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Cytophotometric Analysis of Neuronal Chromatin and RNA Changes in
Oxotremorine-Treated Rats (42222)
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Abstract. Neuronal nucleic acid responses were examined within the rat striatum and senso-
rimotor cortex (layer V) following single intraperitoneal injections of the central cholinergic—
muscarinic agonist oxotremorine (0.1, 0.7, or 1.0 mg/kg). After stoichiometric Feulgen and azure
B staining of brain sections, scanning-integrating microdensitometry was used to quantify Feulgen-
deoxyribonucleic acid levels, changes in the susceptibility of chromatin to Feulgen acid hydrolysis
(F-DNA vyield) and azure B-ribonucleic acid (RNA) content of neurons on an individual basis.
Changes in neuronal nuclear and nucleolar volumes were also determined histometrically. Within
the striatum and sensorimotor cortex, oxotremorine produced marked dose-dependent elevations
in both F-DNA yield and RNA content. These metabolic increases were typically paralleled by
elevations in nuclear and nucleolar volumes. The data demonstrate that the oxotremorine-induced
central muscarinic activation is associated with dose-related enhancements in neuronal chromatin
template activity, RNA content, and protein synthetic capacity. © 1986 Society for Experimental Biology

and Medicine.

Oxotremorine (OXO), a potent and specific
central muscarinic-acetylcholine receptor ag-
onist, produces tremor and rigidity by its ac-
tions on the basal ganglia and other brain re-
gions involved with motor function (1, 2).
0OXO-induced central nervous system stimu-
lation is associated with dose-related elevations
in glucose uptake and utilization throughout
the entire extrapyramidal system and cerebral
cortex (2, 3). However, effects of OXO on
other aspects of neuronal metabolism, such as
nucleic acid metabolism, have not been pre-
viously ascertained. It is well known that
among the earliest events associated with in-
creased cellular metabolic activity are marked
alterations in chromatin conformation which
reflect the transformation of inactive chro-
matin into transcriptionally active DNA tem-
plates for RNA synthesis (4-6). Moreover, it
has been reported that synaptic activation of
neurons leads first to specific RNA production
and this, in turn, to protein synthesis (7-9).
Therefore, the current study was undertaken
to examine dose-dependent effects of OXO-
induced central muscarinic stimulation on
neuronal nucleic acid metabolism in rats.
Changes in the physicochemical properties of
nuclear chromatin and in perikaryal RNA
levels within neurons of the striatum and sen-
sorimotor cortex (layer V) were quantified us-
ing cytophotometric analyses of Feulgen-DNA

(F-DNA) and azure B-RNA stained brain sec-
tions. These two brain regions were selected
since they have an important role in motor
functioning; layer V of the cerebral cortex was
specifically analyzed because it is reported to
have a large density of high affinity muscarinic
binding sites in comparison to other layers (3).
In addition, correlative histometric observa-
tions were made on changes in neuronal nu-
clear and nucleolar volumes.

Materials and Methods. Male Sprague-
Dawley rats (Hilltop Labs) weighing 275-
325 g were randomly assigned into four treat-
ment groups with six per group. Of these, one
group served as controls and received single
ip injections of 0.9% saline. The remaining
three groups were pretreated with atropine
methylbromide (1.0 mg/kg, sc; Sigma) 20 min
prior to single ip injections of OXO (Sigma)
at dosages of either 0.1, 0.7, or 1.0 mg/kg. The
purpose of the atropine methylbromide pre-
treatment was to block peripheral muscarinic
effects of OXO. This dosage of atropine meth-
ylbromide prevents lacrimation and diarrhea
but not tremor in rats treated with 0.1, 0.7,
and 1.0 mg/kg OXO (3). All compounds were
prepared in 0.9% saline and injected in a final
volume of 0.5 ml/kg body wt. Since numerous
reports have shown that chemically and/or
electrically induced neuronal nucleic acid
changes are consistent and reproducible within
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a 1- to 4-hr time interval (7, 8, 10, 11), all
animals were killed by decapitation without
anesthesia at 2 hr after their final injection.
Brains were removed without delay (ca. 3-5
min) and sliced sagittally at the level of the
optic chiasm. Coronally sliced segments of the
frontal lobe of the right cerebral hemisphere
were fixed in Carnoy fixative for subsequent
nucleic acid analyses.

Procedures used in cytophotometric DNA
and RNA analyses were as described previ-
ously (6, 10-12). Briefly, 15-um paraffin sec-
tions were stained for DNA with the Feulgen
nucleal reaction (13) and for RNA with azure
B (14). Specificity of RNA staining was con-
firmed using control sections treated with
RNase with and without DNase prior to azure
B or Feulgen staining. Preliminary studies re-
vealed that neuronal nuclei from control and
OXO-treated rats exhibited similar F-DNA
hydrolysis patterns over a 5- to 60-min hydro-
lysis interval. The standard procedure adopted
for comparative DNA analysis of neuronal
nuclei was a 30-min hydrolysis duration in 3.5
N HCl at 37°C (13).

