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SUMMARY

1. The dry mass and nucleic acid content of both nerve cell bodies and
their nucleoli were measured by interference microscopy and ultra-violet
absorption microspectrography respectively: succinoxidase and acetyl-
choline hydrolase activities were also determined. Autoradiography was
used to follow synthesis of deoxyribonucleic acid (DNA) by glial cells, and
to follow nucleic acid and protein metabolism in muscle fibres.

2. After injection of botulinum toxin the synthesis of ribosomal RNA
by the neurone followed closely the pattern found after axotomy.

3. After injection of toxin neuronal dry mass increased before the rate
of ribosomal RNA synthesis was raised. This early increase, which was
not due to increased protein synthesis, probably represents a 'damming
back' of proteins within the nerve cell body.

4. After injection of toxin no local accumulation of microglial cells
synthesizing DNA was found around the affected neurones: it is suggested
that this reflects the intact system for intra-axonal transport under these
conditions.

5. The affected muscles show increased nucleic acid and protein synthesis.
6. It is suggested that the results obtained indicate that membrane

expansion or synthesis which occurs both in muscle and in neurone under
these circumstances is the factor responsible for inducing directly or in-
directly the changes found in nucleic acid metabolism after injection of
botulinum toxin and after axotomy.

INTRODUCTION

After axotomy striking neuronal changes take place. The total dry mass
and nucleic acid content both of the nerve cell body and of the nucleolus
are markedly altered (Brattgard, Edstrbm & Hyden, 1957; Watson,
1969): the rate of synthesis of neuronal ribosomal RNA is increased
(Watson, 1968a). Significant changes in neuronal enzyme activities have
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been found (Sj6strand, 1966; Watson, 1966 a,b) and in addition the peri-
neuronal glial cells have been observed to divide (Watson, 1965a;
Sj6strand, 1965, 1966).

These investigations have thrown nolight upon the mechanisms of
induction of the observed changes, and in an attempt to clarify certain
aspects of this problem the effects of local intramuscular injection of
botulinum toxin upon these same parameters have been observed. Both
after axotomy and after injection of toxin, sprouting of the axon occurs
(Duchen & Strich, 1968) and neuromuscular transmission ceases (Brooks,
1956): only after axotomy is axoplasm lost. A comparison of these states
was therefore undertaken to determine the role of loss of axoplasmin
inducing the chromatolytic response.

METHODS

Animals. Observations were made upon male albino rats aged 3 months at the time of
injection of toxin, and between 3 and 10 months at the time of death. They received standard
food pellets and water supplemented with bread and milk ad libitum.

Injection of toxin. Under light ether anaesthesia the left half of the tongue was infil-
trated with 250 pg of precipitated unpurified type A botulinum toxin in 250 1l. Ringer-
Locke solution: the intrinsic muscles were injected perorally, and the extrinsic muscles
through the floor of the mouth. Rats were killed between1 and 100 days after injection by
exsangination under light ether anaesthesia.
Puromycin and actinomycin D injection. Puromycin, a drug inhibiting synthesis of protein

by interfering with transcription of RNA at the ribosome (Nathans, 1964), was dissolved
to a final concentration of 2 mg/ml. in artificial cerebrospinal fluid, and 250 1l. was injected
slowly into a lateral ventricle under light ether anaesthesia. Preliminary experiments
showed that this concentration of puromycin reduced the capacity of hypoglossal neurones
to incorporate [3H]lysine into protein by more than 90%. Animals were killed between 5min
and8 hr after injection and the dry mass of the nerve cell body was determined.

Actinomycin D, a drug inhibiting the synthesis of DNA-primed RNA (Reich, Franklin,
Shatkin & Tatum, 1961; Goldberg & Rabinowitz, 1962) was administered as described

previously (Watson, 1968a). Animals were killed at varying intervals up to 48 hr after
injection, and measurements were made of nucleolar nucleic acid.

Preparation of cells. Single hypoglossal neurones free of glia, and the nuclei of other

hypoglossal neurones were isolated and randomly selected in the way described before
(Watson, 1968a). The further preparation of some of these cells and nuclei required for
measurement of nucleic acids by ultra-violet absorption microspectrography was the same
as before. Other cells and nuclei were prepared for measurement of dry mass by inter.
ference microscopy (Davies, 1958): they were fixed in 10% buffered formalin for between 2
and 6 hr, washed in water, mounted in a sucrose solution of refractive index 1-472, and
covered with a coverslip. Some fixed cells were digested with crystalline ribonuclease 100
mg/ml. in McIlvaine's (1921) citrate-phosphate buffer, pH 7-0 (glass electrode), or extracted
with chloroform-methanol (Rouser, Bauman & Kritchevsky, 1961), so that extractable
RNA and lipids could be measured. Other cells required for Cartesian diver micromano-
metry were rapidly transferred to a droplet of substrate at 4° C (Watson, 1966a, b).

