K, K=1000 daltons), human gamma globulin
(H=-chain, 52K; L-chain, 24K), ovalbumin (45K), bovine
chymotrypsinogen (26K), and horse heart cytochrome c

(11.7 K). (See Appendix A). Molecular weights of peaks in
experimental patterns are given to the nearest 5K. The
actual molecular weights are expected to agree with these

within about 10% (Weber & Osborn, 1969).

4. Radioactive gel counting

Gels were sliced with an "egg-slicer", consisting
of a frame with parallel 40-gauge (.003 in) wires evenly
spaced and a slotted trough in which the gel was placed.
Slices were approximately 1-1/4 mm thick, and the standard
deviation of slice thickness (measured by slicing a uni-
formly labeled gell) was about 8%. The position of stained
bands was noted before taking the slices from the slicer.
Slices were placed in 5 ml of a toluene based counting

cocktail containing Nuclear Chicago Solubilizer (NCS)

170 make this gel, 50 A of the aqueous soluble frac-
tion of a 3H labeled ganglion (total volume of fraction
equaled 90 A ) was added to a polyacrylamide gel solution
before gelling. The solution was mixed well, and gels were
formed as usual. One of these gels was extruded, sliced, and
counted (2 0 counting error in each slice was less than 2%) .
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(Ward, et al. 1970), and counted on a Beckman LS200 liquid
scintillation counter.

Calculations and plotting were done on an IBM
batch-processor. After correcting for background and over-
lap between channels, bar graphs of the control counts, of
the experimental counts, and of the ratio of experimental
to control counts were plotted. A peak appeared in the
ratio bar graph where a relative increase in experimental
counts, compared to control counts, occurred. The size of
a peak on the ratio bar graph was determined using the

following equation:

R + R
Peak size on ratio bar graph = _lPeak =peak

R .
Rieft Cight

where R-=:

ipeak are the ratios of counts in two slices at the

peak, Rj.fr¢ is the ratio of counts in the second slice to
the left of the peak, and Rrjght is the ratio of counts in
the second slice to the right of the peak.

Most of the data given in this paper are for
individual gels which showed typical results. The number
(N) of replicates of each type of experiment is indicated
in the text. For particularly important points, statisti-
cal analyses of all the relevant data are shown. Results
are given as the mean 4 standard deviation, except when

otherwise stated.
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5. Determination of specific activity of proteins

To analyze aqueous soluble fractions, one ml of
ice-cold 10% trichloracetic acid (TCA) was added to the
sample to be analyzed. After standing on ice for at least
five minutes, the sample was centrifuged at 8000 g for 10
minutes (€4°C). To count the TCA soluble radioacfivity a
100 A aliquot of the supernatant was put in a scintillation
vial, evaporated to dryness at 6OOC,and 10 ml of counting
cocktail containing NCS (Ward et al., 1970) was added. The
rest of the supernatant was pipetted off, and the pellet
was washed twice more with ice cold 10% TCA. Protein in
the pellets was determined by the method of Lowry, et al.
(1951). To determine the radioactivity in the measured
protein, 100 A of the final Lowry solution was pipetted
into a scintillation vial, evaporated to dryness, and
counted in 10 ml of counting fluid containing NCS (Ward,et
al., 1970). Amino acyl tRNA would be included in this
solution, but due to the long incubation periods used,
this is not a serious contaminant. According to Schwartz,
et al. (1971), after a one hour incorporation, the amount
of labeled amino acid in the tRNA fraction was less than 5%
of the amount in protein. Control tests showed that the
color of the Lowry solution did not affect the counting
efficiency.

The procedure for analyzing aqueous insoluble

pellets was the same except that the first centrifugation
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was done with one ml of phosphate buffer (pH 7,.,8) added to

the sample instead of 10% TCA.