Cytophotometric analyses of F-DNA reac-
tivity and perikaryal RNA content were
made using a Vickers M85a scanning-inte-
grating microdensitometer (Vickers Instru-
ments, Malden, Mass.) as described previously
(6, 10). A field delimiting mask was employed
to isolate individual and entire neurons or nu-
clei being analyzed. Fixed delimiting mask
apertures of 201 and 314 um? were used for
F-DNA and azure B-RNA quantification, re-
spectively. To standardize measurements, cy-
tophotometric readings were made on mor-
phometrically homogenous populations of
neurons in the striatum (caudate nucleus plus
putamen) and cerebral cortex (layer V). Care
was exercised to avoid cut or overlapping neu-
rons or nuclei by up and down focusing and
using only neurons or nuclei lying in the mid-
focal plane of the section. It was ascertained
that the extent of error in F-DNA and RNA
measurements attributable to differences in
section thickness (<2%) or to instrument per-
formance (<1%) is negligible relative to the
normal extent of variability in F-DNA yield
(ca. 11%) and in RNA contents (ca. 24%) of
homogenous populations of brain neurons.
The general protocol entailed making 10-25
individual measures in the striatum and ce-

rebral cortex for F-DNA and RNA levels from
each animal.

Measurements of nuclear and nucleolar di-
ameter were made on azure B stained sections
using an ocular micrometer at X 1000. Nuclear
volumes were calculated from V = n/6ab?
where ¢ = diameter of major axis and b = di-
ameter of minor axis; nucleolar volumes were
calculated from V = w/6D° where D = nu-
cleolar diameter (15).

Statistical analyses of data were performed
using analysis of variance, Duncan’s new
multiple range test and the heterogenous x2
test. When the analysis of variance F test re-
vealed significant differences between group
means, the data were further analyzed using
Duncan’s test. In addition, individual F-DNA
and RNA values were examined in conven-
tional frequency distribution profile form.
Histograms were constructed to demonstrate
the frequency of occurrence of nuclei and
neurons containing low, moderate, and high
F-DNA and RNA levels, with the moderate
category arbitrarily designated as that portion
of the neuronal population where individual
F-DNA and RNA values fall within the range
of control mean + 1.0 standard deviation; low
and high F-DNA and RNA categories thus
represent neurons with measured values for
these cytochemical parameters which were less
or greater than one deviation from the re-
spective control mean value. Differences
among distribution profiles were then com-
pared using the heterogeneous x test. In all
analyses, probabilities of 5% were interpreted
as statistically significant.

Results and Discussion. Mean values of nu-
clear F-DNA reactivity and perikaryal RNA
content are shown in Table I; frequency dis-
tribution profiles, constructed on the basis of
saline-control mean and standard deviation,
demonstrating shifts in the relative abundance
of nuclei or neurons containing low, moderate,
and high F-DNA and RNA levels are depicted
in Figs. | and 2. Correlative histometric ob-
servations showing changes in neuronal nu-
clear and nucleolar volumes are presented in
Table II. Also, representative micrographs of
both Feulgen and azure B stained brain sec-
tions from control and 1.0 mg/kg OXO-
treated rats are exemplified in Fig. 3.

Within the striatum (CP), OXO-induced
central muscarinic stimulation produced dose-
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TABLE 1. EFFECTS OF OXOTREMORINE-INDUCED
CENTRAL MUSCARINIC STIMULATION ON STRIATAL
AND CEREBROCORTICAL NEURON FEULGEN-DNA
REACTIVITY AND RNA CONTENTS

Cerebral
Treatment Striatum cortex
F-DNA vyield
Control 80.2 + 11.8¢ 82.4 + 10.1°
0.1 mg/kg OXO 843+ 5.7° 84.7 + 4.5°
0.7 mg/kg OXO 88.0 + 5.8° 873+ 6.3¢
1.0 mg/kg OXO 90.7 £ 3.4° 889 + 5.0¢

Neuronal RNA

Control 89.8 + 17.5¢ 123.9 + 30.3%
0.1 mg/kg OXO 109.9 + 20.1¢ 155.5 £ 33.2¢
0.7 mg/kg OXO 121.5 + 18.7° 175.9 + 35.2
1.0 mg/kg OXO 133.7 £ 23.8% 214.6 + 47.6

Note. F-DNA yield and RNA content in absorbancy
units = SD. Each value represents the average of 100 in-
dividual cytophotometric measurements with 6 rats per
group. Means ranked (a-d), the highest value designated
as (a). Means not designated with same superscript are
significantly different, P < 0.05, Duncan’s new multiple
range test.

