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Neutron-induced free radicals in oriented DNA

CARMEN M. ARROYO, ALASDAIR J. CARMICHAEL,
CHARLES E. SWENBERG and LAWRENCE S. MYERS, JR

Physical Radiobiology Division, Radiation Sciences Department,
Armed Forces Radiobiology Research Institute, Bethesda,
Maryland 20814-5145, U.S.A.

Samples of oriented DNA containing 30 per cent water were irradiated with
neutrons at 77 K. The electron spin resonance (e.s.r.) spectra obtained from these
irradiated DNA samples show that the formation of radicals is different when the
incident neutrons are parallel or perpendicular to the DNA helix. When the
incident neutrons are perpendicular to the DNA helix the e.s.r. spectra of
thymine and guanine ionic radicals (T~, G?*) are observed. An additional e.s.r.
spectrum corresponding to the hydrogen addition radical on thymine (TH) is
observed when the incident neutrons are parallel to DNA helix. The TH: radical
appears to be formed by protonation of T~.

Indexing terms: oriented DNA, neutron radiation, electron spin resonance.

Electron spin resonance (e.s.r.) of solid-state oriented deoxyribonucleic acid
(DNA) irradiated with neutrons is of interest because it offers, at low temperatures,
an opportunity to study structural features of the free radicals formed in oriented
macromolecular samples. In addition, it provides further information about the
mechanism of radiation damage in living systems.

In previous studies, e.s.r. spectroscopy has been applied to observe the effects of
y- and u.v.-radiation on oriented DNA fibres (Grislund et al. 1971, 1979,
Hiitterman et al. 1984). With u.v.-(300+10nm) and y-radiation, a mixture of
anionic free radicals on thymine (T~) and cationic free radicals on guanine (G*) has
been reported. The e.s.r. spectra obtained in those studies depended on the
orientation (parallel or perpendicular) of the fibres in the magnetic field. However,
when the full u.v. spectrum is used to irradiate the oriented DNA fibres, an eight-
line e.s.r. spectrum is observed in addition to the T~ and G?* ionic bases. This
additional e.s.r. spectrum corresponds to the hydrogen addition radical on thymine
(TH'). The e.s.r. spectrum of TH- is nearly isotropic (Diilci¢ and Herak 1972).

In the present study, the effect of neutron irradiation on oriented DNA is
reported. The results obtained are the first to show that the formation of radicals
depends on the orientation of the DNA helix with respect to the incident radiation.

Oriented DNA fibres were prepared using the wet spinning technique developed
by Rupprecht (1966, 1970a,b, 1979). In this method, highly polymerized calf
thymus DNA (Sigma Chemical Co.) was dissolved (1 mg/ml) in a 0-4 mol dm ™3
sodium chloride solution. This DNA solution was then passed through a spinneret
into a column containing ethanol (73 per cent) and 0-4moldm™3 NaCl as a
precipitating medium. The oriented fibres flow down the column and are converged
by a V-shaped guide forming a film on a rotating Teflon-coated cylinder. After
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drying over silica gel the films are folded into 10x2x2mm packages and
equilibrated in an atmosphere containing 75 per cent relative humidity. In order to
verify the reliability of our DNA samples, DNA packages provided by Dr Allan
Rupprecht at the University of Stockholm were irradiated with neutrons as controls.
The e.s.r. results obtained were identical. Birefringence, u.v. dichroism and X-ray
diffraction studies in the control packages indicate that the DNA helical axis is
oriented along the fibre axis (Grislund et al. 1978). Other control experiments
included the irradiation at 77 K of unoriented DNA packages identical in size and
shape to the oriented DNA packages. For each irradiation, two DNA packages were
transferred to a foam dewar containing liquid nitrogen, one with the DNA fibres
oriented parallel and the other with the fibres perpendicular to the direction of the
incident neutrons. The experiment was repeated several times, each time giving
identical results. Irradiations were carried out with the TRIGAY Mark F pool type
nuclear research reactor, within a cadmium—gadolinium lined exposure room
designed to minimize thermal neutron fluence. Blocks of metallic bismuth surround-
ing the foam dewar degraded the fission neutron spectrum and attenuated the fission
y-rays. Less than 3 per cent of the dose is due to y-contamination. A dose of 15 kGy
measured using indium foils of similar size to the DNA package was delivered at a
dose rate of 04 kGy/min. E.s.r. spectra were recorded on a Varian E-9 X-band
spectrometer equipped with a E-231 rectangular cavity and at 100 kHz magnetic
field modulation. The e.s.r. spectra remain virtually unchanged with the orientation
of the irradiated fibres in the magnetic field and with a microwave power as low as
10 uW.

It is evident from the figure that the effect of neutron irradiation on oriented
DNA fibres is different when the incident neutrons are perpendicular to the fibres or
parallel to them. Figure (a) shows the e.s.r. spectra obtained at 77 K following
neutron irradiation in the direction perpendicular to the DNA fibres. These spectra
are similar to those previously attributed to T~ and G* (Grislund et al. 1971, 1979,
Hiitterman et al. 1984). Furthermore, similar to the e.s.r. spectra obtained following
y- and 300 nm u.v.-irradiation of the fibres (Grislund et al. 1971, 1979), the spectra
in figure (a) show a magnetic field orientation dependence. When the irradiation was
carried out with incident neutrons in a direction parallel to the fibres (figure (b)), six
of the eight hyperfine lines corresponding to the TH" are observed in addition to the
suggested T and G* (Shulman ez al. 1966).

Fast neutrons interact principally by elastic collisions with nuclei in the matter.
Energy is most effectively transferred to the lighter nuclei, so that in hydrogenous
materials (45 per cent H for the oriented DNA package) the most important process
is the ejection of fast protons. These recoil protons are scattered in all possible angles
(0) with respect to the direction of the incident neutrons with their initial energy
given by E, cos? §, where E, is the neutron energy. Therefore, the chemical reactions
that occur after fast neutron irradiation are induced by high energy protons which
interact with molecules causing excitation and ionization. These interactions are
largest along the direction of the incident neutrons.

U.v. photolysis at 77 K and temperature-dependent studies following u.v.- and
y-irradiation of the DNA packages, indicate that TH" is a secondary radical
generated by protonation of T~ (Grislund et al. 1971, 1979, Hiittermann et al. 1984).
Although in neutron irradiation of the oriented DNA fibres TH* may be formed by

tTraining Research and Isotope Production General Atomic Reactor.



Rapid communication 791

Neutrons 1L Z

20G /
HIl Z H1Z

\J

ol W

\f

HIlZ H1Z
(&

1i.s.r. spectra at 77 K of neutron-induced free radical in an oriented NaDNA sample
containing 30 per cent H,0. The spectra were recorded with the magnetic field (H) of
the spectrometer parallel and perpendicular to the fibre Z axis (or DNA helix) of the
sample. Irradiation conditions: (a) incident neutrons perpendicular to the fibre Z or
helix axis; (b) incident neutrons parallel to the fibre Z or helix axis. E.s.r. spectrometer
was set at: magnetic field, 3350 G; microwave power for (a) 20 uW and (b) 0-2mW;
receiver gain for (@) 1:25 x 10% and for (b) 2:5 x 103,

the direct addition of a hydrogen atom to thymine, this mechanism is unlikely
because hydrogen atoms would also react with other bases and the products of these
reactions should be observed by e.s.r.. However, none of these products are observed
in the e.s.r. spectra in the figure. Therefore, the results shown in the figure suggest
that the production of TH' occurs via proton addition to T~ radicals. This
conclusion is supported by the observation that under the same conditions, the
central portion of the e.s.r. spectrum (figure (b)) containing the TH-' radical is
reduced by a factor of approximately 10 suggesting that the TH: radicals originate
from T~.

It is of interest to compare the amount of radicals observed following neutron
irradiation perpendicular to the DNA helix with those produced by neutron
irradiation parallel to the DNA helix. Double integration of the first derivative e.s.r.
spectra under the same conditions indicates that the amount of radicals formed are
different for either neutron irradiation direction. The amount of radicals observed is
lower by a factor of three when the incident neutrons are parallel to the DN A helix. It
is possible that the observed difference in radical yields, for neutron irradiations
parallel and perpendiculat to the DNA helix, is a consequence of differences in the
macroscopic arrangement of both samples during irradiation. However, results
obtained from control experiments suggest that this is unlikely. In these experiments
packages of unoriented DNA, with identical size and shape to the oriented ones,
were irradiated with neutrons at 77 K and their e.s.r. spectra were recorded. During
irradiation, the control samples were placed in the same positions as the oriented
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DNA packages with respect to the incident neutrons. Double integration of the e.s.r.
spectra showed no significant differences in the area under the e.s.r. peaks and thus in
free radical yield. The e.s.r. spectra of the irradiated unoriented DNA packages are
similar to those shown in figure (a). One explanation for this observation is that for
randomly oriented DNA, the neutron interactions will not occur for a sufficient
distance along the DNA helix, and therefore will not produce the same effect as the
neutron irradiation strictly parallel to the DNA helix (figure (b)).

There are two important differences in the effects produced by neutron
irradiation of DNA: (1) the observed radicals are substantially less for neutron
irradiation parallel versus irradiation perpendicular to the helix; and (2) the
formation of TH' occurs only when the incident neutrons are parallel to the DNA
helix. A possible explanation for the observed decrease in the amount of radicals
could be ion recombination (charge annihilation). High l.e.t. radiation, such as the
neutron irradiation described in this work, generates multiple excitations and
ionizations in the DNA molecules. However, when the neutrons pass through the
stacked bases, i.e. parallel to the DNA helices, multiple ionizations close to one
another may occur along each DNA molecule. The proximity of the ionizations
would facilitate ion recombination, therefore, lowering the total number of radicals
observed. On the other hand, an explanation for the substantially larger number of
radicals observed when the incident neutrons are perpendicular to the DNA helices,
is that the ionizations will be produced on different DNA molecules along the
neutron paths, making it difficult for ion recombination to occur. It is also possible in
this case that the ionizations occurring on the same DNA molecule are separated
sufficiently to prevent their recombination.

lon recombination can also account for the formation of TH:. It is known that ion
recombination produces singlet and triplet states (Fielden and Lillicrap 1970-72),
however, Buck (1960) has postulated that this process predominantly generates
triplet states. Shulman and Rahn (1966) have suggested that triplet excitation can
migrate through the DNA chain to the base with the lowest triplet state (thymine).
Assuming this to be the case, the triplet excitation generated by ion recombination
could be transferred to T~ giving T~ of sufficient energy to be protonated forming
TH:. Consistent with this mechanism is the production of TH- via protonation of T
in model systems and in oriented DNA fibres by u.v. photoexcitation at 77 K
(Grislund et al. 1979, Sevilla et al. 1976).

In conclusion, ion recombination and migration of the resulting triplet excitation
to T~ forming TH' is consistent with the observed differences between neutron
irradiation parallel and perpendicular to the DNA helix. The observation of a lower
amount of radicals and of TH' only when the incident neutrons are parallel to the
DNA helix, indicates that the magnitude of damage to the target depends on the
angle at which the incident particles pass through it. In addition, it suggests that high
l.e.t. damage in vivo depends on the incident angle with respect to the helix axis of

DNA.
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EVIDENCE OF de novo MEMBRANE GENERATION IN THE MECHANISM OF MAST
CELL SECRETORY GRANULE ACTIVATION
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Summary - Evidence which suggests the occurrence of a rapid new membrane
assembly has been observed in the secretory granules of the rat peritoneal
mast cell during the early stage of granule activation. The rapid insertion
of these newly generated vesicles enables the perigranular membrane of the
activated granule to enlarge and expand prior to fusion with the plasma
membrane and/or with the neighboring granule membranes, If the newly inserted
membrane represents "specialized fusogenic membrane patches", then the
presence of de novo membrane generation as an integral step in the mechanism
of mast cell . granule exocytosis would constitute a fail-safe mechanism in
histamine release. © 1985 Academic Press, Inc.

Overwhelming evidence has suggested that granule matrix swelling and the
enlargement of the perigranular membrane are early morphological indicators of
mast cell granule activation (1-3). Since excess membrane in the form of
folds or inclusions has not been observed in the quiescent granule and it is
known that membrane cannot stretch beyond 2-3% of its original area (4), it is
necessary to consider that new membrane is generated during granule
activation. Fusion of this newly generated membrane with the perigranular
membrane would enable the granule to expand and the perigranular membrane to
lift from the surface of the granule matrix.

By using various ultrastructural techniques, we found that: First,
rapid-freezing and freeze-substitution of mast cells reveals the presence of
membrane vesicles associated with activated or secreted granules. Second,
purified granules after removal of their perigranular membrane can generate
membrane vesicies. And third, membrane vesicles and the fusion of these

vesicles with the perigranular membrane have been observed using a

simultaneous activation, fixation, and membrane enhancement (SAFME) procedure.
0006-291X/85 $1.50

Copyright © 1985 by Academic Press, Inc.
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Based on these findings, we proposed that de novo membrane generation can
occur as part of the activation process in the mechanism of mast cell granule

exocytosis.,

MATERIALS AND METHODS

Preparation of mast cells and mast cell granules: Rat peritoneal mast cells
were purified according to Sullivan et al. (5) and mast cell granules were
purified according to Kruger et al. (6). When perigranular membranes were to
be removed, the washed intact granules were sedimented and resuspended in cold
deionized water with gentle vortexing., The osmotically lysed granules were
then pelleted by centrifugation at 1100xg for 10 min.

Specimen preparation for ultrastructural studies: For routine electron
microscopy, samples were fixed in 2.5% glutaraldehyde buffered in 100 mM
sodium cacodylate containing 4 mM MgCl., and osmicated in 1% osmium tetroxide
made up in the same buffer., After de%ydration the sanmples were embedded in
Epon-812. For rapid-freezing and freeze-substitution, purified mast cells
were placed in 7% serum albumin made up in HEPES buffered Hank's balanced salt
solution and rapid-frozen and freeze-substituted in acetone containing 4%
osmium tetroxide (7). For freeze-fracture, purified granules with their
membranes removed, were placed in succeeding concentrations of glycerol to a
final concentration of 30%. Following routine sample application procedure,
specimens were fractured in a Balzers freeze-etch instrument. The replicas
were cleaned in sodium hypochlorite prior to examination.

The SAFME procedure: To achieve simultaneous activation, fixation, and
membrane enhancement, mast cells were fixed in 100 mM sodium cacodylate
containing 4 mM MgCl,, 0.5 mg/ml saponin, 2 mg/ml tannic acid and 1%
glutaraldehyde pH 7 for 30 min at room temperature. After several washings
with 100 mM cacodylate buffer the specimens were post-fixed in 1% osmium
tetroxide before dehydration and erbedding.

RESULTS AND DISCUSSION

Early evidence which suggested that mast cell granules could be the
source of the new membrane stemmed from the observation of membranous "blebs"
in association with activated granules as well as with purified granules
(6,8). Although "blebs" are often considered an artifact of glutaraldehyde
fixation, their appearance in activated granules suggests that the granules
may have the potential to generate membrane. To avoid glutaraldehyde fixation
artifacts, we used rapid-freezing and freeze-substitution techniques to
investigate if the granule can indeed serve as the source of new membrane. As
shown in Fig. 1, membrane vesicles were found in association with activated
and with extruded granules in the absence of glutaraldehyde. This observation

supports the concept that the granule can serve as the source of new membrane.
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Fig, 1 Vesicles associated with spontaneously activated and released mast
cell secretory granules examined using rapid-freezing and freeze-substitution
technique. Vesicles (arrows) are found within the granules (G) in an early
stage of activation (a and b) and in association with released granules (c).
In rapid-freezing, granules in an earlier stage of activation appear less
electron-dense than released granules. The bars represent 0.1 micrometer in
(a and b) and 1 micrometer in (c).

To further demonstrate that the granule matrix can be the source of new
membrane, mast cell granules were purified according to the method of Kruger
et al, (6). Perigranular membranes were removed by osmotic shock. Incubation
of the demembraned granules in deionized water can result in the formation of
bilayer vesicles (referred to as "beads" in ref, 9) at the periphery of the

granule matrix or in regions of water infiltration (Fig. 2). When freeze-

Fig, 2 Purified granules (G), after their membranes have been removed, can
generate new membrane in an agueous environment, (a) Glutaraldehyde-fixed
demerbraned granule showing the formation of a bilayer bead (arrow) at the
perighery of the granule matrix. Frequently electron~dense materials are
trapged within the beads. (b) Freeze-fracture of demembraned granule (arrow)
reveals a typical bilayer fracture plane (arrowhead) containing no intramem-
brane particle. The bar represents 0.1 micrometer.
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fractured, these newly formed beads showed the typical bilayer fracture plane
(Fig. 2b). The absence of intra-membrane protein particles might suggest that
"the beads are newly formed membrane. During mast cell activation the
infiltration of water from the cytoplasm and/or from the nucleus into the
granule may result in the rapid formation of bilayer beads in the periphery of
the granule matrix situated directly under the perigranular membrane. These
newly generated membranes may fuse readily with the perigranular membrane

causing it to expand and lift from the granule matrix.