RESULTS

l. Normal pattern of staining and incorporation

Figure 2 shows the staining pattern of the aqueous
soluble fraction of the PVG and the normal incorporation
pattern obtained with 14c.1eucine and 3H-leucine. Particu-
larly noticeable landmarks in the staining pattern are the
three bands, identified as bands, a, b, and ¢ in Figure 2a,
which occur at approximately 50K (K = 1000 daltons), 40K,
and 35K, respectively. The 50K peak ran between the H
chain of gamma globulin (52K) and ovalbumin (45K), when
these markers were added to a ganglion sample. (See Appen-
dix A). The 1%c- and 3H- patterns shown in Figures 2b and

2c are from a simultaneous incorporation experiment in nor-

mal media (N = 3). As expected, they are quite similar.
The incorporation pattern shows two prominent peaks, locat-
ed at approximately 50K and 40K. The 35K staining peak gen-

erally fell in a trough in the incorporation pattern.

2. Effect of high [K*] media on PVG

High [ K*] media ([K*] = 90-110 mM) caused changes
in the relative amounts of incorporation into various pro-
teins observed on these gels. The most prominent change
occurred in the 50K péak. A typical result for a parallel

control experiment in which experimental media had 90 mM



56

Figure 2. Results of a simultaneous incorporation

experiment in normal media. (a) Staining pattern of
aqueous soluble fraction of PVG. Bands a, b, and c are
approximately 50K, 40K, and 35K respectively. (b) 2H

incorporation pattern. (c) 14c incorporation pattern.

k=

(d) Ratio of “H counts to 14¢ counts in each slice. Error

bars shown for several slices are the 95% confidence

limits. Total counts in gel: 3H, 23600 cpm, 14C, 4013 cpm.
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Figure 3. Patterns of aqueous soluble fraction of

PVG obtained in a parallel control experiment in which the
3

H pattern was from a PVG incubated in experimental media
(90 mM [K*]), and the 14¢ pattern was from a PVG incubated
in normal media. (a) 3H incorporation pattern. (b) 1%c
incorporation pattern. (c) Ratio of 3H counts to 14c
counts in each slice. The staining pattern in these
experiments was essentially the same as the pattern shown
in Figure 2a. Total counts in gel: 3H, 28885 cpm;

14C, 7856 cpm.
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[ K*] is shown in Figure 3 (N = 6). 1In this case, thé per-
cent of total counts in the gel appearing in the three
slices centered at 50K increased from 13.7% in the control
ganglion to 18.2% in the experimental ganglion.

Figure 3c shows a plot of the ratio of experimental
to control counts in each slice of the gel. The ratio of
experimental to control counts at the center of the 50K
peak was nearly 1.5 times the ratio of experimental to
control counts two slices to either side. Differences of
smaller magnitude occurred at 40K, 25K, and 5-15K.

In order to analyze these peaks statistically,
ratio patterns obtained from parallel control experiments
in which the experimental media had high [ K*] (90-110 mM
[K*], N = 10) were compared to ratio patterns obtained from
parallel control experiments in which the experimental
media had normal levels of K* (Figure 4, N = 9). "Peaks"
were located with reference to the incorporation pattern
of the control ganglion. Operationally, the two slices
in the 50K peak were the slice with the maximum counts
located at 50K and the slice to its left.

Similarly, the two slices in the 40K peak were the
slice with the maximum number of counts located at 40K and
the slice to its right, except when the slice to the right
of the 40K relative maximum was greater than 70% of the
maximum, as is the case in Figure 3. 1In such cases the

two slices to the right of the relative maximum at 40K were
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14~

Figure 4. Ratio of 34 (experimental) counts to

(control) counts for aqueous soluble fraction of PVG from a

parallel control experiment in which the experimental media

and the control media both contained 10 mM [ K*].

Total counts in gel: -H, 28210 cpm; 1%C, 5187 cpm.
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taken as the peak. These algorithms placed the "50K peak"
at or slightly to the left of the 50K staining peak, and
the "40K peak" in the trough between the 40K and 35K
staining peaks. An algorithm to locate the 25K and 5-15K
peaks reliably based on the control incorporation pattern
or the staining pattern could not be obtained, even by
broadening the definition of a peak to include fhree slices.

The size of the 50K and 40K peaks on the ratio bar
graph were calculated for both high [ K*¥] and normal [ K]
experiments using the equation given in Materials and
Methods. Results for the 50K and 40K peaks are shown in
Table II. For both molecular weights, peak size on the
ratio bar graph was significantly greater in high [ K%]
experiments than for normal [ K*] experiments (p< .0l for
both, Student's t test and Mann-Whitney U test). The
strongest effect, at 50K, received the most attention in
subsequent analysis.