Interference microscopy. The dry mass ofnerve cell bodies, nuclei or nucleoli, was measured
with a Leitz interference microscope (Fluorite optics, objectives 100/1. 36; condensers N.A.
0-50, oil immersion) by determining the integrated optical path difference of the fixed cell
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or organelle of known refractive index contained in, and permeated by, a sucrose solution,
the refractive index of which was also known (Davies, 1958). A low pressure mercury lamp
provided filtered monochromatic light of 546 pm wave-length; white light from a tungsten
source, used alternatively, allowed the interference band of zero order to be found. The cell
was first examined in a banded field (PI. 1, fig. 1) to check that the greatest optical path
difference did not exceed 110 pm (0-2 A). The width between bands was then increased until
band separation became infinite: under these circumstances the background appeared
uniformly illuminated by part of a zero-order interference band. Background intensity was
adjusted by altering the optical path difference between the reference beam and the measur-
ing beam by moving a fine transparent wedge within the reference beam until relative phase
retardation was such that regional variation in the optical path difference due to the cell
caused proportional variation in the optical density of the corresponding image (PI. 1, fig. 2).
Two photomicrographs were taken: the first was of the cell under these conditions (PI. 1,
fig. 2) and the second of a closely adjacent clear field crossed by four or five interference
fringes. Photomicrographs taken on 35 mm Plus X film were processed in Kodak 19b
developer. The negatives were evaluated with a Joyce-Loebl integrating microdensitometer
( x 22 objective magnification; 1: 10 arm ratio; 0-3-0 optical density wedge). The micro-
densitometer slit width and height corresponded to a field width and height of 200 and 500
nm respectively, referred to the original object plane. The negatives of the cell were scanned
in parallel strips 4 ,tm apart (PI. 1, fig. 3), referred to the original object plane: those of
nucleoli at intervals of 450 nm. Care was taken that variation of background illumination
did not exceed 2 % within the measured area.

Quantitative measurement of dry mass by interference microscopy depends upon a
number of conditions. Integration of the optical path difference over the total area of the cell
body or organelle is possible only when there is a linear relationship between the regional
variations in optical path difference of the cell or organelle, and the optical density of the
photomicrograph. As this relationship is basically sinusoidal and distorted by the contrast
characteristics (gamma) of the film, it can at best be described as an approximation to
linearity over a restricted range. Preliminary experiments made upon nerve cells under
conditions identical with those of dry mass determination (PI. 1, figs. 1, 2, 3) show that
error from this source does not exceed 10 % provided that the maximum optical path
difference of the object does not exceed 1L pm (0-2 A) and that the level of background
illumination is critically selected. These findings conform with those of Davies & Deeley
(1956) and of Mitchison, Passano & Smith (1956). The refractive index of the medium used
in this investigation reduced the cell's mean optical path difference to less than 55 pin
(0-10 A), and the maximum optical path difference due to small parts of the cell having con-
siderable dry mass concentration (such as the nucleolus) to less than 110 pm.

Calculation of dry mass from the integrated optical path difference, or cell refractance,
requires that the refractive index of the fixed cell, and the specific refraction increment
(Reiss, 1903; Adair & Robinson, 1930) of its constituents are known, as well as the refractive
index of the surrounding medium.

Previous measurements of the refractive indices of fixed cells indicate values in the range
1-53-1-572 (Crossmon, 1949; OettlM, 1950; Davies, Deeley & Denby, 1957). Values in the
upper part of this range are usually obtained when the cells are immersed in oily media
(Swift & Rasch, 1956), possibly because of alteration of the state or quantity of bound water
(Davies, 1958). Davies et al. (1957) found that the refractive index of bull sperm heads
was greater in non-aqueous media. The specific refraction increment, that is, the increase in
refractive index of a solution for each 1 % increase in solute concentration, is known for
protein, lipoprotein and nucleic acids. The specific refraction increment of nearly all soluble
unconjugated proteins lies within the range 0-00181-0-00188 (Perlman & Longsworth, 1948;
Barer & Tkaczyk, 1954; Barer, 1956) over a wide range of solute concentrations, and is
hardly affected by change of pH or solute concentration. Calculated values for specific
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refraction increment of very concentrated protein solutions lie within the wider range
0-00151-0-0021 (Davies, 1958). This increased scatter is in part dependent upon the method
of calculation used. The measurements made by Davies (1959) and by Davies & Thornburg
(1959) indicate that the specific refraction increments of crystalline proteins lie within the
lesser range 0-00181-0-00188. The specific refraction increment for lipoprotein is 0-0017
(Armstrong, Budka, Morrison & Hasson, 1947), for deoxyribonucleic acid 0-00175-00020
(Vincent, 1952; Northrop, Nutter & Sinsheimer, 1953; Brown, McEwan & Pratt, 1955) and
for ribonucleic acid 0-00168-0-00194 (Northrop & Sinsheimer, 1954; Davies, 1958).