The process of mast cell degranulation has been measured in the
millisecond time range (10). The plant glycoside, saponin, was used in low
concentration to activate the granules while simultaneously permeabilizing the
cells to glutaraldehyde and tannic acid (SAFME procedure). A typical result
obtained with the SAFME procedure is shown in Fig. 3. In this fiqure,
membrane vesicles can be seen in the space between the granule matrix and the
perigranular membrane, Some appesr to be in the process of fusing with the
perigranular membrane. These vesicles are not artifacts due to the presence
of saponin since their presence has also been observed recently in our
laboratory in granules activated by other means and in the absence of saponin,
These vesicles may be a product of de novo membrane generation originating
from within the granule caused by the activation of the granule by saponin.
This interpretation is based on the following reasons. (1) The amorphous and
electron-dense quiescent granule can be activated to form membrane vesicles
(Fig. 1-3). Thus the granule is capable of serving as the source of the new
membrane. (2) There are no observable membrane vesicles congregating outside
the granules before or after their activation, suggesting that these membrane
vesicles seen in Fig. 3 could not have originated from the cytoplasm,
Furthermore, there is no known mechanism by which membrane vesicles can
traverse a large membrane and reappear as vesicles on the other side of the
membrane. (3) These vesicles shown in Fig, 3 could not have resulted from the
process of "granule endocytosis" since the occurrence of such a process would

lead to perigranular membrane shrinkage rather than the rapid expansion
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Fig. 3 de novo membrane generation induced by the SAFME procedure. Mast
cell granules (G) in early stage of activation are seen near the nucleus (N).
Vesicles or beads (arrows) are seen between the perigranular membranes and the
granule matrices. Beads in various stages of fusion with the perigranuar
membrane can also be seen. The bar represents 0.25 micrometer.

observed following activation. (4) The rapid expansion of the perigranular
membrane during granule decondensation, can be accounted for by the fusion of
new membrane assembled from membrane precursor elements stored in the granule
matrix (9). This entropy-driven process can be very rapid since it does not
involve a chemical reaction,

It is not clear if the newly inserted membrane might represent
specialized fusogenic membrane patches inserted for the purpose of promoting
fusion. If it were so, thken the incorporation of the process of de novo
membrane generation into the mechanism of secretion would constitute a fail-
safe mechanism for secretion. It not only prevents accidental fusion among

unactivated quiescent granules, but also assures the success of exocytosis
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once the correct activating signal has been received by the granules. Since
secretory granules are not known to be able to percolate or move rapidly in
the cytoplasmic matrix, it is not clear how an activated granule can come into
contact with the plasma membrane in order to form a pore and secrete its
contents, The incorporation of the process of de novo membrane generation
into the mechanism of secretion, not only enhances the chance of contact
between the expanding activated perigranular membrane and the plasma membrane;
but it might also assure the success of pore formation.

The evidence presented here is in agreement with the many published
observations on mast cell secretion. It is also consistent with our
hypothesis that de novo membrane generation occurs as part of the secretory
mechanism for the mast cell. It explains how granule swelling and the lifting
of the perigranular membrane can occur during exocytosis. The lifting and
expansion of the perigranular membrane not only increase the probability of
contact between the activated granule and the plasma membrane and/or with the
adjacent granules to assure fusion, it can also result in the formation of a
large exocytotic cavity to assure rapid washout of the soluble granule
mediators. When the expanding perigranular membrane comes into contact with
the adjacent granules, the fusion among these granules would result in the
formation of a large membrane-lined common cavity before pore formation, This
may be the mechanism by which granules activated deep within the cell can be

released,
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Sumrnary

Radiation-induced early transient incapacitation (ETI) is often accompanied
by severe systemic hypotension. lHowever, postradiation hypotension does not
occur with equal frequency in all species and is not reported with consistency
in the canine. In an attempt to clarify the differences in reported canine
postradiation blood pressures, canine systemic blood pressures were deter-
minzd both before and after exposure to gamma radiation of either 80 Gy or
100 Gy. Data obtained froin six sham-radiated beagles and 172 radiated
beagles indicated that 100 Gy, whole-body, gamma radiation produced a
decrease in systernic mean blood pressure while 80 Gy, whole-body, gamma
radiation did not. Analysis of this data could be consistent with a quantal
response to a gamina radiation dose between 80 Gy and 100 Gy.

Radiation-induced hypotension has been implicated as the cause of early transient
incapacitation (ETI) found with supralethal radiation exposure (1). However, postradia-
tion hypotension does not occur with equal frequency in all species, having been reported
to occur in monkeys and rats but not in cats and dogs (1-3). Furthermaore, experimental
data concerning postradiation hypotension in dogs remains confusing. Dogs exposed to
190 Gy mixed gamma-neutron radiation presented an initial (1-2 min) hypertensive phase
followed by a normotensive phase after 30 min postradiation (4). Other investigators (5)
found no significant differences in arterial pressure of dogs up to 48 hr following mixed
gamma-neutron radiation 26 15 Gy. In contrast, Cockerham et al. (6) have reported that
dogs, exposed to 100 Gy, °“Co radiation experienced an initial (10-15 min) hypertensive
phase followed by a hypotensive phase that showed a 31% decrease below preradiation
levels by 90 min postradiation.

This experiment was designed in an attempt to reconcile the differences in reports of
pnstradiation arterial blood pressure in the canine by examining postradiation blood
pressure following different dose levels of gamma radiation. A second objective is to
determine if the beagle's response to radiation has an "all-or-none” point above which the
animal may show a response and below which there is no measureable response.

Methods

Eighteen male beagles (Hazleton Research Animals, Cumberland, VA), 12-15 months old
and weighing between 8.5 and 16.6 kg, were used in this study. The animals were divided
randomly into three groups of six animals each and treated as follows: Group 1 - sham-
radiated or control beagles; Group 2 - beagles exposed to 100 Gy, whole-body radiation;
Group 3 - beagles exposed to 80 Gy, whole-body radiation. Food was withheld from all
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dogs for 16 hr before the experiment, hut water was available ad libitum. Research was
conducted according to the principles enunciated in the "Guide for the Care and Use of
Laboratory Animals" prepared by the Institute of Laboratory Animal Resources, National
Research Council and the animals were euthanized humanely with an i.v. injection of
saturated MgSQy, 1 hr after radiation,

Approximately 2 hr befaore radiation or sham-radiation, the animals were weighed and a
foreleg was shaved to facilitate administration of anesthetic by intravenous
administration of 30 mg/kg sodium pentobarbital (Nembutal). Fach dog was intubated
with a cuffed endotracheal tube and ventilated using a forced volume respirator to
maintain a stable blood pH and oxygen tension. After insertion of the endotracheal tube,
each animal was placed on a circulating water blanket to maintain body temperature
between 36 and 389°C, measured rectally. A femoral arterial catheter was used to
withdraw blood for blood gas determinations and to measure systemic arterial blood
pressure using a Statham P23 Db pressure transducer. A systemic venous catheter was
used to administer physiological saline to replace withdrawn blood and to administer
maintenance doses of anesthetic.

Mean systemic arterial blood pressure (MBP) was measured for 30 min before radiation
or sham-radiation and for 60 min after. After 30 min of recording, the animals were
disconnected from the respirator and recording apparatus to facilitate radiation in a
separate room. After radiation or sham-radiation for controls, the animals were
reconnected to the respirator and recording apparatus within 4 min and measureinents
were continued for 60 min. At 30 and 10 min preradiation or sham-radiation, and at 4,
15, 30, 45, and 60 min postradiation or sham-radiation, blood samples were taken via the
arterial catheter to monitor stability of blood pH and oxygen tension and then the
respirator was adjusted accordingly. Simultaneously, body temperature was monitored
and maintained with the water blanket.

Blood pressure data were grouped into 10 min intervals, measured in relation to midtime
of radiation, and plotted at the middle of the interval. The Wilcoxon Rank Sum Test was
used to analyze statistically the MBP data. A 95% level of confidence was employed to
determine significance. Since all the animals were treated identically before radiation
or sham-radiation, and since the preradiation data for the control and test animals
showed no significant difference, the preradiation data were combined.

Radiatign was accomplished with a bilateral, whole-body exposure to gamma ray photons
from a ©“Co source located at the Armed Forces Radiobiology Research Institute. Dose
rate measurements at depth were made with an ionization chamber placed in a tissue
equivalent model. For Group 2 animals exposure was limited to a mean of 1.44 min at 73
Gy/min steady state, free-in-air. The measured midline dose rate was 66 Gy/min,
producing a calculated total dose of 100 Gy, considering rise and fall of the radiation
source. For Group 3 animals exposure was limited to a mean of 1.26 min at 67 Gy/min
steady state, free-in-air. The measured midline dose rate was 60 Gy/min, producing a
calculated total dose of 80 Gy, allowing for the rise and fall of the radiation source.

Results

Postradiation mean systemic arterial blood pressure (MBP) for the control animals, after
an initial slight decrease, stabilized for the remainder of the experiment (Fig. 1).
However, within 10 min postradiation, the 100 Gy radiated animals showed an initial,”
significant increase followed by a steady, rapid decrease in MBP. The drop in pressure
reached its lowest point at the final observation, the 60 min postradiation, a level 48%
below the preradiation level. When the data are examined statistically, a significant
difference (p = 0.05) is noted between the two groups at the 10, 40, 50, and 60 min
postradiation times.



Vol.

39, No. 17, 1986

Canine Radiation Hypotension

120 T T T T T T
10 ‘/I\\ i
/'/ I \‘\
72N
IS 80 6y
124.7+2.1 07 » \I I AT
100 NN I o (n=6) -
mm Hg \, ~ -
NN S
*i\‘ /I I Contro!
90 Ny (n=6) -
\-
= % |
5 80 - “«
= &
5
E" 70 '\_ i
= \
S \
= 4 =N\
E", 60 - \_\.. -
o. * \.\.\‘. 100 GY
*] no
50 (n=6)
a0 - Significantly different from B
the other two groups (p = 0.05)
30 4
20 1 1 L 1 1 1
10 20 30 40 50 60

Canine postradiatiun mean systemic blood pressure following whole body
Co, gamma radiation.

exposure to 6

TIME POSTRAD!ATION {min)

FIG. 1

1545

The MBP of the 80 Gy radiated animals showed an even greater increase at 10 min
postradiation than did the 100 Gy radiated group. However, this increase was not signifi-
cantly different from that seen in the 100 Gy radiated group while being significantly
different from the control group. At no other time point was the 80 Gy radiated group
significantly different from the controls. There were significant differences, however,
between the 80 Gy radiated and the 100 Gy radiated animals at the 40, 50, and 60 min

postradiation time points.
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Discussion

Chaput et al. (2) radiated beagles with pulsed mixed gamma-neutron radiation varying
from 50 to 176 Gy and found that dogs receiving less than 100 Gy continued to perform
at or near preradiation levels. Although blood pressure data were not reported in that
study, data from this study shows that dogs exposed to 100 Gy, whole-body, gamma
radiation displayed hypotension within 1 hr while those receiving less than 100 Gy (80
Gy), did not. Even though one measured parameter does not necessarily corroborate the
other, the dose-response relationship of both parameters could be consistent with a
quantal or "all-or-none" response for the beagle to a gamma radiation dose between 80
Gy and 100 Gy. Had Chaput et al. reported blood pressure data, a better comparison
could be obtained.

The postradiation hypotensmn found in this experiment does not corroborate results
reported by Kabal et al. (5), who showed no significant differences in the mean arterial
pressures of radiated (15 Gy) and nonradiated animals at either 48 hr or 72 hr postradia-
tion. This, of course, could be due to a difference of radiation dose and postradiation
time of measurement.

However, this study does agree with Tubyfill et al. (4), who reported an initial hyperten-
sive phase followed by a normotensive phase at approximately 20-30 min postradiation.
After that point, however, there is some disagreement since this report displays a
hypotensive phase from 30 to 60 min postradiation. Tubyfill et al displayed a hypoten-
sive phase from 20 to 60 min, but in the head shielded group only. The other two groups,
the unshielded group and the trunk shielded group, were norimotensive for this period of
time. The investigators offered no explanation of this significant difference nor did they
give the dose rate of exposure to mixed gamma-neutron radiations. The difference in
radiation (mixed gamma-neutron versus gamma only) and a possible difference in rate of
exposure may account for the differences in the report by Tubyfill et al. and this study.

The initial transient hypertensive phase seen in this canine experiment may have heen
due to the radiation induced elevations in canine plasma histamine levels as reported
earlier (7) and implicated in primate postradiation hypotension (8). The elevation of
blood pressure rather than a depression may be explained by the histamine-induced
release of catecholamines from chroinaffin cells of the adrenal medulla, a histamine H1-
receptor phenomenon (9-13). The validity of this explanation is further strengthened
through the abolishment of this radiation-induced phenomenon by pretreatment with a
histamine Hl-receptor blocker (14).
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0Os0, selectively forms thymine glycol lesions in DNA. In the past, OsO,-treated DNA has been used as
a substrate in studies of DNA repair utilizing base-excision repair enzymes such as DNA glycosylases. There
is, however, no information available on the chemical identity of other OsO,-induced base lesions in DNA.
A complete knowledge of such DNA lesions may be of importance for repair studies. Using a methodology
developed recently for characterization of oxidative base damage in DNA, we provide evidence for the
formation of cytosine glycol and 5,6-dihydroxycytosine moieties, in addition to thymine glycol, in DNA on
treatment with OsO,. For this purpose, samples of OsO,-treated DNA were hydrolysed with formic acid,
then trimethylsilylated and analysed by capillary gas chromatography—mass spectrometry. In addition to
thymine glycol, 5-hydroxyuracil (isobarbituric acid), 5-hydroxycytosine and 5,6-dihydroxyuracil (isodialuric
acid or dialuric acid) were identified in OsO,-treated DNA. It is suggested that 5-hydroxyuracil was formed
by formic acid-induced deamination and dehydration of cytosine glycol, which was the actual oxidation
product of the cytosine moiety in DNA. 5-Hydroxycytosine obviously resulted from dehydration of cytosine
glycol, and 5,6-dihyroxyuracil from deamination of 5,6-dihydroxycytosine. This scheme was supported by
the presence of 5-hydroxyuracil, uracil glycol and 5,6-dihydroxyuracil in OsQ,-treated cytosine. Treatment
of OsQ-treated cytosine with formic acid caused the complete conversion of uracil glycol into 5-hydroxyuracil.

The implications of these findings relative to studies of DNA repair are discussed.

INTRODUCTION

Oxidative damage to DNA caused by reactive oxygen
species, e.g. hydroxyl radicals, unless repaired by cellular
repair processes, may have detrimental effects in living
cells, such as mutagenesis, carcinogenesis and cell death
(Painter, 1980; Ames, 1983; Friedberg, 1984; Cerutti,
1985). Oxidative damage can also be introduced into
DNA by reagents such as OsO, and KMnO,, which react
readily with unsaturated organic compounds to give
cis-glycols among other products (Hofmann, 1912;
Criegee, 1936; Schroder, 1980). Investigations have
shown that OsO, or KMnO, react with thymine in
oligonucleotides and DNA to form cis-thymine glycol
(Bayley & Jones, 1959; Burton & Riley, 1966; Beer et al.,
1966; Darby et al., 1967; lida & Hayatsu, 1971; Frenkel
etal., 1981). The reactivity of OsO, with DNA bases other
than thymine has been reported to be minimal or absent
(Beer et al., 1966). However, under vigorous conditions,
permanganate oxidation of DNA has been reported to
lead to some ureido residues of thymine, cytosine and
guanine (Bayley & Jones, 1959; Darby et al., 1967).
Formation of S-hydroxy-5-methylbarbituric acid on
oxidation of thymine with KMnO, has also been
observed (Iida & Hayatsu, 1970, 1971). The reactions of
Os(VIII) reagents with cytosine in the presence of some
ligands have been reported to form oxo-Os(VI) esters of

uracil (Chang et al., 1981). However, no products from
the reaction of OsO, with cytosine in DNA have yet been
reported.

In the past, the production of altered basesin DNA was
initiated in order to provide a suitable substrate for
studies of DNA repair. OsO, has been used commonly
as the chemical reagent of choice in studies of thymine
glycolrelease from DNA by DNA glycosylases(Hariharan
& Cerutti, 1974; Gates & Linn, 1977; Nes, 1980; Demple
& Linn, 1980; Brent, 1983), on the basis of its selective
conversion of thymine in DNA into thymine glycol.
Typically, reaction mixtures included OsO,-treated DNA
and either cell extracts or partially purfied enzymes.
Those studies, however, have been conducted without
any information on the possible OsO,-induced products
of DNA bases other than thymine. A complete
knowledge of base alterations in OsO,-treated DNA, in
addition to thymine glycol, may be of great importance
for the studies of DNA repair that use this reagent as well
as other similarly acting oxidative agents in the synthesis
of DNA substrates.

The present study was undertaken to elucidate other
possible OsO,-induced products in DNA. For this
purpose we employed an assay that has been developed
for characterization of oxidative DNA base damage
(Dizdaroglu, 1984, 1985). Here we present evidence that
cytosine glycol and 5,6-dihydroxycytosine moieties are
formed in DNA on treatment with OsO,.

* To whom correspondence should be addressed.

Abbreviations used: thymine glycol, 5,6-dihydroxy-5,6-dihydrothymine; uracil glycol, 5,6-dihydroxy-5,6-dihydrouracil; cytosine glycol, 5,6-
dihydroxy-5,6-dihydrocytosineg; g.c.-m.s., gas chromatography-mass spectrometry.
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MATERIALS AND METHODS

Materials

Calf thymus DNA, S-hydroxyuracil (isobarbituric
acid), cytosine, S5-methylcytosine, thymine, uracil,
bis-(trimethylsilyltrifluoroacetamide and 5,6-dihydro-
thymine were purchased from Sigma Chemical Co.
Acetonitrile was obtained from Pierce Chemical Co.
0s0O, was purchased from Aldrich Chemical Co. Dialysis
membranes (Spectrapor; Arthur H. Thomas Co.) had a
reported M, cut-off of approx. 12000. Water purified
through a Millipore system was used for all purposes.
5,6-Dihydroxyuracil (isodialuric acid) was synthesized by
oxidation of isobarbituric acid with Br, (Behrend &
Roosen, 1889). cis-Thymine glycol and cis-uracil glycol
were isolated from OsO,-treated thymine and uracil
respectively by h.p.l.c.