The 50K peak was analyzed by two additional calcu-
lations: (a) the average ratio of the two slices at the
peak (located as described above) was divided by the ratio
of the total experimental counts in the gel to the total
control counts in the gel. The results, shown in Table
III, demonstrated that the change in the "peak size" was
actually due to a relative increase in incorporation at 50K
compared to most proteins, and not due to a relative

decrease in the incorporation just at the slices adjacent
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TABLE II.

SIZE OF 50K AND 40K PEAKS ON RATIO BAR GRAPHI

Peak 50K 40K
Type of PVG-sol PVG-sol PVG-sol PVG-sol
sample? Normal High [K*] Normal High [K*]
Size of peak? 1.05 1.50 1.01 1.12
h i hl * hl
standard deviation .14 «15 .07 .07
(N) (9) (10) (9) (10)

IThe size of the peak was determined as described in
Materials and Methods. Peaks were located as described
in the text. For ratios of two identical samples, the
peak size should be 1.0.

2pVG-sol is the aqueous soluble fraction of the parieto-
visceral ganglion. These results are from parallel
control experiments. ''Normal' means the experimental
ganglion was in normal [K ]; "High [K*]" means the
experimental ganglion was in media with 90-110 mM [K*].

3For both 50K and 40K peaks the size of the peak in high
[K*] experiments was significantly greater than the size
of the peak in normal [K*] experiments (p<.01, Student's
t test and Mann-Whitney U test).
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TABLE III.

1
7(R1peak * R2peak)®

50K PEAK:
Rtotal
Type of sample PVG-sol PVG-sol
Normal High [K*]
L(R + Ry o)
7 1lpeak 2peak
1.03 1.46%*
Rtotal
+ + +
standard deviation +10 .17
(N) (9) (10)

*Ri eak are the ratios
cogtrol counts at two
(located as described
is the ratio of total

of experimental to
slices located at 50K
in the text). Rtotal
experimental counts

in the gel to total control counts in the

gel.

**sijgnificantly different (p<.01, Student's

t test).
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to 50K. (b) The percent of total counts in the gel appear-
ing in the two slices located at 50K (again located as
described above) was determined for both the experimental
pattern and the control pattern. The percent of total
counts appearing in these two slices increased from 9%2%
for label incorporated in normal media to 13%%2% for label
incorporated in high [ K*] media. This difference was
highly significant (p <.0l1, Student's t test). These
results are shown in Table 1IV.

The relative increase of incorporation at 50K was
initially discovered using high [ K*] solutions containing
106 mM [ K*¥] and was subsequently confirmed at 110 mM [ k*]
and 90 mM [K*]. when [K*] was lowered to 50 mM, the en-
hancement at 50K disappeared as did most of the other
effects of high [K*] (Figure 5, N = 3).

To check whether high [k*] caused a general
increase in the relative incorporation into 50K peptides in
the ganglia, the SDS solubilized fraction of the aqueous
insoluble pellet from the 8000 g x 10' centrifugation was
analyzed by gel electrophoresis. No prominent peak at 50K
occurred in the ratio pattern, thereby showing that the
effect did not occur with all 50K peptides (Figure 6,

N = 5).

Two experiments dealt with the question of whether

this was an isotope specific effect. In one, 3H-leucine

was used in the control medium and 14C-leucine was used in
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TABLE 1IV.

PER CENT TOTAL COUNTS AT 50kl

Type of experiment2 Normal High [K']
Type of PVG-sol PVG-sol PVG-sol PVG-sol
sample Normal Normal Normal High [K*]
14c 3y 14¢ 3
% total counts3
at 50K 8.9 9.2 9.3 13.6
+ + - + +
standard deviation 2,3 2.2 1.8 1.8
(N) (9) (9) (10) (10)

150k was located as described in text. The number of
counts appearing in the two slices at 50K were divided

by the total number of counts appearing in the gel and
then multiplied by 100%.

2Experiments have been separated into two groups in which

the experimental incubation was in Normal medium or
High [K*] medium.