In this investigation the refractive index of neurones measured by immersion refracto-
metry (Barer, 1956) in aqueous media was found to be 1-556 (Text-fig. 2). This value, lying
close to the centre of the range reported for various cell types, was used for calculating dry
mass. Similarly, as extraction procedures indicated that about 70% of the dry mass of
hypoglossal nerve cell bodies is protein, a finding conforming with analyses of Deiter
neurones (BrattgArd & Hyden, 1952) and hypoglossal neurones (Brattgard, Edstrbm &
Hyd6n, 1957) of the rabbit by X-ray absorption historadiography (Engstrom, 1956), a value
of 0-0018 was used as the specific refraction increment. The use of these values was justified
by comparing the values obtained for ribonuclease extractable RNA of nerve cell bodies
and of nucleoli using interference microscopy with values obtained using ultra-violet
absorption microspectrography. Neuronal RNA was found to be 169 (± 20 s.E.) pg by inter-
ference microscopy, and 182 (+ 34 s.E.) pg by ultra-violet absorption: the corresponding
values for nucleolar RNA were 1-2 (+ 0-2 S.E.) and 1-3 (± 0-2) pg respectively (Watson.
1968a). The close agreement between these values suggests that the use of the values of
1-556 and 0-0018 for the refractive index and specific refraction increment is correct.

Ultra-violet microspectrography. A Leitz ultra-violet microspectrograph was used to
measure the nucleic acid content of neurones and of neuronal nucleoli in the manner des-
cribed previously (Watson, 1968a).

Cartesian diver micromanometry. Enzyme activities were measured in ampulla Cartesian
divers (Zeuthen, 1953); the conditions of measurement have been described before (Watson,
1966a, b). Succinoxidase activity was measured by the method of Hyden & Pig6n (1960).
Acetylcholine hydrolase was measured using the medium of Giacobini & Holmstedt (1958);
acylcholine acylhydrolase was inhibited with Mipafox.

Autoradiography. Tritiated [3H]compounds were obtained from the Radiochemical Centre
at Amersham. The techniques of autoradiography were the same as previously described
(Watson, 1965 a). Some rats were injected intraventricularly with 250 A1. artificial c.s.f.
(Mitchell, Loeschke, Massion & Severinghaus, 1963) containing 10,c [3H0C3]thymidine
(specific activity 19-6 c/m-mole) to allow DNA synthesis to be followed, or 100,c [3H5]-
uridine (S.A. 27 c/m-mole) to demonstrate neuronal RNA synthesis, or 100 Attc of either
[3H4,5]ysine (S.A. 6-6 c/i-mole) or [G-3H]methionine (S.A. 95 mc/m-mole), to demonstrate
protein synthesis in nerve cells. Other rats received 100,uc [3HcH3]methionine (S.A. 110
mc/m-mole) after 500 mg puromycin had been injected to inhibit protein synthesis: under
these circumstances considerable radioactivity may be demonstrated in nuclear RNA, as a
result of methylation of precursors of ribosomal RNA.

Other rats were injected intraperitoneally with 200 ,c [3HCH3]thymidine, 400 ,tc [3H5]-
uridine or 400,c [3H]lysine to allow DNA, RNA and protein synthesis to be followed in the
paralysed muscles of the tongue. Suitable control experiments were done to exclude signi-
ficant chemosensitivity or emulsion desensitization by the tissues. Other sections were
digested with ribonuclease or deoxyribonuclease before preparing autoradiographs.

Observations made upon hypoglossal neurones when the animal was killed 8 hr after
injection of [3H5]uridine are expressed as the ratio 'grain density in cytoplasm/grain density
in nucleus (Cyt./Nuc. ratio) ' for the reasons previously discussed (Watson, 1965 a).

Histology. The diameters of axons of hypoglossal neurones were measured by light micro-
scopy in nerves prepared by the method of Aitken, Sharman & Young (1947). Terminal
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nerve fibres within the tongue and their motor end plates were demonstrated by the methods
described by Duchen & Strich (1968). Tissue for electron microscopy was prepared by per-
fusing the rat with Millonig's (1961) fixative, post fixing in 1 % osmium, embedding in
Araldite (CIBA Ltd.) and staining sections with uranyl acetate. The sections were examined
with an A.E.I. EM 6 microscope.

RESULTS

Between 7 and 14 days after injection most rats had a mild transient
generalized weakness, appeared poorly groomed and lost weight from
258 + 5 (s.E.) to 232 + 7 g (S.E.). Stimulation of the left hypoglossal nerve
with square pulses of 5 msec duration caused little or no contraction of the
injected half of the tongue between 2 and 25 days after injection. The
tongues of some rats contracted weakly on stimulation after the 25th day,
but in most the local paralysis lasted 40-50 days. Fasciculation was
observed in the intrinsic muscles of the tongue after the third day follow-
ing injection.