Oxidation of DNA and bases with OsO,

Numerous variations have been reported in the method
for oxidizing DNA with OsO,. DNA was denatured to
react with OsO, by using heat (Beer er al., 1966;
Hariharan & Cerutti, 1974; Brent, 1983) or alkali (Gates
& Linn, 1977; Nes, 1980). After the reaction of OsO, with
DNA, unused OsO, was removed by either freeze-drying
or diethyl ether extraction. The protocol employed in this
work reflects a general attempt to duplicate the typical
methods used for the synthesis of thymine glycol in DNA
in several studies of DNA repair.

An aqueous solution of calf thymus DNA (0.4 mg/ml)
was extensively dialysed against water and then treated
with OsO, (2%) at 60 °C for 1 h. The solution, now
coloured black, was cooled on ice and centrifuged to
remove a precipitate. The supernatant was extracted three
times with CCl, to remove excess OsQO,, dialysed against
water and freeze-dried. For control purposes, a portion
of the dialysed DNA solution was mixed with OsO,,
immediately extracted with CCl, and dialysed against
water.

Thymine, cytosine and uracil were treated with OsO,
as above, but without dialysis.

Hydrolysis with formic acid

To remove bases from the sugar—phosphate backbone
of DNA, 1 mg of each sample was treated with 1 ml of
concentrated formic acid (889, ) in evacuated and sealed
tubesat 150 °C for 30 min. After hydrolysis, samples were
dried in vacuo in a desiccator before trimethylsilylation.
For comparison, samples of OsO,-treated cytosine were
also treated with formic acid in the same manner.

Trimethylsilylation

Samples were trimethylsilylated in Teflon-capped
Hypovials (Pierce Chemical Co.) with 0.2 ml of bis
(trimethylsilyl)trifluoroacetamide/acetonitrile (1:1, v/v)
mixture by heating for 15 min at 130 °C.

G.c.—m.s.

A Hewlett-Packard model 5880A microprocessor-
controlled gas chromatograph interfaced to a Hewlett—
Packard model 5970A Mass Selective Detector was used.
The injection port and interface were both maintained at
250 °C. Separations were carried out by using a fused-
silica capillary column (25 m x 0.2 mm internal diam.)
coated with cross-linked SE-54 (5% phenylmethylsili-
cone; film thickness 0.11 xm) (Hewlett—Packard). Helium
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was used as the carrier gas with a linear velocity of
23.4 cm/s through the column. The split ratio was 10:1.
Mass spectra were taken at 70 ¢V. The temperature of the
ion source was approx. 200 °C.

H.p.l.c.

Separations were carried out with a Hewlett-Packard
model 1090 microprocessor-controlled liquid chromato-
graph equipped with a model HP 1040A high-speed
spectrophotometric detector and a 10cm x0.2]1 cm
Hypersil ODS microbore reversed-phase column (particle
size¢ 5 um; Hewlett-Packard). For semi-preparative
separations, a  Supelcosii LC-8-DB  column
(25 cm x 1 cm; particle size 5 gm; Supelco) was used.

RESULTS AND DISCUSSION

DNA samples were hydrolysed with formic acid and
subsequently analysed by capillary g.c.—-m.s. by using a
method described previously (Dizdaroglu, 1985). Fig. |
shows a total-ion chromatogram obtained from a tri-
methylsilylated formic acid hydrolysate of OsO,-treated
DNA. Peaks 1-4, 13 and 14 represent the trimethylsilyl
derivatives of phosphoric acid, 2-deoxyribose, thymine,
cytosine, adenine and guanine respectively. Peak 5
corresponds to the trimethylsilyl derivative of 5-
methylcytosine, for which authentic material was
available. Calf thymus DNA is known to have a
S-methylcytosine content of about 1.39, (Adams et al.,
1981). Peak 7 also represents cytosine but with an
additional trimethylsilyl group attached to its amino
group, as revealed both by comparison with authentic
material and by its mass spectrum. Peaks marked with ‘x’
were also present in control samples. Peak 10, correspon-
ding to the trimethylsilyl derivative of cis-thymine glycol,
was verified by the use of authentic material and by
comparison of its mass spectrum with previously
published data (Dizdaroglu, 1984). trans-Thymine glycol
was also observed (peak 12 in Fig. 1); however, its
presence was due to the partial isomerization of
cis-thymine glycol by acidic treatment (Iida & Hayatsu,
1970). The isomerization was confirmed in the present
work by g.c—m.s. analysis of formic acid-treated
cis-thymine glycol. Peak 8 appeared to correspond to a
sugar derivative; however, its origin could not be defined.

Peaks 6, 9 and 11 in Fig. 1 represent the trimethylsilyl
derivatives of 5-hydroxyuracil (isobarbituric acid), 5-
hydroxycytosine and S5,6-dihydroxyuracil (isodialuric
acid or dialuric acid) respectively. Of these three,
authentic materials were available for isobarbituric acid
and isodialuric acid (for the mass spectra of their
trimethylsilyl derivatives see Dizdaroglu, 1985). The
trimethylsilyl derivative of dialuric acid is known to be
identical with that of isodialuric acid as a consequence of
enolization (Schuchmann & von Sonntag, 1983). 5-
Hydroxycytosine was identified on the basis of the known
mass spectrum and gas-chromatographic behaviour of its
trimethylsilyl derivative (Dizdaroglu, 1984). The two
uracil derivatives discussed above are believed to be
derived from some OsO,-induced products of the
cytosine moiety of DNA by acid treatment. For example,
itis well known that deamination and dehydration readily
occur with the cytosine derivatives saturated at the
C-5-C-6 double bond (Green & Cohen, 1957; Evans
etal.,1975; Taguchietal., 1977; Teoule & Cadet, 1978). It
is therefore suggested that 5-hydroxyuracil was formed
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Fig. 1. Total-ion chromatogram obtained from a trimethylsilylated formic acid hydrolysate of OsO,-treated calf thymus DNA

The column, a fused-silica capillary (25 m x 0.2 mm internal diam.) coated with cross-linked SE-54, was programmed after 3 min
at 100 °C from 100 to 250 °C at 7 °C/min. For other details see the Materials and methods section.
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Acid-induced formation of S-hydroxycytosine and 5-hydroxyuracil from cytosine glycol

by formic acid-induced deamination and dehydration of
cytosine glycol, which was the actual oxidation product
of the cytosine moiety of DNA. 5-Hydroxycytosine was
most probably the result of the dehydration of the
same compound (Scheme 1).

The presence of 5,6-dihydroxyuracil (peak 11 in
Fig. 1) can be explained analogously to the formation
of 5-hydroxy-5-methylbarbituric acid from thymine on
permanganate oxidation (Iida & Hayatsu, 1970, 1971)
(Scheme 2). The actual oxidation products of cytosine, i.e.
structures (I) and (II), were not observed in DNA. As the
calf thymus DNA used in this work did not contain uracil,
the uracil derivatives discussed above could not have been
formed from uracil in DNA.

In order to support the suggestion that 5-hydroxyuracil
and 5,6-dihydroxyuracil were derived from the cytosine
moiety of DNA, cytosine was also treated with OsO,, and
analysed by g.c.—m.s. and h.p.l.c. before and after formic
acid treatment. Fig. 2 shows a total-ion chromatogram
obtained from a sample of OsO,-treated cytosine after
trimethylsilylation. Peaks 1 and 3 represent cytosine, and
correspond to peaks 4 and 7 in Fig. 1. Peak 2 represents
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the trimethylsilyl derivative of S-hydroxyuracil (as peak
6 in Fig. 1). A mass spectrum taken from peak 4 is
illustrated in Fig. 3. A molecular ion (M*’) and a
characteristic M — CH, ion were observed at m/z 434 and
419 respectively. This mass spectrum was assigned to the
trimethylsilyl derivative of 5,6-dihydroxy-5,6-dihydro-
uracil (uracil glycol), which shows a fragmentation
pattern similar to that of the trimethylsilyl derivative of
thymine glycol (for a comparison of the mass spectra see
Dizdaroglu, 1984). Authentic uracil glycol was also
available, obtained from OsO, oxidation of uracil. Since
cytosine used here did not contain uracil, the presence of
uracil glycol in OsO,-treated cytosine can only be
explained by deamination of cytosine glycol, which was
the actual oxidation product of cytosine. However, it is
not known whether the deamination occurred spon-
taneously in aqueous solution or was induced by
trimethylsilylation.

Peak 5 in Fig. 2 represents the trimethylsilyl derivative
of 5,6-dihydroxyuracil, also observed in OsO,-treated
DNA, as explained above (peak 11 in Fig. 1). Although
the g.c.—m.s. analysis of OsO,-treated cytosine after
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Fig. 2. Total-ion chromatogram obtained from a sample of
Os0,-treated cytosine after trimethylsilylation

Column details were as given in Fig. 1 legend.

formic acid treatment clearly showed the absence of uracil
glycol (Fig. 4), 5-hydroxyuracil and 5,6-dihydroxyuracil
were present (peaks 2 and 4 in Fig. 4 respectively). The
increased amount of 5-hydroxyuracil (compare peaks 2
in Figs. 2 and 4) indicates its formation from uracil glycol
by dehydration. In confirmation, formic acid treatment
completely converted authentic uracil glycol into
5-hydroxyuracil.

Os0,-treated cytosine was also analysed by reversed-
phase h.p.l.c., as illustrated in Fig. 5. Cytosine gave a
broad and tailing peak under these conditions (peak 5).
Compounds represented by peaks 1-4 were collected by
the use of a semi-preparative column and subsequently
analysed by g.c—m.s. Peaks 2 and 3 were found to
correspond to uracil glycol and 5,6-dihydroxyuracil re-
spectively. Fraction 2 also contained trace amounts of
5-hydroxyuracil. Fractions 1 and 4 contained no uracil
or cytosine derivatives.

It is noteworthy that 5,6-dihydrothymine, which had
been tentatively identified in OsO,-treated DNA in

100

147

Relative intrnsity %)

Fig. 3. Mass spectrum taken from peak 4 in Fig. 2

73 245
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Fig. 4. Total-ion chromatogram obtained from a sample of
0sO0,-treated cytosine after formic acid treatment and
trimethylsilylation

Column details were as given in Fig. 1 legend.

previous work (Demple & Linn, 1980), was not observed
in the present paper. This compound is easily detectable
by g.c.-m.s. as demonstrated previously (Dizdaroglu,
1984, 1985), and authentic material was also available.
The absence of 5,6-dihydrothymine from OsO,-treated
DNA confirms the assumption by Demple & Linn (1980)
that this compound was most probably not formed in
DNA by OsO, treatment.

The yields of conversion of thymine and cytosine into
the products identified on OsO, treatment of DNA under
the conditions described in the Materials and methods
section were determined by g.c. with a flame ionization
detector. Uracil was used as an internal standard and
added to the samples before formic acid hydrolysis. The
relative molar response factors versus uracil of thymine,
thymine glycol, cytosine, 5-hydroxyuracil and 5,6-
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dihydroxyuracil were determined to be 0.95, 0.75,1.1, 0.9
and 0.8 respectively. The relative molar response factor
of 5,6-dihydroxycytosine versus uracil was assumed to be
1.0. The results showed that approx. 73% of thymine and
209, of cytosine were converted into products. The ratio
of cytosine glycol (in terms of the sum of 5-hydroxyuracil
and 5-hydroxycytosine) to 5,6-dihydroxycytosine (in
terms of 5,6-dihydroxyuracil) was approx. 4:1.

CONCLUSIONS

The data presented here clearly suggest that, in
addition to thymine glycol, cytosine glycol and 5,6-
dihydroxycytosine are formed in DNA on OsO,
treatment, and their subsequent deamination and
dehydration give rise to formation of uracil glycol,
5-hydroxycytosine, 5-hydroxyuracil and 5,6-dihydroxy-
uracil. These results may be of importance to DNA repair
studies that use OsO,-treated DNA as a substrate for
base-excision repair enzymes such as glycosylases.

This work was supported by the U.S. Armed Forces
Radiobiology Research Institute, Defense Nuclear A gency, and
Research Work Unit 00103. The views expressed in this paper
are those of the authors and do not reflect the official policy or
position of the Department of Defense or the U.S. Government.
Also, although certain commercial equipment and materials are
identified in this paper in order to specify the experimental
procedure adequately, such identification does not imply
recommendation or endorsement by the U.S. National Bureau
of Standards, nor does it imply that the equipment and
materials identified are necessarily the best available for the
purpose.
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Hepatobiliary Kinetics After Whole Body Irradiation

LTC Asaf Durakovic, MC USA

The purpose of this investigation was to study hepatobiliary ki-
netics after whole body gamma irradiation. Two groups of nine
male beagle dogs were irradiated with a single whole body dose of
4 and 8 Gy Cobalt-60 photons. Each animal was injected with 2
mCi Tc-99m DISIDA and scintigraphic studies were obtained with
gamma camera with parallel hole multipurpose collimator. The
parameters studied included: 'peak activity of the liver and gall-
bladder and gallbladder and intestinal visualization from the time
of Tc-99m DISIDA administration. Total and indirect bilirubin,
LDH, SGOT, and SGPT determined as baseline studies before irra-
diation and at different time intervals after irradiation were not
changed in irradiated animals. Results were expressed as baseline
and postirradiation mean values with the standard error of the
mean. Statistical significance was determined by the T-test.

Whole body Co-60 irradiation with 4 and 8 Gy produced no
significant changes in the Tc-99m DISIDA visualization of the
gallbladder or in the peak activity in the gallbladder or the liver 1
and 7 days after irradiation. No significant changes were observed
in the 4 Gy Co-60 group. In contrast, intestinal visualization oc-
curred significantly earlier in 8 Gy Co-60 irradiated animals on
both day 1 (99.1 * 15.8 minutes) and day 7 (78.2 £ 19.5 minutes)
postirradiation, compared to baseline values where it was never
observed before 195.0 minutes (195.0 * 18.8, p < 0.05). Thus,
gallbladder filling is not affected by Co-60 WB irradiation whereas,
gallbladder emptying is significantly accelerated after 8 Gy but
not after 4 Gy Co-60 gamma irradiation.

These observations suggest that gamma irradiation stimulates
gallbladder contractility without modifying intrahepatic biliary
kinetics.

Introduction

Hepatobiliary kinetics in acute radiation syndrome is of
interest for understanding the mechanisms and patho-
physiology of early transient incapacitation, particularly post-
irradiation nausea and vomiting involving entrogastric bile
reflux. Modern diagnostic methods for the assessment of post-
irradiation changes in the biliary kinetics provide clinical in-
sight in the quantitative parameters of the biliary pathways.
Tc-99m DISIDA is a biliary homologue which is not adversely
affected by even extreme hyperbilirubinemia. Its use in nuclear
medicine diagnostic procedures offers a non-invasive method
for quantitative assessment of intrahepatic cellular and ductal
transit of biliary homolcgues and their concentration in the
gallbladder and evacuation in the small intestine. Scinti-
graphic methods have proven advantageous over other biliary
tract imaging modalities, including oral cholecystography, ul-
trasonography, intravenous cholecystography, transhepatic
cholangiography, endoscopic pancreaticodudenography and
computed tomographic studies.' Evaluation of hepatobiliary
kinetics in acute radiation syndrome, in radiation casualties
or radiation therapy is directly addressed by Tc-99m DISIDA

From the Radiation Sciences Department, Nuclear Sciences Division,
Armed Forces Radiobiology Research Institute, Defense Nuclear Agency,
Bethesda, Maryland 20814-5145.
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cholescintigraphy, as the functional changes of hepatobiliary
kinetics frequently precede morphologic alterations of the hep-
atobiliary system.?

Materials and Methods

All experiments were performed on male adult beagle dogs,
kept on standard dog feed and water ad libitum. Baseline
values of liver and gallbladder visualization, gallbladder and
liver peak activity and intestinal visualization of Tc-99m DIS-
IDA were determined on each animal prior to irradiation. Each
animal served as its own control. Serum determination of Total
Bilirubin, Alkaline Phosphatase, LDH, SGOT, and SGPT were
obtained prior to irradiation and daily from the day 1 to 6 after
irradiation. All studies were performed in pentobarbital anes-
thesia (25 mg/kg i.v.). In each day of scintigraphic studies,
each animal was injected with 2 mCi Tc-99m DISIDA and
radionuclide imaging was obtained in the anterior view with
gamma camera with a multipurpose collimator (peak = 20%)
interfaced with an A2 computer MDS-Medical Data System,
Ann Arbor, Michigan. Imaging was obtained évery minute for
60 minutes after administration of the radiopharmaceutical
and every 15 minutes thereafter until visualization of the
radiopharmaceutical in small intestine.

Experimental animals were exposed to total body irradiation
using a Theratron-80 Cobalt-60 teletherapy unit. Radiation
dose was 4 Gy in the first group (9 dogs) and 8 Gy in the second
group (8 dogs), delivered at 50 ¢Gy/min. Irradiated animals
were studied 1 and 7 days after irradiation. All animals were
sacrificed immediately after the last study using a lethal dose
of nembutal (somlethol, 1.32 g/kg). Peak activity of the liver
and gallbladder, as well as time of gallbladder and intestinal
visualization of Tc-99m DISIDA, were determined using MDS
computer. Results were expressed as a mean-time, in minutes,
+ one standard error of the mean. Statistical significance was
determined by the T-test.