3PVG-sol, High [K*], 3H is significantly different from
all others (p<.01), all of which are not significantly
different from each other (Student's t test, unpaired
comparison). A paired comparison of the data for
Normal [K*] experiments showed that PVG-sol, Normal
is not significantly higher than PVG-sol, Normal, 14C
(p> 2, Student's t test for paired variates).

34
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l4C

Figure 5. Ratio of 34 (experimental) counts to

(control) counts for aqueous soluble fraction of PVG from

a parallel control experiment in which the experimental

media contained 50 mM [ K*]. Total counts in gel:

3H, 23728 cpm; 14c, 5544 cpm.
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Figure 6. Patterns of aqueous insoluble fraction

of PVG obtained in a parallel control experiment in which

the 3H pattern was from a PVG incubated in experimental
media (90 mM [K*]), and the 14c pattern was from a PVG
incubated in normal media. (a) Staining pattern. (b) 3y
incorporation pattern. (c) 14c incorporation pattern.
(d) Ratio of 3H counts to l4C counts in each slice.

Total counts in gel: °H, 16220 cpm; 13C, 4178 cpm.
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the experimental medium. The 50K peak size on the ratio
bar graph for this experiment was 2.3, which is actually a
bit larger than is usually observed with the usual parallel

control protocol.l The other experiment was a simultaneous

incorporation experiment in which high [K*] (90 mM [K#) was

used throughout. The 14c. and 3H—patterns were affected
identically. The 50K peak size on the ratio bar graph in
this experiment was 1.0l (i.e. no peak present), and the
percent total counts at 50K in both patterns was in the
range expected for high [ k] patterns (12.0% for 3H and

12.2% for 14c).

3. Effect of lowering [Na¥] without raising [Kf

Since equimolar reductions of [Na*] were made when-
ever [ K*] was raised, the "high[Kﬂ" effect could conceiv-
ably be a "low [Na¥]' effect. To test this, [Na*] was reduced
by 80 mM- (the amount it was reduced when raising [ K*]
from 10 mM to 90 mM) and replaced with equimolar amounts of
tris%, neutralized to pH 7.7 with HCl. A typical ratio
bar graph for a "low [ Na*], normal [K*]" experiment is
shown in Figure 7 (N = 3). No relative increase in incor-
poration at 50K is apparent. In fact, this "low [ Na*]®

treatment produced a small, but significant decrease in the

1The standard deviation of this peak size due to
counting error was large in this experiment, due to an un-
usually small number of counts obtained in the l4c 1labeled
ganglion. The peak size was 2.3 * 0.6.
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Figure 7. Ratio of 3H (experimental) counts to 14C

(control) counts for aqueous soluble fraction of PVG from a

parallel control experiment in which [ Na*] in the experi-

mental media had been reduced by 80 mM and replaced with
equimolar amounts of tris* (neutralized to pH 7.7 with

HCl). Total counts in gel: 3H, 56055 cpmg 14C, 4604 cpm.



74

Jaquiny 821|S
09 66 0OS G O G¢ 0O G2 02 Gl Ol S

Dy He OILVY

22l

I 1 1

al G2 Gl
¢_Ol X M jow

(Uolniiisgns sty fuolonpal Ww 08) PN Padnpay :ANIGIN 11dX3
NI3LOYd 379N710S SNO3ANDY ‘NOINONVO TvHIDSIA-0L3I¥Vd



73

relative amount of incorporation at 50K.

4. Internal control protocol: a test for a

post-synthesis effect

The internal control protocol was originally

designed to test the possibility that the high [ K¥] effect
was due to some aberrant effect on the normal peptides in
the ganglion after they were synthesized, rather than due
to a change in the control of their synthesis. For example,
high [ k"] might be causing the breakdown of high molecular
weight peptides into 50K and other lower molecular weight

peptides. In the internal control experiment, ganglia were

first labeled with 14C-leucine in normal medium and then
subsequently labeled with 3H-leucine in high [ K*] medium.
Proteins into which 14C-leucine was incorporated under
normal conditions were exposed to a total of seven hours of
high [K*] treatment, whereas proteins into which JH-leucine
was incorporated under high [ K*] conditions were exposed to
four hours or less of high [ K*] treatment. If high [K*]
were affecting only those events which normally occur
during or prior to synthesis of the ganglion proteins, and
previously synthesized proteins were not affected, then the
3H—labeled pattern should show the usual relative increase
over the l4cC-labeled pattern at 50K. The ratio pattern
from such an experiment should have a peak at 50K, which in

fact it did, as shown in Figure 8 (N = 9).
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Figure 8. Ratio of 3H (experimental) counts to 1%C