Nucleic acid changes. On the 5th day after injection the nucleolar nucleic
acid content began to increase, reached a maximum between the 10th and
20th day and then decreased (Text-fig. 1 a): this increase was highly
significant (P < 0-001). The total nucleic acid content of the nerve cell
body began to increase on the 6th day, reached a maximum value about
the 20th day and then slowly decreased to reach a normal value about the
50th day (Text-fig. lb): this increase was significant (P < 0-01, > 0-001).
The nucleolar changes preceded those of the cell body, and the phase
relationship between these two parameters is shown in Text-fig. 1 c, where
it is compared with results previously obtained (Watson, 1968a) after
distal axotomy.

After injection of Actinomycin D the nucleolar nucleic acid decreased
(Text-fig. 1 d). The slope of the calculated regression line representing this
rate of decrease was steeper on the 10th and 21st day after injection of
botulinum toxin, but was normal on the 4th day. These changes in the
slope of Actinomycin D-induced 'decay' in nucleolar nucleic acid were
significant (P < 0-01, > 0-001).

Eight hours after injection of [3H5]uridine into a lateral cerebral ventricle,
the intraneuronal distribution of labelled nucleic acid was determined
autoradiographically, and expressed as the ratio 'grain density of nucleus '
(Cyt./Nuc. ratio). Text-fig. 1 e shows that this ratio varies in a manner
closely resembling that of nucleolar nucleic acid content (Text-fig. 1 a).
The increase of this ratio was significant (P < 0-05, > 0-01).

Hypoglossal neurones of rats which had received [3HC01]methionine by
intraventricular injection after protein synthesis had been blocked with
puromycin showed heavy labelling of neuronal nuclei: the silver grains lay
mainly in the perinucleolar region and a few over clumps of chromatin.

20-2
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After injection of botulinum toxin the incorporation of isotope increased
significantly (Text-fig. if) (P < 0-05, > 0-01) in a way following closely
the nucleic acid content of the nucleolus: over 70% of this isotope could be
removed by initial treatment of the sections with ribonuclease. Injection
of labelled methionine of similar specific activity in which the isotope was
not confined to the methyl group resulted in a far smaller incorporation
into neuronal nuclei under all circumstances.

Changes in dry mass. The refractive index (ND) of fixed neurones was
measured by determining the optical path difference of selected areas of
their cytoplasm when they were immersed in sucrose solutions of different
refractive index: also, when the range of sucrose concentration was such
that the greatest optical path difference did not exceed 10 pm (0.2 A)
(Plate 1, fig. 1), the integrated optical path difference of the cell body was
measured in each solution. The optical path difference, or integrated
optical path difference, was expressed graphically against the refractive
index of the sucrose solution in which the cell was immersed. The results
obtained for each cell, or part of cell, lie on a straight line (Text-fig. 2). This
line was extrapolated to find the refractive index at which the optical path
difference would become zero: this value, the refractive index of the cell,
was found to be 1-556. This preliminary experiment also showed that the
fixed cell was rapidly permeated by sucrose solutions: the optical path

Legend to Text-fig. 1
Text-fig. 1. (a). Nucleolar nucleic acid (pg) is expressed against the time (days)
since injection of botulinum toxin. Each point represents a mean value of twenty
nucleoli obtained from one rat: the s.E. is also indicated.

(b) Cell body nucleic acid (pg) is expressed against the time (days) since injection
of botulinum toxin. Each point represents a mean value of twelve-twenty cells
obtained from one rat: the s.E. is also indicated.

(c) Cell body nucleic acid, expressed as % normal, expressed against nucleolar
nucleic acid, similarly shown, to show the similar relationship between these para-
meters after botulinum toxin (0 0) and after distal axotomy (0--0;
Watson, 1968a). The arrows indicate temporal direction. The interrupted line is
at 450 from the origin.

(d) Nucleolar nucleic acid (pg) is expressed against the time (hours) since in-
jection of actinomycin D. Each point represents a mean value of twelve-twenty
nucleoli obtained from one rat. s.E. omitted for clarity. +- -- - + no botu-
linum toxin, 0 * botulinum toxin 4 days previously, 0 ---- 0 botulinum
toxin 10 days previously, and x-- x botulinum toxin 21 days previously.

(e) The ratio 'grain density in cytoplasm/grain density in nucleus' measured
autoradiographically in neurones obtained from rats killed 8 hr after injection
of [HI5]uridine is expressed against the time (days) after injection of toxin.

(f) The number of silver grains over each neurone nucleus found in rats in-
jected with [3HcH,]methionine after protein synthesis has been blocked with
puromycin, is expressed against the time (days) after injection of botulinum
toxin.
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difference did not show further detectable change between 5 min and 2 hr
after changing the concentration of sucrose.
The nucleolar dry mass increased after injection of toxin (Text-fig. 3a),

following closely changes in nucleolar nucleic acid (Text-fig. la): this
increase was highly significant (P < 0-001). The total dry mass of the
nerve cell body (Text-fig. 3b) followed a pattern different to that of cell
body nucleic acid content (Text-fig. 1 b): it increased to reach a maximum

04

0-3

06 -X

0.