dependent elevations in both nuclear F-DNA
yield and neuronal RNA content. This is ap-
parent in the significant (P < 0.05) increases
in mean F-DNA reactivity and perikaryal
RNA levels (Table I), in the marked increases
in the frequency occurrence of both high
F-DNA vyielding nuclei and high RNA con-
taining neurons (Figs. 1, 2), and in the con-
comitant reductions in low F-DNA and RNA
categories. Significant increases in average CP
neuron F-DNA reactivity ranged from 5% with
0.1 mg/kg OXO to 13% with 1.0 mg/kg OXO,
whereas elevations in mean CP neuron RNA
ranged from 22% with the lowest dose of OXO
to 49% with the highest OXO dosage (Table
I). Moreover, with 1.0 mg/kg OXO, there was
a greater than three-fold shift in the relative
abundance of neuronal nuclei exhibiting high
F-DNA levels and a striking ca. six-fold ele-
vation in the frequency occurrence of high
RNA containing perikarya (Figs. 1, 2). Cor-
respondingly, significant (P < 0.05) changes
in CP neuron nuclear and nucleolar volumes
were manifested by ca. 40% and three-fold in-
creases in nuclear and nucleolar volumes, re-
spectively, with the two higher dosages of OXO
(Table II).

Within cerebrocortical neurons, OXO
treatment eventuated in virtually identical
dose-dependent augmentations in chromatin
activation and RNA synthesis (Tables I, II;
Figs. 1, 2). However, some essential differences
exist regarding the magnitude of the increases.
For example, cerebrocortical neuron RNA
levels were elevated 42 and 72% with 0.7 and
1.0 mg/kg OXO, respectively, despite the
slightly lower increases in F-DNA reactivity
relative to CP neurons (Table I). Moreover,
elevations in cerebrocortical mean nuclear
volume were of greater magnitude in com-
parison to CP neurons, but changes in nu-
cleolar volumes were similar (Table II).

The present study demonstrates that sys-
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FiG. 1. Frequency distribution profiles depicting dose-
dependent alterations in chromatin Feulgen-DNA
(F-DNA) reactivity. Histograms were constructed to dem-
onstrate the frequency occurrence of neurons exhibiting
low, moderate, and high F-DNA reactivity, the moderate
category representing that portion of the neuronal popu-
lation where individual F-DNA yields fall within + one
standard deviation of saline control mean value, Circled
numbers indicate percentages of corresponding low or high
F-DNA neurons. Reproducibility of individual nuclear
DNA measurements was +2%. The general protocol en-
tailed making 10-25 individual measures in the striatum
and cerebral cortex for F-DNA from each of the six animals
in each treatment group.
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FIG. 2. Frequency distribution profiles of neuronal azure
B-RNA contents in oxotremorine-treated rats. Oxotrem-
orine treatment regimen and RNA analyses for each of
the six animals per group are described in text. Histograms
were constructed to demonstrate the frequency occurrence
of neurons containing low, moderate, and high RNA levels,
with the moderate category representing that portion of
the neuronal population where individual RNA values fall
within + one standard deviation of the control mean value.
Circled numbers indicate percentages of low or high RNA
containing neurons.

temic treatment with OXO increases, in a
dose-related manner, chromatin template ac-
tivity, and RNA content within neurons of the
rat striatum and cerebral cortex (layer V). Our
analytical approach involved the use of stoi-
chiometric staining procedures followed by
cytophotometric measurement of changes in
nuclear F-DNA reactivity and perikaryal RNA
on an individual neuron basis. Recent studies
have shown that the Feulgen nucleal reaction,
which is used mainly for measuring nuclear
DNA content and shifts in ploidy distribution
patterns (16), can also be used in demonstrat-
ing alterations in the physicochemical state of
the deoxyribonucleoprotein (DNP)-chroma-
tin complex (6, 17). The basis for this stems
from extensive studies indicating that expan-
sion of the chromatin template is frequently
associated with an increase in the acid lability
of the DNP-chromatin and hence an in-
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creased F-DNA staining. Such a response,
which has been designated as the “chromatin
activation” reaction (4), is presumed to be in-
dicative of a heightened metabolic state and
enhanced chromatin template activity and
RNA synthetic capacity. Similarly, the content
of perikaryal RNA and nuclear and nucleolar
volumes directly relates to the level of nerve
cell activity and therefore protein synthetic
capability (18-20).

