mice was limited to the first 24 hours af-
ter ingestion. In man, but not in mouse,
X2236 was recovered for 4 days. One rea-
son for the difference may relate to the
different diet and intestinal flora of
mouse and man. It appears that the plas-
mid enhanced survival in this disabled
strain as well as in the nondisabled x1666
strain. Our data do not preclude survival
of x1776 below the detectable level. Sur-
vival of x1776 with its plasmid was still
1/10,000 that of the wild-type E. coli K-12.
Neither E. coli strain was able to colo-
nize the intestinal tract of the volunteers,
and neither was detectable more than 6
days after ingestion. During 4 to 6 days
in the intestinal tract, the plasmid re-
mained nonmobilized, at least by avail-
able detection techniques.

The survival of x2236 was unexpected
and raised questions about the effective
biologic containment of this system. The
failure to detect transfer of the plasmid
to endogenous hosts reaffirmed the bio-
logic containment of the EK2 system.
Furthermore, no transfer was detected
from the EK1 system despite survival at
higher titers and for longer periods of
time. These results, which provide data
on survival of an EK1 and EK2 system
in mammals, support their safe use
in recombinant DNA technology under
routine laboratory conditions. These
studies raise the possibility, however,
that other plasmid vectors may also
enhance survival of the bacterial host.
However, as long as plasmid vectors
are selected for their inability to be
mobilized, this possibility should not
pose a problem.
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Department of Molecular Biology and
Microbiology and Department of
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Tufts University
School of Veterinary Medicine
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Opiates and Opioid Peptides Hyperpolarize

Locus Coeruleus Neurons in vitro

Abstract. Intracellular recordings were made from locus coeruleus neurons in a
brain slice preparation. Opiates and opioid peptides produced a dose-dependent,
stereospecific, naloxone-reversible hyperpolarization of the neuronal membrane.
This was associated with an increase in membrane conductance.

The effects of opiates and opioid pep-
tides on the firing rates of single neurons
in the central nervous system have been
widely documented (/). The most com-
monly observed response has been a de-
crease in the rate of neuronal firing.
However, the extracellular recording
techniques used could not elucidate the
mechanisms by which the inhibition is
produced nor whether it is mediated
through a pre- or postsynaptic site.
Therefore, to investigate the mecha-
nisms underlying the inhibition of neu-
ronal activity by opiates and opioid pep-
tides, we recorded intracellularly from
locus coeruleus neurons in vitro and
studied the actions of these drugs on
neuronal membrane properties.

The locus coeruleus is a homogenous
group of catecholamine-containing cell
bodies with projections throughout the
central nervous system (2). This pontine
nucleus provides an excellent site for
studying the actions of opiates and
opioid peptides, since it possesses a high
density of opiate binding sites (3) and is
innervated by nerve terminals that ap-
pear to contain enkephalin ¢, 5). The
locus coeruleus has been implicated as a
site of opiate action because its destruc-
tion attenuates morphine-induced anti-
nociception in rats (6). Previous elec-
trophysiological studies of locus coe-
ruleus neurons showed that opiates and
opioid peptides depress both their spon-
taneous firing and the increase in firing
following peripheral noxious stimulation
(7). We now report that the application
of opiates and opioid peptides to locus
coeruleus neurons produces a stereo-
specific, naloxone-reversible membrane
hyperpolarization that is associated with
an increase in membrane conductance.

Thin slices of guinea pig pons were
mounted in a recording chamber and su-
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perfused with Krebs solution at 37°C §).
Locus coeruleus neurons were impaled
up to 9 hours after the slice was cut. In-
tracellular recordings were made from
single cells for as long as 4 hours. The
cells had stable resting membrane po-
tentials of 45 to 72 mV. Drugs were
applied to the tissue by changing the per-
fusion solution to one that differed only
in its drug content.