1A400 1 450 1 500 1-550
Refractive index of medium

Text-fig. 2. The optical path difference in wave-lengths (546 pm) measured in
selected small cell areas is expressed graphically against the refractive index of
the sucrose solution in which measurements were made. Each symbol represents
a different part of different cells. Seven representative examples from a total of
fifty are shown. Note convergence of the lines to the point of zero optical path
difference at a refractive index of 1-556.

value between the 5th and 10th day, remained fairly constant until about
the 20th day, and it finally slowly declined in a manner similar to that
of cell body nucleic acid content. The relationship between nucleolar
nucleic acid content and total cell body dry mass is shown in Text-fig. 3c,
where it is compared with results previously reported (Watson, 1968a,
1969) obtained after distal axotomy. Only after the 10th day is the relation-
ship between these two parameters similar under these two circumstances:
before the 10th day, the large increase in dry mass preceding nucleolar
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acid change is clearly seen to be different to the results obtained after
axotomy.

Extraction of lipid and some lipoprotein with hot methanol-chloroform
and of RNA with ribonuclease showed that at least 80% of the increase
in dry mass found on the 5th day after injection was not extractable lipid
or RNA.

After injection ofpuromycin the dry mass ofnerve cell bodies decreased:
within the first hour the decrease found in normal hypoglossal neurones
was 8 % ± 1*5 % (S.E.) (Text-fig. 3d). The dry mass did not decrease signi-
ficantly more rapidly on the 5th day after botulinum toxin (P > 0.05), but
this rate of decrease was greater on the 10th and 21st days after injection
(Text-fig. 3d) (P < 0 05, > 0 01).
Autoradiography of sections of hypoglossal neurones obtained from rats

killed 2 hr after intraventricular injections of [3H]lysine showed no signi-
ficant change in the incorporation of isotope on the 5th day after injection:
the grain count was significantly greater on the 10th and 21st days
(P < 0 05, > 0 01). A similar result was obtained with [3H]methionine in
which the isotope was not confined to the methyl group.

Micromanometry. The activity of acetylcholine hydrolase increased after
injection of toxin (Text-fig. 4a), to reach a maximum value between the
5th and 7th days, and then decreased: this increase was significant
(P < 0 01, > 0.001). The apparent decrease of this activity to values less
than normal between the 15th and 20th days was not significantly different
from normal (P > 0.05).
A significant decrease was found in succinoxidase activity (P < 0*05,

> 0.01) between the 4th and 20th days after injection (Text-fig. 4b).
Electron microscopy. No significant changes could be seen in hypoglossal

nerve cells before the seventh day after injection: changes were especially
sought in mitochondria, endoplasmic reticulum and Golgi apparatus, but
none could be convincingly demonstrated. Some fragmentation of the
endoplasmic reticulum was first found on the seventh day.

Perineuronal glia. After injection of [3H]thymidine into a lateral cerebral
ventricle none was incorporated into the DNA of glial cells of the hypo-
glossal nuclei at any time after the injection of toxin into the tongue.

Hypoglossal nerve and tongue. No significant change was found in the
diameter of axons of hypoglossal nerves within the first 14 days after
injection, that is, over the period of the early increase in neuronal dry mass
(Text-fig. 3b). Sprouting of the terminal part of the motor axon was
first seen 6 days after injection of toxin, and became most extensive
between 18 and 30 days: within this period many sprouts were more than
500 pm long and commonly passed over adjacent muscle fibres: even after
100 days the normal pattern of muscle innervation had not been completely

619
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restored. About 5 days after injection the sarcolemmal nuclei of the left
half of the tongue became larger and rounder with prominent nucleoli.

Autoradiographs of hypoglossal nerves obtained from rats injected with
toxin between 7 and 14 days previously, and with intraventricular [3H]-
lysine between 2 and 5 days before death, showed intra-axonal radio-
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activity. Autoradiographs of the tongue after intraperitoneal injection of
[3HC013]thymidine showed occasional labelling of sarcolemmal nuclei
between the 5th and 12th day after botulinum toxin: after [3H5]uridine
had been injected intraperitoneally the incorporation of isotope into RNA
was markedly increased within sarcolemmal nuclei between the 5th and

20 -4.0-
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0O _ I 1 1 1 1 111l 1 0_I 1 1 11111 I 1 1
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Days Days
Text-fig. 4(a). Acetylcholine hydrolase activity of single hypoglossal neurones,
measured as rate of evolution of CO2 (Fl. x 10-4/hr), is expressed as against the
time (days) since the injection of botulinum toxin. Each point represents a mean
value of ten-fifteen cells obtained from one rat. The S.E. is also shown.

(b) Succinoxidase activity of single nerve cells, measured as rate of consump-
tion of 02 (y1. x 10I4/hr) is expressed against the time (days) since the injection
of botulinum toxin. Each point represents a mean value of ten-fifteen cells
obtained from one rat. The s.E. is also shown.