Results

The hepatobiliary scan of the baseline Tc-99m DISIDA dis-
tribution demonstrated a rapid appearance of the radiophar-
maceutical in the hepatocellular phase with subsequent transit
to the biliary canaliculi and gallbladder (Fig. 1). Gallbladder
visualization was demonstrated at the similar time intervals in
4 and 8 Gy groups of animals on the day 1 postirradiation
compared to baseline. On day 7 after irradiation, gallbladder
was visualized earlier in both 4 and 8 Gy irradiated animals,
but the difference was not statistically significant compared to
baseline (Range: 6.6-8.2 minutes vs. 11.3-12.9 minutes) (Ta-
ble 1).

Gallbladder peak activity was seen in all experimental
groups in the time interval of 29.4-42.3 minutes of injection,
with no significant difference between baseline and both post-

Military Medicine, Vol. 151, September 1986
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Fig. 1. DISIDA visualization in the Hepatocellular phase, gallbladder and intestine.

irradiation interval values in either 4 and 8 Gy irradiated
animals (Table 1).

Liver peak activity was seen within 6.8-10.1 minutes injec-
tion with no statistical significance between baseline and post-
irradiation values in either 4 or 8 Gy irradiated dogs in either
1 or 7 days postirradiation intervals (Table 1).

In the 4 Gy irradiated animals, intestinal visualization of
Tc-99m DISIDA was observed at a time which was not statis-
tically different in either of the two postirradiation studies
compared to baseline. In contrast, 8 Gy irradiated dogs had
significantly shorter time to intestinal visualization (p < 0.05)
on both day 1 and 7 after irradiation (Figure 2 and Table 1).

Four or eight Gy whole-body gamma irradiation did not
modify significantly serum values of total Bilirubin, alkaline
phosphatase, SGPT, and LDH. In contrast, SGOT was signifi-
cantly decreased (p < 0.05) from day 1 through day 6 following
both 4 and 8 Gy total-body irradiation.

Discussion
Radioresistance of the liver has been well documented.®

Military Medicine, Vol. 151, September 1986
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TABLE 1

HEPATOBILIARY APPEARANCE TIME OF TC-99M DISIDA IN DOGS
POSTIRRADIATION 4 GY CO-60

Minutes After Injection (mean = SE)

) Baseline 1 Day_ 7 Days
Gallbladder 11.7+2.0 11.3£22 6.6+0.8
Visualization
Gallbladder 423+45 31.8+4.0 378174
Peak Activity
Liver Peak 10.1£26 93+19 76%+15
Activity
Intestinal 160.0 £ 20.6 121.2 £ 26.0 130.1 £ 15.3
Visualization
8 Gy Co-60
Gallbladder 11627 129+43 8.2+1.2
Visualization
Gallbladder 37.0x 4.4 29.4+5.3 35.0+6.1
Peak Activity
Liver Peak 9316 74+x1.1 6.8+ 0.9
Activity
Intestinal 195.0+ 18.8 99.1 +15.8 782+ 19.5
Visualization
Effect of Irradiation on
Intestinal Visualization
{Mean z SE)
200} i
[ n‘ [TID BASELINE
r T e =31 DAY
— 160F I : £ 7 DAYS
= .{L’j *p<0.05
E m il [ I
w 1200 || T
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Fig. 2. Intestinal visualization of Tc-99m DISIDA before and after 4 and 8 Gy total
body irradiation {mean % SE),

Reversible radiation-induced hepatitis after the treatment of
abdominal neoplasms with fractionated dose of 3000 rads has
been described in the isolated number of patients.* Radiation-
induced changes of the liver area is characterized by initial
vascular endothelial damage eventually leading to congestive
and degenerative parenchymal changes.>® There is no docu-
mentation on the effect of radiation on the biliary system.
Our findings indicate that acute exposure to the total-body
dose of 4 and 8 Gy of Co-60 does not produce any changes to
the time to liver peak activity of Tc-99m DISIDA or the time to
visualization and the time to peak activity of the gallbladder.
Gallbladder filling was not affected by 4 Gy or 8 Gy whole body
Co-60 irradiation; in contrast gallbladder emptying appeared
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to be accelerated, as indicated by our observation that intes-
tinal visualization of Tc-99m DISIDA was significantly accel-
erated after irradiation. Biochemical tests of hepatic function
remained unchanged throughout the 7-day interval in both 4
and 8 Gy irradiated animals, with the exception of a decrease
in SGOT after irradiation in both experimental groups.

In conclusion, our studies offer experimental evidence of
altered response of the gallbladder to ionizing radiation. Our
results are relevant to clinical management of acute radiation
syndrome and radiation therapy, suggesting that further in-
vestigation of the different experimental and clinical modali-
ties of radiation exposure on hepatobiliary kinetics are war-
ranted. Furthermore, accelerated emptying of the gallbladder
after radiation exposure offers an insight in the mechanisms
and management of enterogastric reflux and vomiting in acute
radiation syndrome.
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ABSTRACT

Prostaglandins (PG) are known to alter a variety of
gastrointestinal functions, but the phy.siological role of
endodenous PG remains unclear. This experiment was designed to
evaluate changes in gastric secretion £following both acute and
chronic inhibition of PG synthesis with indamethacin (5 mg/kg
s.c.). Gastric juice was collected by continuous aspiration in 8
conscious chair-adapted male rhesus monkeys following treatment
with saline or indomethacin for one or four days. The gastric
juice was analyzed for H+, Na+, K+, and C1~ concentrations. The
amount of soluble mucus in the gastric juice was estimated using
Alcian Blue dye binding of acidic glycoproteins and Periodic Acid
Schiff reaction with neutral glycoproteins. PG levels were
measured in the plasma and in biopsy samples of fundus, antrum and
duvodenum. Both one and four days of indomethacin significantly (p
< 0.05) decreased tissue PG levels in the fundus, antrum and
duodenua. Plasma levels of PGP, ~were significantly (p < 0.05)
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decrcased after both one and four days of indomethacin, while PGE,
and 6-kcto PGFla were significantly inhibited only after four day;
of indomethacin. Both acute and chronic inhibition of PG synthesis
wvas accompanied by a decrease in the concentration of sodium and
mucus in the gastric juice but by an increase in the output and
concentration of hydrogen ion. These changes suggest a possible
mechanism by which endogenous PC play a role in the regulation of
gastric secretion and in the protection against gastrointestinal
damage.

INTRODUCTION

PGE2 and PGF20 are the major end products of arachidonic acid
metabolism in rucosal cells of the gastrointestinal (GI) tract.
Other PG metabolites found in the GI tract are thromboxane Az
(TXAZ) and prostacyclin (PGIZ), vwhich are the major products of
platelets, and vessel endothelial cells, respectively. PGEZ, PGIz,
and PGFZa and their analogs as well as the analogs of the
endopercxides uniformly inhibit acid secretion in rats (i), dogs
(2) and monkeys (3-5). In contrast to their inhibition of parictal
secretion, several of the PG have a positive effect on non-pa:ieéél
secretion. The 15(S), 1§-methyl analogs of PGE, (mePGEz) and PGF
(mePGan) enhance Nat output (4,6). In addition, PGE, and its

analog also elevate bicarbonate and nucus secretion (6,7).

2a

Conversely, stimulated bicarbonate and rmucus secretion are
decreased by non-steroidal anti-inflammatory drugs (NSAID) (7,8)
presumably as a result of their ability to inhibit PG synthesis.
Inhibition of endogenous PG synthesis has been associated with
gastric mucosal damage (9-11). lMoreover, exogenous admninistration
of PG protects the gastric mucosa against toxic stimuli (12-13)
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and accelecrates the healing of gastric ulcers (14). The precise
mechanism of these effects is unknown, but may be related to an
inhibition of acid secretion, a stimulation of non-parietal
secreticn, an elevation of mucus secretion, a change in the quality
of the mucus or some combination of the above. Studies in both
animals and humans have demonstrated that acute (15,16) or chronic
(9) oral administration of aspirin or indomethacin produces gastric
rucosal lesions. Moreover, the severity of this damage is
inversely correlated with mucosal PG levels (9,11). Eastwood et
al, (17) however, observed that there was no evidence of
inflarmation or ulceration after four weeks cf oral administration
of aspirin to rats. Thus, there are discrepancies in thc results
following chronic administration of WSAID. Interpretation of these
data is further complicated by the possibility of a direct contact
effect of UNSAID on the gastric mucosa (18). This study was
designed, therefore, to examine the effect -of both acute and
chronic inhibition of endogenous PG production on gastric parietal,
non-parietal ané nucus secretion. Thus, the role of endogenous PG
in the physiological regulation of gastric secretion and in the
maintenance of gastric mucosal integrity can be further explored.

METHODS

Eight male, unanesthetized rhesus monkeys {(Macaca mulatta)
weighing 3-10 kg were placed in primate restraining chairs and
housed in closed, lighted and ventilated booths between 9 a.n. and
12 a.m. The monkeys were trained to accept a French no. 12,
double-lumen nasogastric Ventrcl Levin tube (tlational Catheter
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Company, Mallinkrodt, &argyle, WY; bore, 4 m: wall thickness,
1 m)}. The experiments were conducted after an overnight fast angd
at least 30 minutes after placement of the tube. Proper
positioning of the tube in the most dependent part of the storach
was confirmed by demonstrating that, after injecting 15 ml of water
into a previously emptied stomach, the total volume could be
recovered. This procedure was performed twice a week for 1 nonth
in order to habituate the monkeys before initiation of the studies.
The subsequent studies were performed with the same frequency.
Sarples of gastric juiée were collected using continuous aspiration
(-2 m1 Hg). The animals were studied for six 15 minute periods on
3 separate occasions: a control day (saline, 1-2 mle s.c. bolus),
after 1 day of indomethacin (5 mg/kg s.c.) treatment (1DI) and
after 4 days of indomethacin treatment (4DI). 1In 4 monkeys, after
each of the three studies, blood was drawn and placed in tubes
containing 2% EDTA (90 ul/ml blood) and 1.6% solution of
indomethacin in NaHCO3 buffer (5 ul/ml blood) for determination of
plasma levels of 6—keto—PGFla (a stable breakdown product of PGIZ),
PGEZ and PGFZ:; in the plasma.

The animals were then anesthetized with ketamine hydrochloride
(Vetalar, Morris Plains, WJ, 5 mg/kg) and endoscoped using a GIF-P2
Olympus  (Columbia, Maryland) fiberoptic pediatric endoscope
(outside diameter = 8 mm). At this time, a visual examination was
made to assess gastric damage in the fundus and antrum. Pinch
biopsies (diameter = 1 mm) were then taken from the duodenum,
antrum and fundus far measurement of tissue PG levels. On
collection, the biopsies obtained from each area were irmediately
placed in an ice cold plastic vial put on dry ice and subsequently
stored at —7p°C. The time between the collection of the biopsy and

freezing on dry ice was approximately 30 seconds. Mucosal biopsies
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(wet weight approximately 2.6 mg) were individually sonicated in
1.5 ml Eppendorf tubes containing 200 ul of a saline solution at
4°C with 0.4% aspirin and 2% EDTA. Volume was brought to 1.5 ml
and adjusted to pH 3.2 by the addition of 24 citric acid (4°C).
Tubes were capped, vortexed and centrifuged 2 min at 10,000g
(Brinkmann Eppendorf Microfuge) and supernatants were removed by
aspiration. Pellets were resuspended in 1.5 ml of water adjusted
to pH 3.2 by 2M citric acid (citric acid —Hzo); tubes were
recentrifuged and supernatants were aspirated and combined with
previous supernatants; 200 pl of 0.1 U !aOH was then added to each
tissue pellet. Tubes were capped, vortexed, and left overnight on
heat blocks maintained at 40°C. Protein concentration of the
digests were deternined by the method of Lowry et al. (19).
Supernatants from the sonicated tissues were applied to individual
Cl8 .colurms (Bond-Elut C18, 200 mg sorbent mass, Analytichem
Inte}national, Harbor City, CA) which had been previously washed

with methanol and equilibrated with citric acid -d,0 solution.

Each was sequentially washed with 2 ml citric acid-l-lzo2 solution, 2
ml 12.5% methanol and 2 ml benzene. PG were eluted with ethyl
acetate, dried under N2 and subsequently reconstituted in assay
buffer (phosphate-buffered saline at pH 6.8 containing 0.3% bovine
gamma-globulin .005% Triton X-100 and 0.05% NaN3). PG)’:Z2 and
6—keto—PGPla levels were determined with 125I—radioi.nmunoassay kits
(New England luclear, Boston, MA). PGPZa levels were determined
employing 3H-labeled PGF2

Plasma samples (1.0 ml) were acidified to pH 3.2 with

approximately 100 ul of 2 M citric acid. Centrifugation did not

tracer.
a

result in a precipitable protein pellet. Acidified plasmas were
applied to individual Cl18 columns (500 mg sorbent mass),
sequentially washed and PG recovered fram the colum as described
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above. N, evaporated extracts were reconstituted in 100 pul assay
buffer and PG levels determined by radioirmunoassay as described
above,

The gastric juice samples were centrifuged and the clear
supernatant was analyzed for hydrogen (H+), sodium (Na+), potassium
(K+) and chloride (Cl7) ion concentration. H' was determined by
end-point titration to pH 7.4 with 0.02 MaOH (titration asserbly,
Padiometer, America, Vestlake, OH). Nat and K+ were measured using
a flame photometer (IL Model 443, Lexington, MA) and Cl~ was
determined using an amperometric titration method (Corning 920 M,
Medfield, MA). 1In addition, concentrations of soluble rucus were
estimated by two different assays, the Alcian blue (AB) dye binding
method and the Periodic Acid Schiff (PAS) reaction as described
elsewhere (20).

The statistical significance of differences observed for each
gastric parameter was evaluated using a three-factor (treatment,
time, and monkey) analysis of variance with repeated measures on
the last two factors (time and monkey), the program LDU-040 (K.L.
Dorn), and an IBM 370 computer (DCRT, Mational Institutes of
Health) (3-5). Differences between PG levels in tissue and plasma

were cdetermined using a two-way analysis of variance.

RESULTS

Plasma concentrations of 6—keto—PGFla were reduced by 9%, I—’G)'.-:2
by 27% following one day of indarethacin administration, but the
difference was not significant. PGan’ however, was significantly
(p<0.05) inhibited by 39% (Fig 1). After 4DI plasma levels of
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6—keto—PGFla were significantly (p<0.05) suppressed by 53%, PGE, by

77% and PGF2u by 100%.
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Fig. 1: Effect of 1 day (1DI) and 4 days (4DI) of indomethacin
treatment (5mg/kg s.c.) on prostaglandin concentration (pg/ml) in
plasma.

In the tissue biopsies, the levels of PG were significantly
(p<0.05) inhibited during the cntire course of indomethacin
treatment for all PG measured (Fig 2). The percent inhibition of
all PG for both 1DI and 4DI was greatest in the fundus (74-87%) and
duodenum (73-87%), followed by the antrum (42-77%). Prior to
treatment with indomethacin, there was no significant correlation
between PG levels in the tissue and H+ or mucus output or
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Fig. 4. Effect of 1 day (1DI) and 4 days (4DI) of indomethacin
tredtment (5 ma/kg s.c.) on neutral glycoprotein (PAS) output (mg
Mucin eg/min) and concentration (mg Mucin eqg/ml).

L E
2
£ 12 s 12p
[*3
3 3
< 101 2 49
=
x BF = 8
g ol 2 o
5 g
T AR e xz 4}
5 ;
2 g .
® . -
L4 : -
-
¢ 10t 40t 4

Pig. 5: Effect of 1 day (1DI) and 4 days (4DI) of indomethacin
treatment (5 mg/kg s.c.) on acidic glycoprotein (AB) output (mg
Micin eg/min) and concentration (mg Mucin eg/ml).
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Table 1. The Effect of Indomethacin on Fluid Output and Ion Output and Concentration
Treatment  Fluid Output Na+ Output Na Conc K+ Output K+ Conc (€1~ Output Cl Conc
ml/min kEq/min uEq/ml uEq/min  uEq/ml uEq/min uEq/ml
CONTROL 0.27 £ 0.05 18.5* 3.0 79 t g 9.1 £ 2,6 28 £3 21.8%6.5 85 ¢+ 8
1DI 0.30 £ 0.07 17.1* 3.7 64 *6* 7.5%1.6 29+ 3 28.,4%8,5 104 t11
4DI 0.22 + 0,07 12.0* 5,7 54*6* 6.9t2.2' 27%4 299+ 9.8 99 + 14

p < 0.05 vs. CONTROL Values are means * SE of measurements of 8 monkeys.

Data were evaluated using a three-factor (treatments, time and monkey) analysis with repeated
neasures on the last two factors.
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concentration.

Coincident with the reduction in both tissue and plasma PG
levels, there was an increase in 1" concentration and output over
the course of indomethacin treatment (Fig 3). This was also
accompanied by a decrease in ta® concentration over the same period
(Table 1). However, fluid output, Na' output as well as X% and c1”
concentrations and output were not significantly changed by PG
inkibition (Table 1).

The concentration of soluble NG in the gastric juice was
sicnificantly inhibited after 1DI but was not significantly
different from control after 4DI (Fig 4). NG output was not
altered. The concentration of ‘soluble AG in the gastric juice was
significantly decreased following both 1Di- and 4DI (Fig S5). AG
output was alsn inhibited after 1DI and 4DI but the reduction was
not significantly different from control.