(control) counts for aqueous soluble fraction of PVG from

an internal control experiment in which the experimental

media contained 90 mM [K*]. (a) Right half of the ganglion.
(b) Left half of the ganglion. (See text for explanation).
This ganglion was incubated six hours in the experimental
incubation medium, instead of the usual four hours.

Total counts in gel: (a)3H, 28226 cpm; 14C, 4872 cpm;

(b)3H, 24926 cpm; l4c, 12212 cpm.
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Figure 8 shows two ratio patterns, one for the
right half of the ganglion (Figure 8a) and one for the left
half of the ganglion (Figure 8b). Since each side of the
ganglion contained its own internal control, the ganglion
could be cut in half following incubation and the two
halves homogenized separately and run on separate gels.

The result shows that the high [k*] effect occurred on both
sides of the ganglion.

An additional control for the internal control

experiment is necessary. Changes in the pattern could be
due to the fact that the incubations do not take place at
the same time. Thus, the second incubation takes place
when the ganglion has been out of the animal longer. More-
over, the earlier incorporated label has had 8 more hours
to be "processed" by the ganglion (exported, degraded,
etc.) than the later label. Therefore, an additional con-
trol for this type of an experiment is a ganglion which has

undergone the internal control protocol with normal media

during both incubation periods. The ratio pattern for such
an experiment shows no peak at 50K (Figure 9, N = 5).

Therefore the 50K peak in high [ K*] internal protocol

experiments is due to the K' and not the time of incubation.
In contrast, the peak at 85K, which appears in the ratio

pattern for internal control experiments (Figures 8 & 9)

and not for parallel control experiments (Figures 3 & 4)

seems to be due to the time parameters of incubation. The
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Figure 9. Ratio of 3y (experimental) counts to l4c

(control) counts for aqueous soluble fraction of PVG from

an internal control experiment in which the experimental

media and the control media both contained 10 mM [K+].

Total counts in gel: 3H, 52532 cpm; 14C, 7512 cpm.
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85K peak appears in the ratio pattern for internal control

experiments regardless of whether the second incubation is

in high[kﬂ or normal media.

5. Effect of high K% on right connective nerve

It seemed possible that the relative increase in
50K synthesis might be occurring in glial or connective
tissue. The presence of the long pleumo-visceral connective
nerves (PVCN) joining the PVG to the anterior ganglia pro-
vided an easy, though indirect check on this possibility.
These nerves contain axons, glia, and connective.tissue but
no nerve cell bodies.

About one centimeter of the right PVCN located
about two centimeters from the control and experimental
ganglia was cut free following incubation and then prepared
for electrophoresis in a manner similar to preparation of
ganglion samples. The result of such an experiment is
shown in Figure 10 (N = 5).

Although the staining pattern of the nerve (Figure
10a) is very similar in the 75K to 25K region to that of
the ganglion (Figure 2a), the incorporation pattern (Figure
10c) is notably different in that incorporation at 50K is
comparatively much smaller. The ratio bar graph (Figure
10d) does not show a large peak at 50K, thereby suggesting
that the presence of neuronal cell bodies is necessary to

see the high [ K*] effect at 50K.
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Figure 10. Patterns of aqueous soluble fraction of
right pleuro-visceral connective nerve in a parallel
control experiment in which the 3y pattern was from a nerve
incubated in experimental media (90 mM [ K*], and the
s pattern was from a nerve incubated in normal media.

(a) Staining pattern. Bands a, b, and c are approximately
50K , 40K, and 35K respectively. (b) 3H incorporation
pattern. (c) l4c incorporation pattern. (d) Ratio of 3y
counts to 14C counts in each slice. Total counts in gel:

= -

H, 7215 cpm; 14c,

6741 cpm.
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A statistical summary of the experiments described

above is given in Table V.