Legend to Text-fig. 3

Text-fig. 3 (a). Nucleolar dry mass (pg) is expressed against the time (days) since
injection of botulinum toxin. Each point represents a mean value of twenty
nucleoli, and the S.E. is also shown.

(b) Cell body dry mass (pg) is expressed against the time (days) since injection
of toxin. Each point represents a mean value of twenty cells obtained from one rat,
and the s.E. is also shown.

(c) Cell body dry mass, expressed as % normal, expressed against nucleolar
nucleic acid, similarly shown, to show the different relationship between these para-
meters after botulinum toxin (0 0) and after distal axotomy (0- -O;
Watson, 1968a, 1969). The arrows indicate temporal direction. The interrupted
line is at 450 from the origin.

(d) Cell body dry mass (pg) is expressed against the time (hours) since injection of
puromycin. Each point represents a mean value of twenty cells obtained from
one rat. S.E. omitted for clarity. 0 0 represents no botulinum toxin, 0--0
botulinum toxin 5 days previously, x ----- x botulinum toxin 10 days previously,
and O- - - -E botulinum toxin 21 days previously.



21st days after injection of toxin, coinciding with the period in which
sarcolemmal nucleoli became more prominent: within the same period the
incorporation of [H]lysine and [3H]methionine into protein of the muscle
fibres was also markedly increased.
The injection of boiled botulinum toxin caused no significant change in

these parameters.
DISCUSSION

Many assumptions are made in attempted quantitative microchemical
measurement using the techniques described: the limitations of ultra-
violet absorption microspectrography and of autoradiography used in the
way described have been previously discussed (Watson, 1965a, 1968a).

Significance of dry mass determinations. Isolation of nerve cells excludes
from measurement nearly all the axon and the peripheral part of the
dendritic tree (Plate 1, fig. 2). An attempt has been made to estimate
approximately the proportion of the cell's dry mass lying in these excluded
areas. The dry mass of axons was measured in transverse sections ofknown
thickness of hypoglossal nerve. The estimated total axonal dry mass was
2200 pg: ultra-violet absorption microspectrography showed an absorption
peak at 280 pm, indicating that the axoplasm contains no significant
amount of nucleic acid. If it is assumed that the dendritic spread of a
hypoglossal neurone resembles that of a spinal motor nerve cell (Aitken &
Bridger, 1961; Schade & van Harreveld, 1961), and that the dry mass con-
centration of dendrites resembles that of axons, then an estimate of 800 pg
may be made for dendritic dry mass. The total dry mass of the neurone
may therefore be estimated as 4100 pg, of which only 40 % is measured in
the isolated nerve cell body. This measured fraction cannot be considered
as a constant proportion of the whole, or as a stable entity which can be
measured under varying circumstances, for some fractions of the protein
and phospholipid of the cell body exchange rapidly with those of the cell's
processes (Droz & Leblond, 1962, 1963, 1964; Miani, 1962, 1963; Watson,
1968b). Furthermore, striking changes may occur in the dendrites after
axotomy (Cerf & Chacko, 1958). It is very probable, however, that the
bulk of neuronal protein is synthesized within the nerve cell body: over
90% of neuronal nucleic acid is found in the cell body (Hyden, 1960;
Utakojii & Hsu, 1965). After injection of tritiated amino acids, no signi-
ficant activity can be found in the protein of dendrites or of the axons
within 1 hr of injection (Droz, 1965). The significance of reported axonal
RNA having base ratios (Koenig, 1965 a) and sedimentation characteristics
(Miani, di Girolamo & di Girolamo, 1966) resembling those of isolated ribo-
somes, and of axonal ribosome-dependent protein synthesis (Koenig,
1965b) is uncertain, and the amount of protein possibly synthesized within
the axon is very small (Ochs, Johnson & Ng, 1967).
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As nearly all neuronal protein synthesis occurs within the nerve cell
body, the changes in measured cell body dry mass may be interpreted
most readily with reference to the 'decay' of dry mass which follows in-
jection of puromycin. If the neurone is in a reasonably steady state before
injecting puromycin, that is, if its dry mass is not changing at a rate com-
parable with the change that follows puromycin, and if the transport of
protein from the cell body into its axon and dendrites and the rate of
destruction of protein within the nerve cell body remains unaltered after
puromycin (Ochs et al. 1967), then the initial rate of 'decay' of dry mass
represents the rate of synthesis of protein in the neurone in that steady
state. The first condition is satisfied even during the chromatolytic response
of the neurone to injury (Watson, 1969): the greatest rate of change of dry
mass is then less than 5% of the initial rate of 'decay' induced by puro-
mycin. After botulinum toxin (Text-fig. 3) the rate of change of dry mass
is also less than 5% of the puromycin-induced rate of 'decay'. The second
condition is probably satisfied: there is close correspondence between the
altered rate of 'decay' of dry mass (Text-fig. 3) and the uptake of tritiated
amino acids by the nerve cell body. A similar relationship was found during
the response of the neurone to axotomy (Watson, 1969). Both after
axotomy (Watson, 1968 a, 1969) and after botulinum toxin (Text-figs. 1, 3)
the rate of 'decay' of dry mass after puromycin follows closely the rate
of 'decay' of nucleolar RNA after actinomycin D, a rate reflecting the rate
of synthesis of ribosomal RNA (Watson, 1968a).
Botulinum toxin. Botulinum toxin, type A or D, prevents transmission