The endoscopic appearance of the gastric and duodenal mucosa
was not significantly altered on any day of stucy .

DISCUSSIOH

Exogenous PG have been previously shown to have an effect on
gastric secretion and emptying. We have shown previously that
me—PGEz, me-PGqu, PGI2 as well as the endoperoxide analogue
U-46619 uniformly inhibit parietal (H') secretion (3-5). In
addition, me-PGE, and me-PGF, , but not BGI, or U-46619
concurrently stimulated non-parietal (Ma') secretion (4,5).
However, a physiological role for endogenous PG in the regulation

of gastric secretion has not been fully elucidated. This study
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suggests that endogenous PG play 2 role in the physiological
regulation of gastric secretion.

NSAID are wused clinically for their analgesic, anti-
inflammatory, and anti-pyretic properties, each agent having
variable efficacy or potency depending on the therapeutic effect
being measured. These effects have been attributed in part to
their ability to inhibit PG production by blocking the cyclo-
oxygenase pathway. One of their major side effects, however, has
been the induction of varying degrees of gastric mucosal damage
ranging from minor erosions to ulceration and bleeding (9,15,16).
Our results demonstrate that in monkeys, the inhibition of
endogenous PG production with indomethacin does not cause such
damage while significantly increasing the ut output and
concentration and decreasing the Ha* concentration in the gastric
juice. These results are in agreement with the demonstration that
HSAID inhibit alkaline secretion (7). In contrast, Konturek et al
(9) observed that indomethacin given orally over 7 days (25 mg,
q.1.d.) had no effect on basal acid output, These differences ray
be due to the dose (1.47 mg/kg versus 5 mg/kg in the present study)
or the route of administration (oral versus subcutaneous). In
addition, 10 of ¢the 18 subjects receiving indomethacin in
Konturek's study reported moderate to severe side effects which
necessitated their withdrawal from the study. Although the nature
or cause of these symptoms was not reported, an increase in acid
output could have been a contributing factor.

There is much evidence to suggest a positive correlation
between gastric mucosal blood flow and acid secretion (21).
However, PG have been shown to increase mucosal blood flow but to
decrease acid secretion (22). Conversely, in dogs, indomethacin
has been found to decrease basal nucosal blood flow {23) and to
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reduce pentagastrin-stimulated mucosal blood flow while further
increasing acid secretion (24). These results suggest that the
increase in hi output observed in the present study is not
secondary to changes in mucosal blood flow.

Our data also show that the inhibition of endogenous PG by
indomethacin resulted in a decrease in soluble mucus in the gastric
juice as represented by both acidic and neutral glycoproteins.
This is supported by the observations of Menguy and Masters (8),
who found that aspirin, another USAID, significantly decreased the
carbohydrate content of gastric mucus. Moreover, analogs of PGE2
have been shown to produce a stimulation of soluble mucus secretion
(6,25) and a reversal of NSAID effects (25). It has been shown
recently that changes .in soluble gastric rmucus paralleled
alterations in the adherent mucus gel (26) as determined by Alcian
blue dye binding. Thus, the decrease in soluble mucus following
indomethacin in the present study probably reflects a decrease in
barrier mucus as well as soluble mucus.

‘Coincident with the rise in H' secretion and fall in Na' and
mucus concentrations in the gastric juice, plasma and tissue levels
of PGEZ, PGF2 and PGI, were significantly decreased following
indomethacin administration. It is of interest to note that the
reduction in PG over time was less in plasma than in gastric
mucosal tissue, although the reason for this difference is not
readily apparent. PG concentration in the plasma probably reflect
the net PG metabolism in various tissues and in blood. However,
indomethacin and other NSAID given s.c, may not inhibit PG
synthesis uniformly in all areas. Thus, the plasma concentration
of PG may be higher than the concentration on a given tissue (e.g.
gastric mucosa). Alternately, repeated administration may be
necessary to attain a significant blood concentration of
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indomethacin in order to specifically inhibit plasma PG.

thile PGIZ, PGEI2 and PGan uniformly suppress H+ output, PGEI2
and PGan also have a stimulating effect on Na' output (4). This
suggects that the reduction of Ha® following the inhibition of
endogenous PG in the present study can be attributed primarily to
decreases in tissue PGE:2 and PGFZa rather than a reduction in
PGIZ. Thus, P632 and PGE‘ZQ appear to have a greater role than PGI2
in the physiological regulation of gastric non-parietal secretion.
The largest decrease (% reduction) in tissue PG was found in
biopsies of the fundus and duodenum followed by the antrum.
Although the reason for this regional difference in sensitivity to
PG inhibition is unclear, it is of interest to note that the major
site for chronic ulceration is the antrun, the area exhibiting the
smallest percent reduction in PG content. This suggests that the
antral mucosa is more sensitive (i.e. more easily damaged) than
either the duodenum or fundus to even slight reductions in tissue
PG.

It has been proposed that PG have a. "cytoprotective" effect
which may be independent of their ability to inhibit acid secretion
(13). There are many factors involved in the maintenance of the
mucosal integrity. These factors may be divided into those which
are damaging, and those which are protective. Pepsin and acid
secretion (H+) are two major damaging factors which are in turn
opposed by alkaline (Na+, HCO3_) and mucus secretion. The present
study demonstrates that inhibition of endogenous PG in the gastric
mucosa increases the output concentration .of H+ and decreases the
concentration of Ma' and soluble mucus glycoproteins in the gastric
juice. The combination of these effects may be an important factor
in the development of gastric mucosal damage observed following
higher doses of indomethacin and other NSAID. Thus, these data
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demonstrate that PG play an important physiological role in the
regulation of gastric parietal, non-parietal and rmucus secretion.
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Abstract—Circadian rhythms in noradrenergic (NE) and dopaminergic (DA) metabolites and in cyclic nucleotide
production were measured in discrete regions of rat brain. A circadian rhythm was found in the concentration of the
NE metabolite, 3-methoxy-4-hydroxyphenylglycol (MHPGY), in the hippocampus. No MHPG rhythm was found in
frontal, cingulate, parietal, piriform, insular or temporal cortex, or in hypothalamus. Circadian rhythms in the
concentration of the NE metabolite, 3,4-dihydroxyphenylglycol (DHPG), occurred in occipital and parietal cortex
and hypothalamus, with no rhythm observable in temporal or insular cortex, hippocampus, pons-medulla or
cerebellum. The 24-hr mean concentration of MHPG varied 3.5-fold, highest in cingulate and lowest in parietal,
temporal and occipital cortex. The 24-hr mean concentration of DHPG varied 6-fold, highest in hypothalamus and
lowest in parietal cortex. Circadian rhythms in the concentration of the DA metabolite, homovanillic acid (HVA),
were found in olfactory tubercle, amygdala and caudate-putamen, but not in nucleus accumbens. A circadian rhythm
in the concentration of the DA metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), occurred in nucleus
accumbens, but not in olfactory tubercle or caudate-putamen. The mean 24-hr concentration of HVA was highest in
caudate-putamen, intermediate in nucleus accumbens, and lowest in olfactory tubercle and amygdala. The mean 24-
hr concentration of DOPAC was highest in nucleus accumbens and lower in olfactory tubercle and caudate-
putamen. Circadian rhythms were found in the concentration of cyclic GMP (cGMP) in all regions measured except
parietal cortex. The mean 24-hr concentration varied 128-fold, highest in nucleus accumbens, frontal poles, and
hypothalamus and lowest in cingulate cortex. Circadian rhythms in cyclic AMP (cAMP) concentration were found in
piriform, temporal, occipital, cingulate, and parietal cortex, amygdala and nucleus accumbens. No rhythms were
found in frontal or insular cortex, hypothalamus, hippocampus, caudate-putamen or olfactory tubercle. The 24-hr
mean cAMP concentration varied 4-fold, highest in parietal cortex and lowest in caudate-putamen and amygdala.
Norepinephrine metabolites and dopamine metabolites were rhythmic in few regions. It is, therefore, unlikely that
the rhythmicity measured in adrenergic receptors is, in general, a response to rhythmic changes in adrenergic
transmitter release. The putative second messenger response systems, especially cGMP, were more often rhythmic.
The rhythms in cGMP are parallel in form and region to those in the a,-adrenergic receptor and may act as 2nd
messenger for that receptor. In vivo, only the rhythm in cAMP in cingulate cortex parallels changes in the o-
adrenergic receptor, even though rhythms in cAMP in vitro can reflect rhythms in cortical o,- and B-receptor
number. Cyclic AMP rhythms probably represent a summation of stimulatory and inhibitory transmitter receptor
actions, perhaps modified by rhythms in the adenylate cyclase complex and its substrates.

0742-0528/86 $3.00 +0.00
Pergamon Jounais Lid.

Introduction

Circadian rhythms have been demonstrated in
the number of «;- and B-adrenergic, muscarinic
cholinergic, dopamine, benzodiazepine and opi-
ate receptors(1). Daily rhythms in the concentra-
tions of rat brain biogenic amine have also been
reported (2-5). Changes in neurotransmitter

secretion or turnover have been shown to alter
the levels of neurotransmitter receptors (6-8).

Daly et al. (9) found that in rat brain, agonist
occupancy of the a,-receptor and §-adrenergic
receptors stimulated the production of cyclic
AMP (cAMP). Daily rhythms in brain cAMP
concentration have been reported (10, 11).

The preceding paper (12) described circadian

*Address all correspondence to: Marian S. Kafka, Clinical Neuroscience Branch, NIMH, Bldg. 10, Room 4N214, Bethesda,

MD 20892, U.S.A.
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Table 1. Statistics
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Anova Differences among means of time-points
Brain region F-value P-value P>0.05 P>0.01
(hr) (hr)
(a) MPG'SO, and DHPG-SO, concentration
Frontal cortex 0.46 (5,39) N.S. — —_
Cingulate cortex 0.49 (5,31) N.S. —_ —
Parietal cortex 2.38 (5,38) N.S. — —
Piriform cortex 1.30 (5,38) N.S. — —
Insular cortex 0.98 (5,15) N.S. — —
Occipital cortex 4.60 (5,15) < 0.01* 10h > 14h = 18h 10h >22h =2h=6h
Temporal cortex  0.22 (5.37) N.S. — —_
Hippocampu 3.02 (5,18) N.S. — —
Hypothalamus 0.56 (5,36) N.S. — —
Pons-Medulla 1.28 (5,41) N.S. — —
Thalamus-septum 1.37 (5,39) N.S. — —
Cerebellum 0.32 (5,42) N.S. — —
DHPG'SO,
Insular 1.36 (4,14) N.S. — —_
Parietal 4.36 (5,37) < 0.01 14h > 18h 14h>22h =2h=6h
Temporal 1.69 (5,31) N.S. — —
Occipital 5.03 (5,16) < 0.01 10h >6h 10h>22h=2h
Hippocampus 0.42 (5,18) N.S. — —
Hypothalamus 2.95 (5,34) <0.05 6h>2h —
Pons-Medulla 0.58 (5,41) N.S. — —
Cerebellum 0.41 (5,42) N.S. — |
(b) HVA and DOPAC concentrations
HVA
Olfactory tubercle 2.73 (5,36) < 0.05 2h >22h =
Amygdala 3.54 (5,15) 0.05 — 14h>6h
Nucleus accumbens 1.14 (5,18) < N.S. — =
Caudate-putamen  3.01 (5,40) < 0.05t — =
DOPAC
Olfactory tubercle 1.30 (5,32) N.S. — —
Nucleus accumbens 3.12 (5,18) < 0.05 10 >6h —
Caudate-putamen  0.80 (5,37) N.S. — —
(c) cGMP concentration
Olfactory tubercle 3.36 (5,37) <0.05 14h>22h=2h —
Frontal poles 12.50 (5,40) < 0.01 2h =6h>18h 22h =2h =6h>10h = 14h
Frontal cortex 7.00 (5,42) < 0.01 14h>22h 6h>18h =22h
Cingulate cortex 11.10 (5,42) <0.01 = 6h>10h=14h=18h=22h =2h
Insular cortex 10.60 (5,40) < 0.01 18h > 10h 22h=2h=6h>10h
2h =6h > 14h
Piriform cortex 2.50 (5,41) < 0.05 18h >2h —
Parietal cortex 1.85 (5,34) N.S. — =
Temporal cortex 22.28 (5,41) < 0.01 —_ 14h> 10h =18h =22h=2h =6h
Occipital cortex 9.61 (5,37) < 0.01 22>14h=22h 2h>10h=18h
6h>10h=14h=18h=22h
Rest of cortex 10.68 (5,41) < 0.05 6h =10h>22h 14h>10h=8h=22h=2h=6h

Nucleus accumbens
Caudate-putamen

14.90 (5,41) < 0.01
2.50 (5,37) < 0.05

18h>10h =14h=2h
22h > 14h

6h>10h=14h=18h=22h=2h

(continued)
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Table 1 (continued)
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Anova Differences among means of time-points

Brain region F-value P-value P<0.05 P<0.01

(hr) (hr)
Amygdala 5.80 (5,38) < 0.01 10h=14h>2h 18h=22h >2h

18h =22h > 6h
Hypothalamus 3.08 (5,41) <0.05 14h =2h>18h —
Hippocampus 5.93 (5,39) <0.01 6h>14h =18h 6h =2h > 10h
(d) cAMP concentration
Olfactory tubercle 0.33 (5,32) N.S. — —_
Frontal poles 0.48 (5,40) N.S. — =
Frontal cortex 0.46 (5,42) N.S. —_ =y
Temporal cortex 4.62 (5,41) < 0.01 10h > 6h 14h >6h
Occipital cortex 3.25 (5,40) < 0.05 14h>2h oy
Cingulate cortex 5.11 (5,38) <0.01 6h > 10h —
Parietal cortex 10.8 (5,42) < 0.01 18h > 10h 18h >2h =6h

14h > 6h 14h >2h

10h>2h 22h>2h

22h > 6h —
Insular cortex 2.26 (5,36) <0.05 — —3
Piriform cortex 2.56 (5,38) < 0.05 22h >2h =
Hypothalamus 1.20 (5,37) N.S. — —
Hippocampus 1.92 (5,38)  N.S. - —
Amygdala 2.01 (5,35) <0.05 14h>10h=2h —
Nucleus accumbens  3.90 (5,39) < 0.0l 2h =6h > 10h 22h>10h
Caudate-putamzn 1.74 (5,42) N.S. —_ =

*N=2 at 1000hr in occipital MHPG-SO, making analysis of rhythm uncertain.
TANOVA indicated a significant rhythm, but Tukey indicated no difference between time-points.

rhythms in &,-,@,- and B-adrenergic, cholinergic
muscarinic and benzodiazepine receptors in
discrete brain regions. In this paper, the
occurrence of circadian rhythms in NE metabo-
lites, HVA and DOPAC, as well as in putative
second messengers, cGMP and cAMP, will be
described. The relationships between these
circadian rhythms in transmitter secretion and
receptor responsiveness, and circadian rhythms
in transmitter receptors, will be discussed.

Materials and Methods

Rats were cared for, enucleated, and sacri-
ficed, the brains removed, dissected into regions,
and frozen as described in the preceding paper
(12). The study was carried out in two equal
parts.

A region from four rats at each time-point was
pooled on ice and kept frozen for metabolite

assay. Frozen pooled regional samples were
prepared and analyzed simultaneously for 3-
methoxy-4-hydroxyphenylglycol (MHPG) and
3,4-dihydroxyphenylglycol (DHPG) by a gas
chromatographic mass spectometric assay (13).
Conjugated MHPG and DHPG (as sulfates)
represent the majority of reduced NE meta-
bolites present in rat brain (14).

Homovanillic acid (HVA) and 3 4-dihydroxy-
phenylacetic acid (DOPAC) were measured by a
gas chromatographic mass spectrometric
method measuring the free, unconjugated acidic
dopamine metabolites (15). A significant portion
of rodent DA acidic metabolites are in the free
form.

Rats were housed and enucleated as described
previously. Two-three days after enucleation,
the rats were killed at 4-hr intervals over a 24-hr
period, four rats at a time-point, by 5 sec of
focused microwave irradiation to the head
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(Litton Microwave Oven). The animals were
guillotined, the brains quickly removed, put on
ice and sliced (2-mm thick slices). The slices were
transferred to microscope slides, frozen on dry
ice and stored at -20°C. Later the slices were
removed from the freezer, kept frozen ondry ice,
and dissected, using a stereomicroscope, into the
regions indicated (16, 17). They were then stored
in a freezer (-70°C) until the measurement of the
¢GMP and cAMP concentration.

At the time of the cGMP and cAMP assays the
brain regions (each analyzed separately) were
sonicated in 1 ml of sodium acetate buffer (pH
6.2;0.05 M) at4°C. Sonicates were centrifuged at
30,000 g (Sorvall Superspeed, SS34 rotor) for 20
min at 4°C (Hunt and Dalton). The supernatents
were transferred by aspiration to clean tubes.
¢GMP and cAMP were measured by radio-
immunoassay (18) using cyclic nucleotide Kits
(New England Nuclear). The pellets were hydro-
lyzed in 1 ml of 0.1 N NaOH overnight at 40°C
and the protein measured (19), using bovine
serum albumin as a standard.

The statistical significance of the rhythms in
metabolites and nucleotides was measured by
one-way analysis of variance (ANOVA), and the
statistical significance of the difference between
peaks and troughs, by Tukey’s LSD test (Table
1). The data from the two parts of the experiment
were not statistically different (2-way analysis of
variance) for any of the variables; accordingly,
all data from the same time-point in both parts
were pooled.