Normorphine (100 nM to 3 uM)
caused hyperpolarization of the neuronal
membrane in 19 of 28 locus coeruleus
neurons tested (of the remainder, one
was depolarized and eight were unaf-
fected) (Fig. 1). The hyperpolarization
was associated with a decrease in input
resistance in 10 of the 14 neurons for
which resistance measurements were ob-
tained (Fig. 1, B and C). The degree of
hyperpolarization was related to the con-
centration of the drug applied (Fig. 1A):
at all concentrations tested, the effect be-
gan within 1 minute of exposure of the
tissue to normorphine and was reversed
when the tissue was washed with drug-
free Krebs solution. The amplitude of
the hyperpolarization produced by 1 uM
normorphine varied from 2 to 20 mV
among neurons (mean, 9.8 = 1.1 mV,
N = 19), but for a given neuron the re-
sponses were reproducible. When neu-
rons fired action potentials spontaneous-
ly, the hyperpolarization produced by
normorphine was always associated with
a marked reduction or abolition of the
spontaneous firing.

The hyperpolarization of locus coe-
ruleus neurons by normorphine was
probably not the result of inhibition of
the tonic release of an unknown ex-
citatory neurotransmitter, because nor-
morphine was still effective when the tis-
sue had been perfused for up to 10 min-
utes with a solution containing no
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Fig. 1. Effects of normorphine
and D-Ala>~Met®-enkephalin
on locus coeruleus neurons.
(A) Dose-response relation for
the normorphine-induced hy-
perpolarization in a single
locus coeruleus neuron. The
duration of each normorphine
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calcium and 6 mM magnesium (Fig. 2). A
calcium-free solution blocks all ex-
citatory postsynaptic potentials in this
preparation (9).

D-Ala®-Met®>-Enkephalin (100 to 300
nM) and p-Ala%-p-Leu®-enkephalin (300
nM) produced effects similar to those of
normorphine on membrane potential, in-
put resistance, and spontaneous firing in
neurons to which the peptides and nor-
morphine were applied (Fig. 1C).

Naloxone (100 nM to 1 uM) rapidly
and completely reversed the hyper-
polarization produced by normorphine (1
uM) or p-Ala?-Met3-enkephalin (300 nA/)
(Fig. 1C). In addition, the potent analge-
sic levorphanol (100 to 300 nM) hyper-
polarized six of eight neurons, whereas
an up to tenfold higher concentration of
its (+)-enantiomer dextrorphan was
without effect. The levorphanol effect
was slower than that of normorphine.
In terms of the amplitude of potential
change caused by a given concentration,
levorphanol was approximately ten times
more potent. The reversal by naloxone
and the stereospecificity of opiate action
strongly suggests that the hyperpolariza-
tion of locus coeruleus neurons by
opiates and opioid peptides is mediated
via specific opiate receptors.

These results demonstrate that opiates
and opioid peptides inhibit locus coe-
ruleus neurons by a direct action at a
postsynaptic site. The increase in mem-
brane conductance produced by these
drugs suggests that the hyperpolarization
is due to increased permeability of the
membrane to one or more ions—possibly
chloride or potassium. It was not pos-
sible to determine whether the hyper-
polarization of the postsynaptic mem-
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brane originated in the cell body or on its
processes. However, it has been found
that enkephalin-like immunoreactivity is
located in rat nerve terminals that form
axodendritic synapses with locus coe-
ruleus neurons (¢). A nonsomatic site of
action would be similar to that reported
for the hyperpolarizing action of en-
kephalin in myenteric neurons (/0).

The various actions of opiates and
opioid peptides in the peripheral and
central nervous systems might be medi-
ated by a single mechanism similar to
that observed in locus coeruleus neu-
rons: a membrane hyperpolarization as-
sociated with increased conductance.
Opiates and opioid peptides depress neu-
ronal firing rates (/); a membrane hyper-
polarization by these drugs could pro-
duce such an effect by moving the mem-
brane potential below the threshold for
action potential generation (Fig. 2). Al-
so, opiates and opioid peptides inhibit
neurotransmitter release at various sites
(I1). North et al. (10) suggested that a
membrane hyperpolarization or con-
ductance increase produced by opioid