at the neuromuscular junction (Dickenson & Shevky, 1923) by directly or
indirectly preventing the release of acetylcholine from motor nerve
terminals (Ambache, 1948, 1949, 1951; Burgen, Dickens & Zatman, 1949;
Brooks, 1954) without impairing conduction within the nerve fibre
(Brooks, 1956). As this investigation was undertaken as part of a study of
the response of the nerve cell to injury, with special reference to the factors
responsible for inducing the chromatolytic response to injury, it is neces-
sary to compare the changes found in the parameter measured in this
investigation with those found after axotomy: in both circumstances there
is loss of functional contact between neurone and muscle, but after in-
jection of toxin there is no associated loss of axoplasm.

Relation of nucleic acid changes to those following axotomy. The nucleic
acid content of the nucleolus and cell body increases after axotomy, and this
increase occurs later the more distally from the cell body the axon is
injured (Watson, 1968 a): after botulinum toxin the timing of this increase
corresponds to that of a distal axonal injury, an observation which corre-
lates well with the anatomical site of the pharmacological lesion. In both
circumstances the nucleolar changes precede those of the cell body and are
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correlated with an increased rate of synthesis of nucleolar RNA, judged by
the associated increased rate of actinomycin D-induced decay of nucleolar
RNA, by the associated increase in Cyt./Nuc. ratio after injecting [3H5]-
uridine, and by the increased methylation of precursors of ribosomal RNA
(Sirlin, Jacob & Tandler, 1963). These close similarities in the timing of
several aspects of the nucleic acid response between the neurone after
distal axotomy and the neurone after botulinum toxin, strongly suggest
that some similar process of induction of synthesis of ribosomal RNA is
occurring in both circumstances, and indicate that the quantity of axo-
plasm removed is related only to the timing of the response (Watson,
1968 a), and that loss of axoplasm itself is not a necessary condition for the
actual induction of ribosomal RNA synthesis.
Two potential hypotheses concerning the factor common to both states

which is responsible for this induction can be dismissed. The first, that
depolarization is responsible and occurs after botulinum toxin in the nerve
terminals in a manner analogous to an injury potential following axotomy,
is not compatible with the observations of Brooks (1956) concerning the
pharmacological nature of the lesion. The second, that loss of 'effective
contact' between neurone and muscle is the common factor is not com-
patible with the finding that ribosomal RNA synthesis can be induced by
a second axonal injury after 'effective neurone-muscle contact' has already
been removed by the first nerve injury (Watson, 1968a).
A working hypothesis can be based upon the finding of Duchen & Strich

(1968), confirmed in this study, that extensive sprouting occurs of the
terminal motor axon after local injection of botulinum toxin. Sprouting
is also found after axotomy (Young, 1942). It is suggested that the initial
act of sprouting itself contains the factor responsible for inducing these
changes and that the induced changes in nucleic acid and protein synthesis
are required for sustaining it: some support for this comes from the obser-
vation (unpublished personal data) that changes similar in nature and
timing occur in neurones when their undamaged axons undergo collateral
sprouting. In each ofthese three circumstances sprouting is associated with
increased synthesis of ribosomal RNA. If the act of axonal sprouting is
equated with an act of expansion or of synthesis of cell membrane, then
this hypothesis has the further advantage that it can be applied to cells
other than neurones and, for example, is compatible with the changes
found in muscle after denervation (Axelsson & Thesleff, 1959; Miledi,
1960) or after botulinum toxin (Thesleff, 1960; Josefsson & Thesleff, 1961)
(see Changes in muscle below).

Relation of changes in dry mass following toxin to those of injury. The
changes in dry mass are not similar in these two circumstances (Text-fig. 3).
Before the tenth day after injection of toxin there is an increase of dry
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mass which is not found after axotomy, which precedes the increased
synthesis of ribosomal RNA, and which is not associated with an increased
rate of synthesis of neuronal protein, estimated from the initial rate of
'decay' of dry mass induced by puromycin (Text-fig. 3). As it is possible
that such an increase in neuronal protein represents a 'damming back' of
axoplasm (Weiss & Hiscoe, 1948) normally released or destroyed at the
nerve ending, the diameters ofaxons in the hypoglossal nerve were measured:
no change was found. The increased cell body dry mass cannot therefore be
considered as a passive consequence of outflow obstruction.
Two further possibilities were tested: firstly, that the increased dry mass