Brain preparation

At each time-point (4-hr intervals over a 24-hr
period) six groups of three rats were killed, their
brains excised and immediately immersed in ice-
cold Krebs-Ringer Bicarbonate Glucose buffer
(KRG buffer) containing 122 mM NaCl, 3 mM
KCI1, 1.2 mM MgS0,, 1.3 mM CaCl, 0.4 mM
KH,P0,, 10 mM glucose and 25 mM NaHCO,
and saturated with 95% O,/5% CO,. The three
brains were dissected out at 4°C and the cerebral
cortices (left and right separated) randomly
processed. The five half-cortices were sliced (in a
Mcllwain tissue chopper, 260 X 260 um) and
utilized as will be described.
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Tissue preparation for receptor measurements
One sliced half-cortex was incubated, shaking,
in 15 ml of aerated KRG buffer at 37°C for 90
min. The buffer was filtered through polyester
mesh which retained the slices. The slices were
frozen on dry ice and stored at -20°C for
measurement of binding to «,- and B-receptors.

Tissue preparation and incubation for cAMP
production

The four remaining cerebral half-cortices were
pooled and incubated in 15 ml of aerated KRG
buffer at 37°C. The slices, collected as before,
were transferred to another 10 ml of aerated
KRG buffer, containing 30 pyM unlabelled
adenine and 100 w1 (10 u1/ml) of [2-*H]adenine
(S.A. 15 Ci/mmol, New England Nuclear), and
incubated for 40 min at 37°C.

Slices labelled with [*H]adenine were washed
twice with KRG buffer, collected, and incubated
again for 15 min in 15 ml of aerated, KRG buffer
at 37°C. The tissue, was distributed in equal
portions to beakers containing 10 ml of aerated
KRG buffer at 37°C. The slices were incubated
for 5 min with norepinephrine (NE 20 uM) to
induce the accumulation of [’H]cAMP, with and
without phentolamine HCI1 or pr-propranolol
(50 uM) to distinguish the [*H]cAMP accumula-
tion due to a,- from that due to B-receptor
stimulation. The slices were collected, and
transferred to test tubes containing ice-cold
trichloracetic acid (6%), homogenized with a
Brinkmann Polytron and centrifuged for 15 min
at 1700 g. The supernatant was stored at -20°C
for the estimation of [P'H]cAMP.

Measurement of cAMP

For the measurement of [*H]cAMP, 200 ul of
unlabelled cAMP (1.25 mM) was added to each
thawed, vortexed supernatant. Fifty microliters
was counted for the estimation of total radio-
activity. The [*’H]cAMP formed by the cortical
slices was isolated from the supernatant by the
double column method of Salomon et al. (38).
The [*H]JcAMP accumulation is expressed as
percentage conversion, i.e. the total radioactivity
present as [’H]cAMP divided by the baseline
[*H]cAMP measured. The method for measuring
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[PH]cAMP production was essentially the one
described by Shimizu et al. (39).

«, and B-receptor measurement

Membrane preparations for a;- and -receptor
binding assays were obtained by homogenizing
tissue in ice-cold Tris buffer (pH 7.7., 0.05 M) at
a concentration of 5% (W/V) wet weight of
tissue. The homogenates were centrifuged at
27,200 g in a Beckman J-21C centrifuge (rotor
JA 20) for 6 min, and the supernatant discarded.
The pellet was washed, centrifuged, and re-
suspended in the same buffer (final concentra-
tion of 100 mg wet weight of brain/ml).

The number o,-adrenergic receptors was
measured by the specific binding of the a -
antagonist [PHJWB4101 (S.A. 24.7 Ci/mMol,
New England Nuclear). Specific binding was
defined as the difference between the total
binding and the amount bound in presence of
phentolamine (1 X 10”M). The tritiated ligand
(0.42nM) and cortical membranes, with and
without phentolamine were incubated for 15 min
at room temperature (24°C). In a similar
manner, the number of B-adrenergic receptors
was measured by the specific binding of the 8-
antagonist [*H]dihydroalprenolol ([*H]JDHA)
(S.A. 475 Ci/YmMol, New England Nuclear),
defined as the difference between the total
binding of [*H]DHA and the amount bound in
the presence of the S-antagonist, bL-propranol-
ol (2 X 10 *M). The labelled ligand (0.76 nM)and
cortical membranes were incubated in triplicate
for 12 min at 37°C. For both ;- and B-receptors,
binding incubation was terminated by rapid
filtration under vacuum through GF/B
Whatman filters, followed by washing of the
filters twice with 6 ml of ice-cold Tris buffer
(pH 7.0,0.05 M). Radioactivity was counted in a
Beckman Scintillation Counter. Low concentra-
tions of the *H-ligands were used so that a change
in receptor affinity or number would appear as a
change in binding, and the two could sub-
sequently be distinguished by saturation experi-
ments at appropriate time-points. Scatchard
analyses of @,- and B-adrenergic receptor binding
were made from saturation curve data with
[PH]JWB 4101 ranging in concentration from
0.6-12 nM, and [*H]-DHA, from 0.5 to 14 nM.
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The affinity of the receptors was unchanged over
the 24-hr day.

Results

A circadian rhythm in MHPG concentration,
found in the hippocampus, peaked in the middle
of subjective day (the period in the light : dark
cycle [L:D] in which lights were on). No
rhythms were found in frontal, cingulate,
parietal, piriform, insular, or temporal cortex,
pons—medulla, cerebellum, thalamus-septum or
hypothalamus (Figure 1). A circadian rhythm
with a peak at 1000 hr may exist in occipital
cortex. The magnitude of the MHPG concentra-
tion at that time-point, however, may not be
reliable, as there were only two samples.

The 24-hr mean MHPG concentration varied
3.5-fold, highest in cingulate and lowest in
occipital cortex (Table 2).

Circadian rhythms in DHPG concentration
were found in occipital and parietal cortex and
hypothalamus. Peak DHPG concentrations in
cortex were in early to middle subjective day and
at subjective dawn, (period in L:D that
immediately precedes turning on the light) in
hypothalamus (Figure 1).

«=p<0.05
o» =p<0.01 ANOVA
100 [ s
OCCIPITAL CORTEX R SR 4 e
DHPGSO4 Ing/g tissusl 5o |- RERDY SN S S &
100 F
PARIETAL CORTEX 'y
DHPG'SOa Ing/g tssue) S0 _ - $----O--_ gl __ ¢ ___§___5| **
100 |- P
HIPPOCAMPUS
MHPG-504 Ing/g tissue) 50 .---.&—-"6"-~~6 R WD SRS Y
400 F
.
HYPOTHALAMUS ,I\ r
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Figure 1. The concentration of MHPG'SO, and DHPG-SO,
in rat brain regions. The concentration of MHPG and DHPG
were measured at six time-points during the 24-hr day using a
gas chromatography mass spectrometry method. Each point
is the mean * S.E.M. of metabolite measurements in
four—eight rats, except for the 1000 hr point in insular and
occipital cortex in which the measurement is in three rats. The
black bar beneath the figure marks subjective night and the
vertical lines through the figure, the timing of lights on and
off during L:D. The significance of the rhythm was
measured by one-way analysis of variance (ANOVA)and the
significance of differences among time-points by Tukey’s
Test (HSD). Statistical data are given in Table 1.



Table 2. 24-hr mean metabolite, cGMP and cAMP concentrations

Brain region MHPG-SO, DHPGSO, HVA DOPAC cGMP cAMP

(ng/g wet wt) (ng/g wet wt) (ug/g wet wt) (pmol/mg protein) (pmol/mg protein)
Olfactory tubercle — — 465+ 26 (42) 137962 (38) 14 £0.07 (43) 905 (38)
Frontal poles — — —
Frontal cortex 731 (45) —_ — — 0.52+0.04 48) 7x0.2 (44)
Cingulate cortex 1502 (37) 0.03+£0.006 (40) 12%0.5 (44)
Insular cortex 96+3 21) 1187 (19) — — 1.7 £0.11 (46) 6+04 (42)
Piriform cortex 103+ 4 (44) . = —_ 1.4 £0.06 42) 7+04 (44)
Parietal cortex 501 (44) 502 (43) —_ — 0.37+0.03 (44) 25+2 (48)
Temporal cortex 48+ 1 43) 561 37) — — 3.0 x0.5 47) 7x04 47)
Occipital cortex 42+4 (21) 61%5 (22) - — 0.12+£0.02 (43) 8%0.5 (46)
Rest of cortex — — — — 0.46+0.04 (47) 10x0.5 (46)
Hypthalamus 842 42) 274x11 40) — — 2.0 £0.07 47) 9+03 (43)
Hippocampus 61+3 (24) 91%2 (24) — — 0.70+0.04 (45) 8+03 (44)
Amygdala — — 433197 21 — 1.5 +£0.14 (44) 6x0.3 (39)
Nucleus accumbens — — 684+ 32 (24) 2087100 (24) 3.7 £0.25 47) 9zx03 45)
Caudate-putamen — — 846+ 30 (46) 159047 (43) 0.6 £0.006" (40) 6+0.2 (48)
Thalamus-septum 1023 (45) - i — L -
Pons-Medulla 1054 (48) 156+4 47) — — = =
Cerebellum 47+ 1 (48) 58+1 (48) —_ —_ —_ —_
Mz*S.EM.

( )Number of measurements.
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Figure 2. The concentration of HVA and DOPAC in rat brain
regions. The concentration of HVA and DOPAC were
measured at six time-points during the 24-hr period using a
gas chromatography mass spectrometry method. Each point
was the mean * S.E.M. of metabolite measurements in
four-eight rats, except for HVA in amygdala with three rats.
The black bar beneath the figure delineates subjective night
and the vertical, times of lights on and off during L : D. The
significance of the rhythm was measured by one-way analysis
of variance (ANOVA) and the significance of differences
between time-points by Tukey’s Test (HSD). Statistical data
are in Table 1.
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The 24-hr mean concentration of DHPG
varied 5.5-fold, highest in hypothalamus and
lowest in parietal cortex (Table 2).

Circadian rhythms in HVA concentration
were observed in olfactory tubercle and amyg-
dala. Peak concentration in olfactory tubercle
was in the middle of subjective night (the period
under L:D when lights were off) and, in
amygdala, in the middle of subjective day
(Figure 2). A significant rhythm in caudate-
putamen was indicated by ANOVA, but the
Tukey LSD test showed no significant difference
between time-points. No rhythm was found in
nucleus accumbens.

The 24-hr mean concentration of HVA varied
2-fold, highest in caudate-putamen and lowest in
amygdala (Table 2).

A circadian rhythm in DOPAC concentration
was found in nucleus accumbens, the peak
concentration occurring early in subjective day.
No rhythm was found in olfactory tubercle or
caudate-putamen (Figure 2).

The 24-hr mean DOPAC concentration varied
1.5-fold, highest in nucleus accumbens and
lowest in olfactory tubercle (Table 2).

Circadian rhythms in ¢cGMP concentration
were found in frontal poles, frontal, cingulate,
insular, piriform, temporal and occipital cortex,
olfactory tubercle, nucleus accumbens, caudate-
putamen, amygdala, hypothalamus, and hippo-
campus. No rhythm was observed in parietal
cortex (Figure 3).

The peak concentration of cGMP occurred in
subjective night in frontal poles, frontal, cingu-
late, insular, and occipital cortex, nucleus
accumbens, hypothalamus and hippocampus
(Figure 3).

In contrast to regions with peaks in subjective
night, regions with peak cGMP concentrations
in subjective day included insular, piriform, and
temporal cortex, olfactory tubercle, caudate-
putamen and amygdala. In insular and piriform
cortex and caudate-putamen the peak had begun
at subjective dusk (the period in L : D just before
lights were turned off). The concentration in
insular cortex continued until subjective day and
the concentration in the caudate-putamen fell in
the middle of subjective night. The peak in
¢GMP in piriform cortex was at subjective dusk.
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Figure 3. The concentrations of cGMP in rat brain regions.
The cGMP concentration was measured at six time-points
during the 24-hr day. Note that the range of amplitudes was
so great that the ordinates of the figures for some regions are
plotted at 1/10 or 10 times their true magnitudes to aid
visualization. The black line beneath demarcates subjective
night, and the vertical lines in the figures, times of lights on
and off in L:D. Measurements were made using a
radioimmune assay. Each point is the mean + S.E.M. of
c¢GMP measured in eight rats. The significance of the rhythm
was measured by one-way analysis of variance (ANOVA)
and the significance of differences among time-points by
Tukey’s Test (HSD). Statistical data are given in Tablz 1.
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Figure 4. The concentration of CAMP in rat brain regions. The
cAMP concentration was measured at six time-points during
the 24-hr day. The black line beneath the figure delineates
subjective night and the vertical lines, times of lights on and
off during L:D. Measurements were made using a radio-
immune assay. Each point is the mean + S.E.M. of cAMP
measured in eight rats. The significance of the rhythm was
measured by one-way analysis of variance (ANOVA)and the
significance of differences among time-points by Tukey’s
Test (HSD). Statistical data are given in Table 1.
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In amygdala the peak had begun at subjective
dawn, continued throughout subjective day, and
fallen in the middle of subjective night. In
hypothalamus, the trough was at subjective dusk
with a higher concentration over the rest of the
day.

The 24-hr mean cGMP concentration varied
123-fold (Table 2), highest in the nucleus
accumbens and lowest in cingulate cortex.

Circadian rhythms in cAMP concentration
were observed in piriform, temporal, occipital,
cingulate and parietal cortex, and in amygdala
and nucleus accumbens (Figure 4). No rhythms
were found in frontal or insular cortex, hypo-
thalamus, hippocampus, caudate-putamen or
olfactory tubercle (Figure 4).

When the cAMP concentration was rhythmic
in cortex, the rhythmic patterns differed with the
cortical region. The temporal, occipital, and
parietal rhythms peaked during subjective day,
the peak in parietal cortex extending into
subjective night. The cAMP concentration in
piriform and cingulate cortex peaked in sub-
jective night, the cingulate peak occurring at
subjective dawn.

The patterns in cAMP concentration differed
from one another in the nine limbic regions
measured. Like the rhythms in cGMP concentra-
tion, the rhythms in cingulate cortex and the
nucleus accumbens peaked in subjective night,
and in amygdala, in subjective day. Unlike the
c¢GMP concentration, the cAMP concentration
was without circadian rhythm in frontal and
insular cortex, hypothalamus, hippocampus,
caudate-putamen and olfactory tubercle.

The 24-hr mean concentration of cAMP
varied 4-fold, highest in parietal cortex and
lowest in caudate-putamen and amygdala.

The wave-form of the circadian rhythms
found in metabolites and cyclic nucleotides was
unimodal.

Discussion

The wave-form of rhythms, not only in
metabolites, cAMP, ¢cGMP, but in all the
receptors measured as well (12), was unimodal.
Occurrence of peak and trough in the circadian
rhythm is, consequently, clearer than that often
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encountered in such measurements under L : D
conditions (1).

In rats entrained to an L : D cycle, it has been
reported that cAMP levels in hypothalamus rose
with the beginning of light, fell to a minimum in
light, and remained low through the dark phase
(11). In constant darkness, no rhythm in cAMP
concentration was measured in hypothalamus in
our rats. In another study (10), under an L : D
regimen, rthythms in cAMP concentration were
found in cerebellum and pons-medulla, the
levels higher in the light than the dark. Even
though those rats had been entrained toan L : D
cycle when killed, no rhythms in cerebral
cortex, midbrain, hippocampus, hypothalamus,
or caudate were observed. It is possible that if
hypothalamic nuclei were assayed, daily rhythms
in cAMP might be present, as daily rhythms in
adrenergic receptors (20, 21) have been reported.

The levels of cAMP measured in our study
were similar to those measured by Valases et al.
(11) and Choma ez al. (10). In our study the level
in parietal cortex is at least twice as high as the
concentration in any other region, suggesting the
presence of potent generators of cAMP in the
parietal cortex.

Norepinephrine, secreted at presynaptic ter-
minals in rat brain, is metabolized to DHPG and
MHPG, the former, probably intraneuronally,
and the latter, extraneuronally. In rat brain both
MHPG and DHPG provide a measure of central
NE metabolism and noradrenergic activity. The
concentrations of total MHPG and DHPG are
lower than those reported (13), as they have not
been corrected for metabolite recovery. Con-
firming a previous report hypothalamic DHPG
concentration is several-fold higher than
MHPG, though the two are relatively similar in
concentration in most regions (13, 14).