6. Effects of high[K_ﬂ on total incorporation

By summing the total number of experimental counts
and the total number of control counts on a gel and taking
the ratio of these totals, the effect of the experimental
conditions on the total amount of incorporation can be
calculated. The ratio of experimental to control counts in
a parallel control experiment in which both PVG's were in

normal media was 8.9 ¥ 3.5 (N = 9), reflecting the higher

I

specific activity of the label used in the experimental
medium. This ratio fell to 4.4 * 1.0 in 90 mM [ K*] experi-
ments (N = 6); in other words, total incorporation into the
agueous soluble fraction of the ganglion fell to about 50%
of the control (significantly different from control at

p < .001, Mann-Whitney U test and p < .005, Student's t test
for samples with unequal variances (Bliss, 1967)). The
ratio of experimental to control counts in "low [NJ],
normal [ K*]" experiments was 9.9 * 2.2 (N = 3).

A similar calculation can also be done for internal
control experiments. When the second incubation period was
in normal medium, the average ratio of experimental to
control counts was 5.6 ¥ 1.9 (N = 5). This figure was
significantly less than 8.9 * 3.5 found in parallel control

experiments (p<.05, Mann-Whitney U Test, p <.05, Student's
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TABLE V.

"SIZE OF 50K PEAK ON RATIO BAR GRAPHS1

[K*] in
Type of exptl. Type of? Peak + S.D. N p
incubation media sample size — (on t test)3
(mM)

Sim. inc. 10 PVG-sol .98 + .02 Ly n.s
Sim. inc. 90 PVG-sol 1.01 1

Parallel 10 PVG-sol 1.05 + .14 9-97
Parallel 90-110 PVG-sol 1.50 + .15 10 1p< 01
Parallel 50 PVG-sol 1.00 + .13 3 n.s.
Parallel Reggfed PVG-sol .90 + .01 3 p<.01
Parallel 90 RC-sol 1.11 + .13 5 |4 1. B
Parallel 90 PVG-insol 1.06 + .06 57 n.s
Parallel 10 PVG-insol 1.08,.90 24 n.s
Internal 10  PVG-sol 1.01 + .11 5

Internal 90-110 PVG-sol 1.38 + .13 9- p<.01

1The size of the peak was obtained as described in
Materials and Methods

Zpbbreviations have the following meanings: PVG, parieto-
visceral ganglion; RC, right pleuro-visceral connective
nerve; sol, aqueous soluble fraction; insol, aqueous
insoluble fraction; sim. inc., simultaneous incorporation;
and reduced Na*, [Na*] reduced by 80 mM and replaced with
80 mM tris-C1 (pH 7.7). Data for "Internal, 90-110, PVG-
sol" include one PVG in which the second labeling was siXx
hours long, instead of the usual four hours.

35Student's t test. Where variances were significantly
different (p<.05 on an F test), an appropriate modifica-
tion of the t test was used (Bliss, 1967). Probabilities
are one-tailed. '"n.s." means not significant (p>.05).
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t test, and probably reflected reduced incorporation rates
during the second incubation period as well as continued
incorporation of residual label from the first incubation
period. In high [K*] experiments, the average ratio fell
to 2.5 * .8 (N = 8), or 45% of the normal ratio for this
protocol (p <.001, Mann-Whitney U test, p < .005, Student's
t test).

In parallel control experiments on the right PVCN,
90 mM [ K*] caused the ratio of experimental to control
counts to fall to 1.2 +.8 (N = 5), i.e. only about 13% of
the control value determined in the PVG. As a check on
this remarkable degree of inhibition, the specific activity
per unit protein obtained in nerve from normal and high
[ K*] incubations was measured.