did in fact represent such a 'damming back', but that the expected axonal
swelling was prevented by a co-ordinated decrease in the rate of input of
protein into the axon, so that the primary site of protein accumulation
was in the nerve cell body; secondly, that the increased dry mass repre-
sented such a 'damming back', but that this was associated with a con-
tinuing bidirectional intra-axonal transport of migrating organelles and
protein (Lubbnska, Niemierko, Oderfelt, Szwarc & Zelena, 1963; Kerkut,
Shapira & Walker, 1967; Watson, 1968b). As [3H]lysine injected intra-
ventricularly continued to migrate down the axons of the hypoglossal
nerve even when this early accumulation ofneuronal dry mass was greatest,
the last hypothesis is preferred. Some further evidence that this early
increase of dry mass represents a form of 'damming back' comes from the
finding that the activity of acetylcholine hydrolase, an enzyme that almost
certainly passes along the axon (Lubilska, 1964), increases during this
period (Text-fig. 4a). The failure of the mitochondrial succinic oxidase
enzyme complex activity to increase as well (Text-fig. 4b) is difficult to
explain, for there is evidence of bidirectional passage of mitochondria in
axons of cultured neurones (Nakai, 1956; Pomerat, 1960). It is possible
either that the systems of transport for proteins and for organelles respond
differently under these circumstances, or that the partial autonomy of
mitochondria in their regulation of protein synthesis (Roodyn, 1965) may
be responsible for this difference.

After the tenth day following injection of toxin, the changes in dry mass
resemble those found after axotomy (Text-fig. 3); further discussion of
these changes is unnecessary, as they are secondary to the changes in
nucleic acid metabolism already discussed.

Neuroylia. The failure of labelled glial cells to appear in the hypoglossal
nucleus following intraventricular injection of [Hc01]thymidine after
injection of toxin into the tongue is in striking contrast to their appearance
in large numbers after axotomy (Cammermeyer, 1965; Watson, 1965a;
Sj6strand, 1965, 1966). The appearance of glia cannot therefore be con-
sidered a necessary accompaniment of changes in neuronal nucleic acid
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metabolism, which are similar in the two circumstances. It is possible that
the regional accumulation of labelled glia found after axotomy is a re-
sponse to an associated gross defect in axoplasmic transport: if axonal
transport is bi-directional (Lubinska, 1964; Kerkut et al. 1967; Watson,
1968b) and dependent upon an organized system of tubules and fibrils
(Droz, 1967) this transport will be grossly disrupted by axonal interruption,
but not necessarily by preventing the release of acetylcholine from the
nerve ending with botulinum toxin: strong support for this possibility
comes from the finding (unpublished observations) that injection of col-
chicine into the tongue, a drug which impairs the transport of organelles
(de Groot, 1957) by its influence upon fibrillary systems (Taylor, 1965), is
associated with considerable accumulation of labelled glial cells around
affected neurones.

Changes in muscle after botulinum toxin. After botulinum toxin (Thesleff,
1960; Josefsson & Thesleff, 1961), as after denervation (Axelsson &
Thesleff, 1959; Miledi, 1960) the area of muscle membrane sensitive to
acetylcholine increases. This change is accompanied by marked swelling
of sarcolemmal nuclei, which become round with enlarged nucleoli: these
nuclear changes when found in other cell types are associated with an in-
creased rate of synthesis of RNA by the nucleus and of protein by the cell
as a whole (Gurdon & Woodland, 1968). The autoradiographic changes
reported here show that synthesis of DNA is occurring in a few of these
nuclei, that the nucleolar enlargement is associated with a considerably
increased rate of synthesis of RNA, and that these changes accompany an
increased rate of protein synthesis.

It is suggested that the sarcolemmal nuclear reaction under these cir-
cumstances is precisely similar to that of the neurone, except that in the
latter DNA synthesis is much less apparent (Watson, 1965b), and that the
plasma membrane changes seen in each type of cell are also closely similar:
the membrane extension in the neurone appears as sprouting, while that
of the muscle appears as an extension of the surface area of specific
chemosensitivity. The apparent differences in response reflect only differ-
ences in the morphology of the cell affected and not differences in the cell
mechanisms involved. If this is so, then the chromatolytic response of the
neurone to injury represents a striking example of a more general cell
reaction, seen in both the nerve cell and muscle under these circumstances.
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EXPLANATION OF PLATE

Fig. 1. Photomicrograph obtained with an interference microscope using banded field of
an isolated hypoglossal neurone suspended in a sucrose solution of refractive index 1 472.
Note that band displacement does not exceed 0-2 A. Scale 100 Dim.

Fig. 2. Photomicrograph of identical field obtained with infinite band separation. Note the
absence of phase reversal at the densest part of the cell when background phase retardation
is correctly selected. Scale 100 jLm.
Fig. 3. Microdensitometric traces across a clear banded field (distorted sine curve), and a
trace across the densest part of the cell shown in Fig. 2. Note that the background density
lies close to one end of the 'linear' part of the sine curve, and that the optical density of the
densest part of the cell also lies upon the same 'linear' part of the curve.
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