Circadian rhythms in NE metabolites were
found in very few of the brain regions examined;
for MHPG, only in hippocampus. The peak
occurred early in subjective day in occipital and
parietal cortex and hippocampus, at dawn in the
hypothalamus. Though rhythms existing in very
small regions may have been missed in measur-
ing the regions selected in this study, the data
suggest that presynaptic NE metabolism, in-
cluding NE secretion, is not rhythmic in most
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Figure 5. Alpha,- and beta-adrenergic receptor-mediated cyclic AMP production and specific binding to a,- and 8-
adrenergic receptors in cerebral cortical slices from male Sprague-Dawley rats maintained under L : D conditions for 18 days,
then in constant darkness (D:D) for 2-3 days before death. (a) Alpha- and B-adrenergic receptor-mediated cAMP
production, and specific binding to a,-and B-adrenergic receptors in rat cerebral cortical slices measured at six points
throughout the 24-hr day. Each point represents the mean + S.E.M. of five-six sliced hemi-cortices measured in triplicate.
One-way ANOVA for cAMP (closed squares): F5,30)=4.34, P<0.01; for a,-receptor (closed circles): F(5,26)=2.63,
P <0.05; and for B-receptor (open circles): F5,29)=5.61, P <0.0l. Differences between time-points: for cAMP,
2200 hr= 0200 hr, for the a -receptor 1400 hr > 0600 hr, and for the B-receptor 1800 hr <1400 hr=0200 hr. (b) Alpha,-
adrenergic receptor-stimulated cAMP production and specific binding to a-adrenergic receptors in rat cerebral cortical
slices measured at six points throughout the 24-hr day. Each point represents the mean * S.E.M. of six pools of four sliced
hemi-cortices (CAMP production), or of five-six sliced hemi-cortices measured in triplicate (binding). One-way ANOVA
for a,-stimulated ¢cAMP production (closed triangles): F5,30)=2.9 P<0.05, and the difference between time-points:
1000 hr > 0600 hr. One-way ANOVA, differences between time-points, and statistical data, for a,-receptors (closed
circles) are the same as in (a). (c) Beta-adrenergic receptor-stimulated cAMP production and specific binding to 8-
adrenergic receptors in rat cortical slices, measured at six points throughout the 24-hr day. Each point represents the
mean+ S.E.M. of six pools of four sliced hemi-cortices (cAMP production), or of five-six sliced he mi-cortices measured in
triplicate (binding). One-way ANOVA for B-stimulated cAMP production (open triangles). F(5,30)=3.6 (P <0.05) and
the difference between time-points: 1400 hr > 1800 hr = 0500 hr. One-way ANOVA, differences between time-points, and
statistical data for the B-receptor (open circles) are the same as in (a).
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brain regions. For this reason, rhythms in NE
secretion are, in general, unlikely to confer the
rhythms measured in adrenergic receptors. As
increased NE secretion has been shown to
decrease the number of adrenergic receptors (6,
7), it is possible that, in hippocampus, increased
NE secretion decreases the number of a-
receptors during subjective day. The increase in
a,-receptors in parietal, and in o- and -
receptors in hypothalamus, paralleling increas-
ing DHPG concentration, is, however, opposite
in direction from that expected if increased
transmitter down-regulates its homologous re-
ceptor numbers.

Rat brain DA metabolites provide a measure
of dopaminergic cell activity, as their concentra-
tions depend on the rates of DA turnover and
release (15). Concentrations of DOPAC were
similar to those reported previously (15) in
olfactory tubercle and caudate-putamen, two
regions accounting for about 90% of DA brain
metabolites. Concentrations of HVA were
lower. Variability in concentrations of DA
metabolites is not unexpected, however, as
differences in brain DA turnover can vary 2-fold
within a rat species (22).

Circadian rhythms in HVA concentration
were found in olfactory tubercle and amygdala,;
circadian rhythms in DOPAC concentration,
only in nucleus accumbens. For the reasons
mentioned above, rhythms may have been
missed. The data suggest, however, that DA
release often is not rhythmic.

The role of cGMP in neural tissue remains
unclear. Changes in the concentration of cGMP
could be a cause, or a result, of changes in
neuronal activity. It is possible that cGMP acts,
not as an activator of ion fluxes and neuro-
transmitter release, but as modulator of pro-
cesses that restore neurons after periods of
activity (23, 24). In contrast to the release of NE
and DA, the concentration of cGMP displays
rhythms of considerable amplitude in all regions
measured except parietal cortex. (A rhythm
similar to that in temporal cortex, was measured
in the cortical tissue remaining after the indica-
ted regions were removed).

Muscarinic cholinergic M,-receptors and a;-
adrenergic receptors may stimulate phospha-
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tidylinositol hydrolysis, and with it, generate
cGMP (25, 26). The only region measured in the
current study in which both cholinergic receptors
and ¢cGMP are rhythmic is caudate-putamen.
Cyclic GMP is high at subjective dusk and during
early subjective night, a rhythmic pattern
contrasting with that in cholinergic receptor
binding which has its trough at that time (12).
The data suggest that the rhythm in cholinergic
receptors (although M- and M,-receptors were
not measured separately) do not confer the
caudate-putamen cGMP rhythm.

In contrast, cortical o,-receptor rhythms and
c¢GMP rhythms peak in subjective night except
for piriform ( «,-receptor and cGMP rhythms)
and temporal cortex (only cGMP rhythm). In
caudate-putamen, hippocampus and hypothala-
mus the increase in o;-receptor binding slightly
precedes increasing cGMP concentration. It is
possible, then, that o -receptor rhythms in
frontal, cingulate, piriform and occipital cortex,
caudate-putamen, hypothalamus and hippo-
campus may trigger an intraneuronal cascade
conferring a rhythm in ¢cGMP concentration.
Though not measured in this study, a)-receptor-
mediated phosphatidylinositol hydrolysis itself
might have circadian rhythmicity, and because it
regulates many cell functions, may be a very
important brain modulator of functions that
vary across the day.

Circadian rhythmicity in cAMP concentration
occurs more often in cortical than in non-cortical
brain regions. The most rostral cortical regions,
including the frontal poles (not shown), do not
undergo circadian rhythms. As these regions are
high in dopaminergic innervation, dopamine-
stimulated cAMP production may not be
rhythmic. Two other areas innervated by dopa-
minergic tracts were measured. The nucleus
accumbens has a prolonged peak in cAMP
concentration in subjective night (see below). No
rhythm was measured in caudate-putamen
cAMP concentration. Under entrained light:
dark conditions, arrhythmia in the caudate has
been observed before (10).

The relationships between circadian rhythms
in cAMP and ¢cGMP and the circadian rhythms
in adrenergic receptors are complex. In regions
in which both are rhythmic, the patterns in



112

cAMP and ¢cGMP concentration are similar,
except for parietal and occipital cortex in which
they are opposite in phase, the cAMP peak
occurring in subjective day, and ¢cGMP, in
subjective night.

In limbic regions the circadian rhythmic
patterns in both cAMP and ¢cGMP concentra-
tions are of two kinds: cingulate cortex and
nucleus accumbens peak in subjective night, and
amygdala peaks in subjective day. In cortical
slices, in vitro, increased cAMP production
accompanies an increase in the densities of both
@- and f-adrenergic receptors (Figure 5). In
addition, both a,- and B-receptors have been
shown to stimulate cAMP production in the
limbic forebrain, which includes the nucleus
accumbens (9). In all regions in which a rhythm
in cAMP concentration is found, there is a
rhythm in a;-receptors, and in some regions, in
B-receptors as well (Ref. 12: Figures | and 2).
Adrenergic receptor binding was not measured
in nucleus accumbens or amygdala, but like the
cyclic nucleotide concentrations, binding to the
aj-receptor in the cingulate cortex peaks in
subjective night.

In five cortical regions, there are circadian
rhythms in cAMP concentration and in binding
to at least one type of adrenergic receptor. The
relationships between the rhythms in cAMP
concentration and those in adrenergic receptor
binding are of two different kinds. As mentioned
above, in cingulate cortex, the peak cAMP
concentration follows the binding to the a;-
adrenergic receptor. Stimulation of the adrener-
gic nerves to cingulate cortex may increase
cAMP production viaa ;-receptors. In contrast,
in occipital, parietal and temporal cortices, the
concentration of cAMP falls as the binding to
adrenergic receptors rises in subjective night.
This inverse relationship involves cAMP con-
centration and binding to «,-receptors, in
occipital cortex; cAMP concentration and bind-
ing to a;- and a,-receptors in temporal cortex;
and cAMP and binding to a,-, 8- and a,-receptors
in parietal cortex.

Unlike the decreasés in cAMP concentration,
the increases in cAMP concentration correlate in
some ways with binding to adrenergic receptors.
In parietal cortex, the peak in the a,-receptor
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precedes and accompanies the rise in cAMP
concentration. In temporal cortex the cAMP
concentration rises before the peak in 8-receptor
binding. The contribution of a,-receptors to
cAMP production in the brain is unknown, but
may be inhibitory as it is in neuroblastoma-
glioma cells (27). The peak in a,-receptors may
not affect the peak in cAMP concentration in the
parietal cortex, but it is possible that the peak in
cAMP in temporal cortex may be sustained by
the peak in B-receptor binding of NE, increased
by stimulation of noradrenergic transmission to
the temporal cortex.

The increased level of cAMP in subjective day,
when the rat’s activity is low, (in the temporal,
occipital, parietal cortices and amygdala) could
be analogous to the inhibitory effect of NE on
cerebellar Purkinje cells (28).

In diurnal man, plasma cAMP, and in
monkeys, CSF cAMP were high in the light and
low in the dark (29, 30). In the nocturnal rat,
cAMP concentrations in discrete brain regions
were higher during waking than during sleep,
except in the cerebellum (31). The increased
cAMP level early in subjective night might playa
role in wakefulness in these nocturnal animals.

Cyclic AMP concentration seems to be
coupled with the rhythm in a,-receptor binding
in cingulate cortex. In other regions in which the
CcAMP concentration is rhythmic, its peak is in
subjective day, when adrenergic peaks are in
subjective night, and vice versa. Though the
circadian rhythm in NE-stimulated CAMP
production in cortical slices follows the rhythms
in ;- and B-receptor number (Figure 5), cAMP
production in vivo does not appear to be so
closely coupled to adrenergic receptor rhythms
in most regions. In four of five regions in which
cAMP is rhythmic, adrenergic receptor rhythms
are not similar, whereas in one, the cingulate,
they are. In five regions in which cAMP
concentration is not rhythmic, adrenergic-recep-
tor binding is rhythmic. Cyclic GMP rhythms are
associated with a;-rhythms, in many regions, but
with S-rhythm in only one.

Regulation of cAMP concentration and the
circadian rhythms in cAMP concentration seems
to be complex. If adrenergic transmission alone
is considered, the magnitude of the cAMP
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concentration, its rhythmicity and the timing of
its peaks (phase) in some regions, and its
arrhythmicity in other regions could be affected
by a number of parts of the system in addition to
receptors.

The level of NE or epinephrine (E) in the
synapse could change both the magnitude and
the rhythm of the cAMP concentration. The only
two regions measured in these rats in which
cAMP and the NE-metabolite, DHPG, were
both rhythmic, were occipital and parietal
cortices. In occipital cortex, the peak DHPG
concentration preceded the cAMP peak, and in
parietal cortex, the maximum DHPG concentra-
tion occurred during the cAMP peak. In these
two regions, it is possible that an increased NE
secretion contributes to the cAMP peak. In other
regions, no rhythm was found either in the
concentration of cAMP or in the concentration
of DHPG or MHPG. For this reason, no
comparisons can be made. Though arrhythmic,
the 24-hr mean level of cAMP is two-four times
higher in parietal cortex than in other regions,
whereas the levels of MHPG and DHPG are
among their lowest in this region, suggesting that
the increase in cAMP production may not be a
result of increased NE secretion. The highest
secretion of NE, as measured by MHPG, is in
cingulate cortex, and by DHPG, is in hypo-
thalamus. As in both of these regions cAMP
concentrations are relatively high, perhaps
elevated NE secretion accounts in part of the
elevated cAMP levels.

Some enzymes, important in the synthesis and
breakdown of adrenergic transmitters, and in the
breakdown of cAMP, vary over the course of the
day. Among them are dopamine-3-hydroxylase
(32), NE-catabolizing monoamine oxidase (33),
PNMT (4) and a phosphodiesterase (34). Varia-
tions in these enzymes could modulate the
concentration of cAMP present at different times
of day.

Transmitter systems other than the nora-
drenergic system stimulate or inhibit adenylate
cyclase, and probably affect the concentration of
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cAMP at different times of day. Among
transmitter systems altering cAMP production
are the muscarinic cholinergic, dopaminergic,
and opiate, all receptors which have been shown
to undergo circadian rhythms (1) as do their
transmitters. In amygdala, the peak in the
dopamine metabolite, HVA, accompanies the
peak in cAMP, suggesting DA may stimulate
cAMP in this region. Many additional putative
transmitters or modulators, in which circadian
rhythms have not yet been investigated, e.g.
adenosine and histamine, alter cyclase activity.

A large number of peptides stimulate or
inhibit adenylate cyclase. Daily or circadian
rhythms in the concentrations of @-MSH (35)
and arginine vasopressin (36) have been re-
ported.

Just as brain regions differ in their functions,
they differ in which of their neurochemical
parameters show circadian rhythmicity. The
concentration of cAMP in cells has been shown to
regulate protein phosphorylation and activation
(37). Understanding the significance of the
presence or absence of a regional circadian
rhythm in cAMP concentration depends upon a
more profound understanding than is currently
available of the functional interactions between
the transmitter systems which innervate that
region.

Both the presence and the absence of regional
rhythms in cAMP and cGMP concentration may
be the result of rhythmic changes in the
adrenergic system or complex, even rhythmic,
interactions between a multiplicity of transmitter
systems. The presence of regional circadian
rhythms in ¢cAMP and ¢cGMP concentrations
may be important in regulating the biochemical
reactions, physiological processes, and beha-
viors which permit animals to adapt to daily
events in the environment. The absence of
regional circadian rhythms in these cyclic
nucleotide concentrations may, on the other
hand, help to maintain a constant internal
milieu, despite changes in the external environ-
ment throughout the day.
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Introduction

The hypothalamus (and, in particular, the SCN)
plays a central role in the generation of circadian
rhythms, including regulation of feeding, drink-
ing, locomotor activity and corticosterone
secretion (1). The well-established circadian
rhythms in these physiological processes and
behaviors were compared with circadian
rhythms in the hypothalamic noradrenergic
system, cAMP, cGMP and SCN arginine vaso-
pressin.

Materials and Methods

Three days after enucleation, food and water
consumption was measured over six 4-hr inter-
vals in twenty rats in individual cages. Food and

water loss, monitered by absorbent paper
beneath each cage, was negligible.

Locomotor activity was measured in nine rats
2-5 days after enucleation (2). Rats were put in
Plexiglass cages (24 X 24 X 15 cm), and the cages
set on top of 40 infrared photoelectric cells
(Motron motility meter) for measurement of
horizontal locomotion. Five photoelectric cells,
at a height of 12 cm, measured vertical loco-
motor activity. Total activity counts for each rat
during six 4-hr intervals over the 24-hr day were
recorded.

For plasma corticosterone and ACTH
measurements, rats were decapitated and trunk
blood collected through ice-cold heparinized
funnels into ice-cold tubes. Tubes were centri-
fuged at 1500 g for 10 min; 2 ml plasma was
transferred to another tube and 25 ul/ml of n-
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Table 1. Statistics
Differences between Means
Variable ANOVA of time-points
F-value P-value P << 0.05 P<<0.01
Plasma corticosterone 5.30 (5,47) <0.01 —_ 2h > 10h = 14h = 6h
Eating 14.8 (5,95) <0.001 22h > 18h 10h = 2h = 6h > 14h = 18h
Drinking 6.9 (5, 95) <0.001 2h > 14h 2h = 6h > 14h = 18h = 22h
Horizontal locomotion 11.74 (5, 18) <0.001 22h=2h=6h > 10h=14h=18h —
Vertical locomotion 6.85 (5,18) <0.001 22h =2h =6h > 10h=14h = 18h —
Arginine vasopressin 3.39 (5,48) <0.05 14h < 6h = 10h = 18h = 2h 14h > 22h

Statistics for binding are given in Table 1, ref. (7)

Statistics for MHPG, DHPG, cGMP, and cAMP are given in Table 2, ref. (8).

ethylmaleimide (Sigma Chem. Co.) was added.
Samples were frozen until assay.

Plasma corticosterone concentrations were
measured by a competitive protein-binding
radioassay (the CBG method) (3). ACTH was
measured by radioimmunoassay (4) in extracted
plasma using an antibody (provided by
NIAMDDK) that cross-reacts equally with
ACTH (1-39) and ACTH (1-24) but not a- or 8-
MSH, or ACTH (1-10 or 25-39). Samples were
evaluated in a single assay (with an intra-assay
coefficient of variation of 3.9%).

For the measurement of arginine vasopressin
(AVP) in the suprachiasmatic nucleus (SCN) at
six 4-hr intervals over the 24-hr day, groups of
five rats, 3 days after enucleation, were decapita-
ted and the brains quickly removed sliced (5),
and the slice containing hypothalamus, frozen.
At a later time, SCN were punched out and
analyzed for arginine vasopressin content by
radioimmunoassay (6), utilising a rabbit anti-
vasopressin antibody.

Conditions for housing the rats, enucleation,
decapitation, brain dissection, and storage are
given in (7), as are methods for measuring
specific binding to the -, a,- and B-adrenergic
receptors. MHPG, DHPG, ¢cGMP and cAMP
assay methods are given in (8).

The statistical significance of rhythms was
assessed by l-way analysis of variance
(ANOVA), and of differences between maxima
and minima, by Tukey’s LSD test (Table 1). The
experiment was carried out in two identical
parts, separated by 4 days. As rhythms in each
variable measured in the two parts of the

experiment were not statistically different (2-way
analysis of variance), all data from the same
time-point in the two parts of the experiment
were combined.

Results

Under the conditions of constant darkness
(D:D) in which these rats were maintained,
eating, drinking and locomotor activity followed
the well-known circadian patterns of nocturnal
behavior (Figure 1), and indicated that the
animals were at similar phases even after some
days of free-run. Plasma corticosterone followed
the characteristic pattern in rats of a rise at dusk
and a minimum at dawn. High values well into
the dark-phase may have been due to a slight
stress response. No rhythm was found in ACTH
concentration (data not shown).