Dissected lengths of right or left PVCN were pre-
incubated for 3 hours and incubated for 4 hours in normal
or experimental media, using 3H-leucine as the label in all
cases. (Note: This differed from gel electrophoresis
studies, in which PVCNs remained attached to PVGs until the
end of incubation. The procedure used here for specific
activity experiments enabled intra-animal comparison of
nerves incubated in different media.) Incubation was
followed by several rinses in normal or experimental blood
salts, respectively, at 0°C, to wash off easily exdmngeable
leucine in the extracellular space. Non-volatile TCA

soluble radioactivity and specific activity of proteins in
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the aqueous soluble fraction and the aqueous insoluble
pellet were determined. TCA soluble radioactivity and
specific activities of protein from nerves incubated in
experimental media were expressed as percent of the mean
of two pieces of nerve from the same animal incubated in
normal media. The results are shown in Figure 11,

Ninety mM [ K*] reduced incorporation into protein
to about 15% of the normal level in the aqueous soluble
fraction (N = 6, p<10-4, t test for paired variates), in
agreement with the value determined by comparing total
counts found in gels. The aqueous insoluble fraction was
similarly affected. In contrast, the average amount of
non-volatile TCA soluble label found in the nerves was not
significantly reduced by high [K*] treatment. Fifty mM
[ k*] caused a more moderate decrease in incorporation into
protein than 90 mM [ K¥] and likewise did not significantly
reduce TCA soluble counts in the nerve (N = 4). When the
specific activity of protein in the PVG was similarly
measured under normal (N = 3) and high [ K*] (N = 3) condi-
tions, the results confirmed the 50% inhibition previously
calculated from gel electrophoresis results. Non-volatile
TCA soluble counts in the ganglion did not change. (Table
VI).

To test whether the connective tissue sheath of the
ganglion was affected by high [ K*] to as great a degree as

were nerves, ganglia were incubated according to the
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Figure 11. Short pieces of PVCN were incubated in
normal media (10 mM [ K*] or media containing 50 mM or 90 mM
[K*], according to the protocol described in the text.
Levels of incorporation are expressed as percent of the
mean incorporation of two pieces of nerve from the same
animal incubated in normal media. The levels of incorpora-
tion in normal média, averaged over all animals (N = 6),
were the following: aqueous soluble, TCA precipitable,
1.36 *.46 x 10° cpm/mg protein; aqueous insoluble, 1;22 z
.34 x lO6 cpm/mg protein; and TCA soluble, non-volatile,
6 ¥ 4x 107 cpm/mg aqueous soluble protein. These experi-
ments were performed in December, 1972 and April, 1973.
Specific activities of all three fractions were lower (by
about 1/3) in April than December, but the magnitude of the

high [ K*] effect at both times was the same.
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EFFECT OF [K* ] ON
INCORPORATION OF 3H-LEUCINE
INTO PLEURO-VISCERAL CONNECTIVE NERVE
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internal control protocol. At the end of the second

incubation period, ganglia were rinsed briefly in blood
salts media at O°C. Ganglia were then slit open and
neuronal and neuropil constituents, including the bag cells
were scraped free from the connective tissue sheath (CTS).
The ratio of experimental to control counts in the TCA
precipitable fraction of the connective tissue sheath and
the neuronal/neuropil regions of the ganglion were meas-
ured. High [K*]‘caused only slightly more inhibition in the
connective tissue sheath than in the neuronal/

neuropil region. Incorporation averaged 43% of normal in
connective tissue sheath and 65% of normal in the neuronal/
neuropil region (N = 3 normal and 3 high [ K*] experiments.
See Table VII). The neuronal/neuropil region accounted for
62 ¥ 17% of the incorporation into the aqueous soluble pro-
tein of the ganglion (N = 6, data from the control counts
for these internal control experiments), in agreement with
the value determined by Schwartz, et al. (1971) for incor-
poration into total protein of the ganglion. This experi-
ment is marred by large variances and the fact that the
ratio of experimental to control counts for both normal and
high [KY incubations was lower than for previous internal

control experiments.

7. Effects of high [K'] incubation on the solubility

of labeled protein
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The relative increase in incorporation at 50K in
aqueous soluble proteins might be interpreted as a relative
increase in 50K peptide(s) being synthesized. An alterna-
tive would be that high [ K*] makes most other peptides in
this fraction relatively less soluble. In order to check
this, the percentage of labeled protein which was aqueous
soluble was determined. PVGs were labeled and homogenized
according to a parallel control protocol as usual, using 90
mM [ K*] for the experimental ganglion. The homogenate in
.001 M phosphate buffer was then processed as shown in
Figure 12 in order to determine the relative distribution
of label into the aqueous insoluble pellet (Pl in Figure
12) and the aqueous soluble, TCA insoluble pellet.

Results are shown in Table VIII.