At present it is uncertain whether a direct
relationship exists between currently observed
OXO-induced elevations in neuronal RNA
content and previously reported increases in
brain oxidative metabolism. However, since
glucose oxidation via the pentose cycle (pen-
tose phosphate pathway or hexose mono-
phosphate shunt) is known to provide a route
for synthesis of pentose nucleotides for nucleic
acid anabolism (21), the early increase in neu-
ronal glucose utilization in OXO-treated an-
imals may be a prerequisite for enhancements

TABLE II. EFFECTS OF OXOTREMORINE-INDUCED
CENTRAL MUSCARINIC STIMULATION ON STRIATAL
AND CEREBROCORTICAL NEURON NUCLEAR
AND NUCLEOLAR VOLUMES

Treatment Striatum Cerebral cortex
Nuclear volume (um?)
Control 1848.3 + 347.3°  1989.3 + 318.7°
0.1 mg/kg OXO  2329.4 + 200.0%%  2990.2 + 381.9°
0.7 mg/kg OXO 2651.0 £ 459.3°  3459.0 = 706.0°
1.0 mg/kg OXO 2625.0 + 445.0°  3138.7 + 473.5¢
Nucleolar volume (um?)
Control 20.1 £ 9.7¢ 329 + 14.6°
0.1 mg/kg OXO 443+ 19.1° 63.6 = 20.5°
0.7 mg/kg OXO 61.8 £ 2547 68.0 £ 22.8°
1.0 mg/kg OXO 639 + 20.7¢ 87.9 + 31.0°

Note. Mean values (£SD) of nuclear and nucleolar vol-
umes, as measured in striatal and cerebrocortical neurons
(layer V) with an ocular micrometer at X1000. Measure-
ments of nuclear and nucleolar diameters were made on
a minimum of 30 neurons in each group of six animals.
Nuclear volume was calculated from the equation V
= /6 ab® where a = diameter of major axis and b
= diameter of minor axis. Nucleolar volume was calculated
from the equation ¥V = 7/6 D*, where D = nucleolar di-
ameter. Means ranked (a-c), the highest value designated
as (a). Means not designated with same superscript are
significantly different, P < 0.05, Duncan’s new multiple
range test.
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FIG. 3. Representative photomicrographs of Feulgen-DNA (A and B) and azure B-RNA (C and D)-stained
cerebrocortical neurons. A and C represent sections from saline control; B and D represent sections from
1.0 mg/kg OXO-treated rat. Note apparent OXO-induced increases in nuclear and nucleolar area (B and
D) and in perikaryal RNA content (D), Large arrowheads in B and D indicate a typical nucleus or neuron
measured cytophotometrically; small arrowhead in B identifies glial cell. During cytophotometry, care was
exercised to avoid cut perikarya and ensure that measured neurons did not overlap in different focal planes.
Feulgen-DNA micrographs X506; azure B-RNA micrographs X503.

in RNA levels. In highly metabolically active
cells, a close relationship does exist between
glucose-6-phosphate dehydrogenase activity, a
cytochemical marker for pentose cycle activity,
and RNA synthesis. For example, in cells un-
dergoing rapid growth and respiration a

marked increase in this enzyme is accompa-
nied by augmented RNA production (21). To
provide more definitive evidence in this regard,
effects of OXO on neuronal glucose-6-phos-
phate dehydrogenase activity should be ex-
amined.
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An important contribution of the present
study is providing further documentation that
neuronal RNA content constitutes a very sen-
sitive cytodiagnostic marker of drug-induced
changes in neuronal functioning. The suc-
cessful use of RNA cytophotometry in this and
related studies suggests that this approach will
have broad applicability in experimental pa-
thology, pharmacology, and neurophysiology.
The observation that OXO increases chro-

matin template activity and RNA content
within neurons of the striatum and cerebral
cortex may have therapeutic relevance with
regard to declines in brain metabolism that
occur in aged animals and human Alzheimer’s
disease. Age-related impairments in CNS me-
tabolism include reductions in neuronal eu-
chromatin to heterochromatin ratios (5), RNA
content (19, 20), nuclear and nucleolar vol-
umes (9, 15), and protein synthesis (22, 23).
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These metabolic changes have been inter-
preted as being manifestations of declines in
neuronal activation stemming from alterations
in various neurotransmitter networks, partic-
ularly cholinergic systems (24, 25). Several
functionally relevant changes in cholinergic
parameters have been identified in aged rodent
and Alzheimer’s disease brains. These include
declines in striatal and cortical choline ace-
tyltransferase (26), acetylcholinesterase (27,
28), and high affinity choline uptake (29). In
contrast, the central cholinergic muscarinic
receptor remains relatively unaffected (30).
Thus, it would be of interest to determine
whether OXO-induced central muscarinic ac-
tivation prevents or mitigates the age-related,
neuronal metabolic collapse and thereby in-
creasing the level of functional capacity pres-
ent in senescent neurons.

This research was supported in part by USAMRDC
Contract DAMD 17-81-C-1202.
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