Both specific binding of [*H]dihydroal-
prenolol (PHJDHA) to -, and of [*H]prazosin

Table 2.  24-hr Means for plasma corticosterone, eating,
drinking, locomotion and arginine vasopressin

Variable

Plasma corticosterone (ug %)
Eating (g)
Drinking (ml)

20 £ 11 (53)
28.5 + 1 (120)
21.6 = 2 (120)
Horizontal locomotion (counts) 1213 + 201 (54)
Vertical locomotion (counts) 156 + 29 (54)
Arginine vasopressin (pg/mg protein) 26.8 * 1.5 (54)

Mean * S.E.M. (Number of measurements).

24-hr means for binding are given in Table 2, ref. (7).
24-hr means for MHPG, DHPG, cGMP and cAMP are given
in Table 2, ref. (8).
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Figure 1. Circadian rhythms in plasma corticosterone
concentration eating, drinking, iocomotion and arginine
vasopressin (AVP) concentration in the suprachiasmatic
nucleus (SCN), and some variables in whoie bypothalamus.
Statistics are given in Table 2. Measurements were made at
six 4-hr intervals over the 24-hr day. Details are in the text. (1)
Plasma corticosterone was measured by a competitive
protein-binding assay. Each point is the mean + S.E.M. of
measurements in eight-nine rats. (2) Eating and drinking
were measured by weighing the food pellets and measuring
the volume of water consumed by a rat in each 4-hr interval.
Each point is the mean + S.E.M. of 20 rats. (3) Locomotor
activity was measured in an activity monitor with photo-
electric cells. Counts registered over 4-hr intervals were
calculated. Each point represents mean+S.E.M. of nine rats.
Both horizontal and vertical locomotor activity were
significantly higher during subjective night than during
subjective day (mean horizontal locomotor activity 1683 +83
[M £ S.E.M.] cf. 745 + 99 counts/4 hr, P < 0.001; and mean
vertical locomotor activity, 222 + 19 cf. 90 + 9 counts/4 hr,
P<0.001). (4) [*H]Dihydroalprenolol specific binding to
hypothalamic S-adrenergic receptors [see legend to Figure 3,
ref. (7)]. (5) [*Hlpare-Aminoclonidine specific binding to
hypothalamic a,-adrenergic receptors [see legend to Figure 2,
ref. (7). (6) [’H]Prazosin specific binding to hypothalamic &~
adrenergic receptors [see legend to Figure 1, ref. (7)]. (7)
Cyclic AMP concentration in hypothalamus [see legend to
Figure 4, ref. (8)). (8) Cyclic GMP concentration in
hypothalamus [see legend to Figure 3, ref. (8)]. (9) MHPG
and DHPG concentrations in hypothalamus [see legend to
Figure 1, ref. (8)]. (10) Arginine vasopressin (AVP) con-
centration in SCN of anterior hypothalamus. Rats were
decapitated, brains removed, sliced, and SCN punched as
described in text. AVP was measured by an RIA. Each point
is the mean * S.E.M. of AVP concentration in SCN of nine
rats.
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to a,-adrenergic receptors in the hypothalamus
peaked in subjective night, with a trough at the
beginning of subjective day. [Figure 1, Figures 1
and 3 and Table 1A and Cin(7)]. No rthythm was
found in [*H]para-aminoclonidine (*H]PAC)
specific binding to a,-adrenergic receptors
[Figure 1; Figure 2 in (7)].

The concentration of hypothalamic ¢cGMP
was the same at all times except for a fall at dusk
[Figure 1; Figure 3 and Table 1C in (8)]. No
rhythm was found in hypothalamic cAMP
concentration (Figure 1).

The concentration of DHPG was similar all
day except for a peak at dawn [Figure 1; Figure ]
and Table 1A (8)]. No significant changes
occurred in hypothalamic MHPG concentration
(Figure 1).

The concentration of arginine vasopressin
(AVP) in the SCN peaked sharply at 1400 hr and
remained low at all other time-points (Figure 1).

Discussion

An important methodological point is the
reproducibility of the circadian rhythm
measured in each variable in this study (7, 8,
current paper). There were no significant differ-
ences between the two identical parts of the study
which were run 4 days apart. Receptor rhythms,
which can vary with brain region and rat strain,
do replicate when conditions are maintained
constant. For this reason, modifications of these
rhythms, e.g. with psychoactive drugs (9), are
probably significant and not due to experimental
variability.

The hypothalamus is a region of great
importance in the control of circadian rhythms
(1, 10). The SCN of the anterior hypothalamus
are thought to be the rat circadian pacemaker
(11) that, via efferents to other hypothalamic
nuclei, drive rthythms in pituitary hormones, and
through them, hormones of pituitary targer
endocrine glands, such as the adrenal cortex. The
noradrenergic system in the hypothalamic para-
ventricular nuclei regulates feeding and corti-
costerone rhythms; and medial and lateral
hypothalamic control of ingestive behaviors are
correlated with ap- and B-adrenergic receptor
rhythms, respectively (12).

Chronobiology International

Feeding, drinking and locomotor activity and
corticosterone levels all were high in the
subjective night, and, in general, low in the
subjective day, following established patterns.
The rhythms were not disturbed, then, by
enucleation, and remained of large amplitude.
Corticosterone values were somewhat higher
than normal, suggesting that the animals were
slightly stressed.

Specific binding to hypothalamic «,- and B-
adrenergic receptors, indicative probably of the
number of receptors, is also greater in subjective
night, suggesting that «,- and B-receptors may
mediate adrenergic transmission during rats’
active-phase. No rhythm was found in 05
receptor binding. In smaller hypothalamic re-
gions, however, in a,-receptors, circadian
rhythms in the medial hypothalamus have been
found (12). In addition, circadian rhythms ina,-
receptor binding in the hypothalamic para-
ventricular, suprachiasmatic, and supraoptic
nuclei, but not in other hypothalamic areas, has
been reported (13). In both studies, binding to a,-
receptors in the paraventricular nucleus of the
medial hypothalamus iricreased when feeding
increased (12, 13). The a,-adrenergic agonist,
clonidine, can stimulate feeding at dusk, when
oy-receptor binding is high, but not at dawn,
when binding is low, suggesting that the a,-
receptor circadian rhythm may underlie the
difference in clonidine’s stimulatory action (14).
Asitis likely that a receptor rhythm measured in
whole hypothalamus represents a composite of
rhythms, present or lacking, in discrete nuclei (or
even smaller units), the parallel patterns in
increased nocturnal behaviors and - and B-
receptor binding can only be acknowledged, but
not interpreted. A detailed understanding of the
role of receptors in consumption and satiation
necessitates studies, e.g. (13), in which receptor
rhythms in nuclei or parts of nuclei are related to
the eating and drinking behaviors of the whole
animal.

By phosphorylating neuronal proteins, cyclic
AMP appears to act as second messenger for a
number of neurotransmitters and hormones,
including «,- and B-receptors in the hypo-
thalamus (15). The role of cGMP is less clear.
Neurotransmitters and hormones, through the
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hydrolysis of phosphoinositides, initiate a cas-
cade of cellular metabolic events, among which is
an increase in cGMP concentration. (8). Of the
receptors measured in the current study the ;-
adrenergic receptor stimulates both of these
systems, the M,-muscarinic acetylcholine re-
ceptor, the former, and the M-, the latter. The 8-
adrenergic receptor stimulates, and the q,-
adrenergic receptor inhibits, cAMP production.

Cyclic GMP concentration in hypothalamus
was level throughout the 24-hr day, except for
one low point at dusk. If cGMP is acting as a
second messenger, perhaps it mediates inhibition
of the onset of locomotor and ingestive be-
haviors, and a fall in its concentration permits
them to begin, Cyclic AMP concentration, which
showed no rhythm in the hypothalamus, is
probably controlled by a large number of factors
in addition to the number of «,- and g-
receptors which themselves were rhythmic.

In hypothalamus, the peak in DHPG con-
centration as well as ;- and B-receptor binding,
at subjective dawn, suggests, that at that time-
point, hypothalamic noradrenergic transmission
is increased. As the rest phase of the activity cycle
begins then, such increased transmission might
inhibit activity.

Arginine vasopressin (AVP) is a putative
peptide neurotransmitter intrinsic to the SCN
(11). The AVP concentration has a discrete peak
at 1400 hr in the SCN. At all other times it is low.
The peak AVP concentration occurs just after
the midpoint of the increases in SCN circadian
rhythms in deoxyglucose uptake (16) and
neuronal firing (17-19). These processes of
energy utilization and electrical activity are
related to the pacemaking activities of the SCN
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(17). The function of AVP, however, is not
known, as it does not seem to play an essential
role in the SCN’s rhythm-generating function.

Diurnal rhythms in AVP concentration in rat
SCN, paraventricular, and supraoptic nuclei (20)
and rat cerebrospinal fluid (CSF) (21) were
reported while this work was in progress. Under
L:D conditions, the peak AVP concentration
occurred at dusk and dawn in the SCN (20). In
enucleated rats, peaksin CSF occurred about the
middle of subjective day (21) as in our study.

Comparing variables in the hypothalamus has
pointed up the need to compare circadian
rhythms in behaviors with circadian rhythms in
even smaller brain regions than those examined
in this study (e.g. hypothalamic nuclei). By this
means, biochemical and physiological processes
involved in the rhythmic features of a behavior
may be discriminated from processes necessary
simply for the manifestation of the behavior.

It is clear, however, that by studying a number
of relatively discrete brain areas, different
rhythms manifest themselves, and the com-
plexity of receptor rhythms is shown. In
addition, the parallel measurement of receptor
rhythms and rhythms in a second messenger(s),
suggests that there are regional differences in
feedback mechanisms, as manifested by positive,
negative, and no correlations. Only by linking
functional measures, biochemical and beha-
vioral, to changes in receptor number and
transmitter secretion, can we understand the
significance of the changes measured over the 24-
hr day.
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Diethyldithiocarbamate (DDC) exhibits a variety of pharmacologic activities, including both radioprotective and
sensitizing properties. Since the glutathione/glutathione peroxidase system may be a significant factor in determining
radiation sensitivity, the potential mechanisms of action of DDC in relation to this system were examined in vitro.
The interaction of DDC with reduced glutathione (GSH) was tested using a simple system based on the reduction
of cytochrome ¢. When DDC (0.005 mM) was incubated with GSH (0.5 mM), the reduction of cytochrome ¢ was
eightfold greater than that expected from an additive effect of DDC and GSH. GSH could be replaced by oxidized
glutathione and glutathione reductase. Cytochrome c reduced by DDC was oxidized by mitochondria. The interaction
of DDC with both the hexosemonophosphate shunt pathway and the mitochondrial respiratory chain suggests the
possibility of linking these two pathways through DDC. Oxidation of DDC by peroxide and reversal by GSH
indicated that the drug can engage in a cyclic reaction with peroxide and GSH. This was confirmed when DDC
was used in the assay system for glutathione peroxidase (GSHPx) without GSHPx. DDC at a concentration of
0.25 mM was more active than 0.01 unit of pure GSHPx in eliminating peroxide, and much more active than the
other sulfhydryl compounds tested. These studies indicate that DDC can supplement GSHPx activity or substitute

for it in detoxifying peroxides, and suggests a unique role in the chemical modification of radiation sensitivity.

Diethyldithiocarbamate, Glutathione peroxidase, Glutathione, Sulfhydryl radioprotectors.

INTRODUCTION

Diethyldithiocarbamate (DDC) exhibits a variety of
pharmacologic activities resulting in diverse therapeutic
effects: radioprotection,’?*'®?* radiosensitization,”-!32
immunostimulation,'® and protection against the toxicity
of cancer chemotherapeutic agents and other chemi-
cals.>'>?° The most studied biochemical effect of DDC
has been its inhibition of superoxide dismutase (SOD)
because of Cu?* chelation,'® an effect probably contrib-
uting to its radiosensitizing property. The mechanism(s)
of immunomodulation by DDC (which can occur in vivo
at much lower concentrations than those required for the
inhibition of SOD) are not clear and may indirectly in-
volve the induction of factors that act on immune cells.'®
The sulfhydryl moieties of DDC may be responsible for
the chelating properties of the drug, as well as, being active
in counteracting (by direct intervention or indirect pro-
cesses) the reactive oxygen species induced by ionizing
radiation and some chemicals. During the course of in-
vestigations on mechanisms of modification of radiation

sensitivity by DDC, we observed that DDC could reduce
cytochrome c at a rate greater than reduced glutathione
(GSH). We report here experiments indicating that (a)
DDC exhibits ‘glutathione-peroxidase’ like activity, and
(b) it may act as a link between the hexosemonophosphate
shunt pathway and the respiratory chain of mitochondria.

METHODS AND MATERIALS

All chemicals and enzymes were purchased.* WR-1065,
2-(3-aminopropylamino)ethanethiol dihydrochloride, was
obtained from the Drug Synthesis and Chemistry Branch,
Division of Cancer Treatment, National Cancer Institute,
Bethesda, MD. Mice (CD2F!1 male) weighing 25-30 g
were killed by cervical dislocation and livers were removed
and homogenized in 0.25 M sucrose. Homogenates were
centrifuged at 1000 X g for 10 min. Supernatants were
centrifuged at 25,000 X g for 20 min and the sedimented
mitochondria were suspended in sucrose and centrifuged
again. The pellet obtained was used as the mitochondrial
preparation.
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Table 1. Reduction of cytochrome ¢ by DDC
in presence or absence of GSH

Concn. Conen.
of DDC of GSH Cytochrome ¢ reduced
(mM) (mM) (AA 550 nm/min)
0.0025 — 0.005 + 0.000
0.005 — 0.017 £ 0.005
0.010 — 0.095 £ 0.004
0.020 — 0.191 £0.012
0.050 — 0.342 £ 0.022
— 0.500 0.002 £ 0.001
0.0025 0.500 0.053 £0.003
0.0025 0.250 0.040 £ 0.003
0.0025 0.100 0.032 + 0.002
0.0025 0.050 0.019 £ 0.001
0.005 0.500 0.160 + 0.027
0.025 0.500 0.260 + 0.060
0.050 0.500 0.370 £+ 0.040
*0.020 0.500 0.065 £ 0.000
* Disulfiram.

Each value represents the mean of at least five determinations
+ SD.

Cytochrome c reduction was measured at 25°C by the
increase in absorption at 550 nm using a spectrophotom-
eter.t The medium in a final volume of 1.0 ml contained
0.01 mM ferricytochrome ¢, 0.1 mM EDTA, and 50 mM
potassium phosphate buffer (pH 7.0). The oxidation of
DDC by peroxide was monitored spectrophotometrically
by scanning the absorption from 320-400 nm. Peroxide
was generated in sifu by xanthine oxidase (0.002 unit)
and hypoxanthine (0.1 mM) in 50 mM phosphate buffer
at pH 7.0. The glutathione peroxidase assay was a mod-
ification of the method of Lawrence and Burk.!? The final
concentrations of the components of the assay system in
1.0 ml were NADPH 0.16 mM, GSH 1.0 mM, and glu-
tathione reductase 0.5 units. The reaction was started by
the addition of 0.25 mM H,0, and the oxidation of
NADPH was monitored spectrophotometrically at 340
nm. Other components were added as mentioned under
appropriate figures and tables.

RESULTS

DDC reduced cytochrome c at a very high rate (Table
1). There was an increase in the formation of reduced
cytochrome c as the concentration of DDC was increased.
Glutathione added at a concentration of 0.5 mM (tenfold
higher than the highest concentration of DDC tested) did
not reduce cytochrome c significantly (Table 1). When
DDC (0.0025 or 0.005 mM) was added to cytochrome c,
either before or after GSH (0.5 mM), reduction was eight-
fold higher than would be expected from the additive re-
duction of cytochrome ¢ by DDC and GSH (Table 1, Fig.
1). This effect was best noted at lower concentrations of
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Fig. 1. Reduction of cytochrome ¢ by DDC (0.005 mM) in the
presence of 0.5 mM reduced glutathione (GSH).

DDC and higher concentrations of GSH. When the con-
centration of GSH was decreased to 0.05 mM, the poten-
tiating effect was only 2.5-fold. Cytochrome ¢ was also
reduced by the disulfide of DDC, disulfiram (0.02 mM as
a sonicated suspension), in the presence of 0.5 mM GSH.
Disulfiram had no effect on cytochrome ¢ reduction.
GSH in the cytochrome ¢ reduction assay could be re-
placed by a system capable of generating it, such as, the
hexose monophosphate shunt pathway. The NADPH
formed in this pathway can be used by glutathone reduc-
tase to reduce GSSG (oxidized glutathione). Thus, the
reducing equivalents formed in the pentose phosphate
pathway can sustain the reduction of cytochrome c (Fig.
2). The addition of freshly prepared mitochondria to cy-
tochrome c, reduced by GSH and DDC, resulted in the
immediate oxidation of cytochrome c. The inhibition of
this oxidation by potassium cyanide (KCN) illustrates that
it is catalyzed by cytochrome oxidase (Fig. 3). In the ab-
sence of mitochondria, KCN had only a very small effect.
DDC could be oxidized by peroxide generated from
xanthine oxidase and hypoxanthine, which resulted in an
increase in absorption over a broad range of 320-400 nm.
After the addition of GSH, a decrease was seen in the
absorption, indicating the reduction of the oxidized prod-
uct (Fig. 4). There was no change in the absorption spec-
trum of DDC per se. The ability of DDC to be oxidized
and the reduction of the oxidized product was also tested
in a glutathione peroxidase assay<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>