For ganglia incubated in high [ K*] about 32% of the
TCA precipitable label in the ganglia was aqueous soluble.
Ganglia incubated in normal [ K*] had about 37% of their TCA
precipitable label in the aqueous soluble fraction (p< .03,
L test for paired variates). The possible role of this
change in relative amount of label in the aqueous soluble
fraction in producing the change at 50K will be considered

further in the discussion.
DISCUSSION

High potassium media ([ K*] = 90-110 mM, with an

equimolar reduction of [Na+]) caused a relative increase in
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Figure 12. Schematic diagram of the method of
preparation of samples for determining the distribution of
TCA insoluble radioactivity. All pellets were counted in
15 ml of counting cocktail containing NCS solubilizer (Ward,

et al., 1970).
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PREPARATION OF SAMPLES
FOR DETERMINATION OF SOLUBILITY
OF LABELED PROTEIN

3H and l4C 1abeled homogenate (in 1 mM PO4E, pH 7.8)
( .1 ml1 total)

8000 g, 10 minutes ( 4°C)

pellet (P1) supernatant (S1)
(record volume)
freeze overnight 8000 g, 40 minutes ( 4°C)
add .25 ml 1 mM
PO4‘, pH 7.8 pellet + some supernatant (S2)
supernatant (record volume)
(P2)

8000 g, 10 min
( 4°C) freeze overnight

////// same as Pl,
except 10%

pellet supernatant TCA is used add 1 ml 10% TCA

for both washes. (0°C)
discard
add .25 ml 10% TCA 8000 g, 10 minutes
(0°C) ( 4°C)
8000 g, 10 min ( 4°C) pellet” (P3) supernatant
discard
count pellet wash twice more

with 1 ml 10% TCA

count pellet

FIGURE 12
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incorporation of leucine into aqueous soluble peptides of
approximately 50,000 molecular weight in the parieto-
visceral ganglion of Aplysia. This change did not occur in
the SDS soluble proteins of the aqueous insoluble fraction
of the ganglion, nor did it occur in pleuro-visceral
éonnective nerve subjected to similar treatment.

when [ Na*] was lowered without raising [x*], no
relative increase at 50K occurred, suggesting that the
"high [K+]" effect was indeed due to increased [K+], and
not reduced [ Na*]. Alternative interpretations are that
both low [Na*] and high [K*] are required for the effect, or
that tris*, which was added instead of K%, counteracts a
low [ Na*] effect. The high [ k*] interpretation is favored
mostly on the basis of parsimony. The effects of high [ k*]
on other phenomena (total incorporation into protein (Jones
& McIlwain, 1971; Folbergrova, 1961; Mase, et al., 1962)
and respiration (Mase, et al.)) has been studied with
cumulatively more extensive controls for [ Na'] effects, and
at least with these phenomena, the effects seem to be due
to [k*].

Internal control experiments showed that high [ K*]

probably does not increase the relative incorporation at
50K by affecting previously synthesized proteins. Proteins
which were synthesized while the PVG was in normal media
showed a smaller 50K peak than proteins synthesized in a

subsequent high [ K*] incubation. The only "post-synthesis
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interpretation” compatible with this result is one in which
proteins are susceptible to high [ K*] effects only for a
few hours after synthesis.

The relative increase at 50K is also unlikely to
be due to the proteins located at other molecular weights
becoming relatively less soluble. Data in section 7 of the
results show that the proteins into which label is incorpo-~
rated in high [ K*] are less soluble than those labeled in
normal media. For the 50K peak to increase in relative
size by 40%, as it has (Table III), the amount of label in
other proteins would have to decrease by 30%. This would
mean a decrease in the percentage of aqueous soluble, TCA
insoluble label from 37% to 25%, a change much larger than
has been observed. The smaller change observed may be a
non-specific decrease in solubility of proteins, or it may
represent an increase in relative incorporation into one or
a few aqueous insoluble proteins.

These results raised the possibility that the
patterns of aqueous soluble proteins synthesized by neurons
in the ganglion were qualitatively changed in high [ k*]
media. To test this possibility more directly, aqueous
soluble patterns of the giant cell of the PVG have been
studied using the internal control method (Chapter III).
The incorpora