peptides at nonsomatic sites would result
in a decrease in transmitter release, since
such an action would prevent action po-
tential propagation along nerve process-
es to the sites of transmitter release.
Dendritic hyperpolarization has been
proposed (I) as one explanation of the
reduction in the rate of rise of synaptic
potentials by opiates in spinal neurons in
vivo (12). Finally, opiates increase the
threshold for antidromic excitation of
primary afferent neurons (/3); hyper-
polarization of primary afferent termi-
nals would result in an increased thresh-
old for excitation. Although a membrane
hyperpolarization and the associated in-
crease in neuronal conductance may ac-
count for some of the observed effects of
opiates and opioid peptides, this mecha-
nism does not appear to underlie the ef-
fects of these drugs on cultured spinal
neurons and cultured dorsal root gangli-
on cells (14).

Our findings raise the possibility that,
in the locus coeruleus, endogenous
opioid peptides may mediate direct post-
synaptic inhibition. However, further
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evidence for the release of endogenous
opioid peptides after physiological stim-
ulation is required to establish their neu-
rotransmitter role at this site.
CHRISTINE M. PEPPER*
GRAEME HENDERSONT
Department of Pharmacology,
Loyola University Stritch School of
Medicine, Maywood, Illinois 60153
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Evidence for Lignin-Like Constituents in

Early Silurian (Llandoverian) Plant Fossils

Abstract. Chemical evidence is presented with previously reported morphological
features for banded-tube cell types in the earliest known plant fossils associated with
stream-deposited sediments. Phenolic aldehydes (p-hydroxybenzaldehyde, vanillin)
and aromatic compounds from pyrolysis (2-methoxy-4-hydroxybenzaldehyde,
methylsyringaldehyde) derived from cellular remains are interpreted as evidence for
lignin or lignin-like degradation products. The presence of parallel-aligned banded
tubes, with annular to spiral thickenings and occasional end walls, in conjunction
with lignin-like constituents fulfill most of the morphological and chemical criteria
for cell types that could have functioned as water-conducting cells.

Parallel-aligned banded tubes with an-
nular to spiral ribbing have been report-
ed in early Silurian (Llandoverian) plant
fossils found in stream-deposited sedi-
ments (/). The parallel alignment, pos-
session of end walls, and ribbing in some
of these cellular remains suggest a struc-
tural similarity to tracheids and a func-
tional specialization related to water-
transport tissues. Owing to the extreme
age of this early Silurian material, which
predates the earliest known vascular
plants, the structural similarities be-
tween the banded tubes and tracheids
may be misleading. Tracheids must be

defined on the basis of their morphology
and biochemistry, as well as their func-
tion. They are highly specialized cells,
nonliving at maturity, more or less elon-
gated, having a variety of potential pit
types (2), and are chemically character-
ized by having lignified walls with sec-
ondary thickenings. Within the evolu-
tionary context, the tracheid is the single
most important anatomical criterion for
affirming a vascular plant habit (3). Other
features such as trilete spores, cuticles,
sporopollenin, and stomata provide only
inferential evidence for a vascular plant.
Lignin, a necessary aspect of the tra-
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cheid definition, has been isolated from
Paleozoic, Mesozoic, and Cenozoic fos-
sil vascular plants @#-6). Its presence
may be detected by alkaline oxidation
with nitrobenzene or pyrolysis, which
yields p-hydroxybenzaldehyde, vanillin,
syringaldehyde, and various aromatic
acids (7). We have chemically analyzed
the Llandoverian plant fossils from the
Massanutten Sandstone, Virginia (/), for
phenolics and possible lignin decomposi-
tion products. The chemical data con-
firm the presence of low concentrations
of what we interpret to be lignin-like con-
stituents. The presence of these chem-
icals in early Silurian plant remains
found in stream-deposited sediments
suggests that these plants may have had
cell types that were both structurally and
biochemically similar to those of water-
conducting cells.

Fossiliferous siltstone containing the
carbonaceous plant remains was collect-
ed from the lower Massanutten Sand-
stone, Virginia, which is considered to
be Albion (Llandoverian) in age (I). The
fossils appear as mostly amorphous coal-
ified remains showing little distinguish-
able megastructure. They were mechani-
cally removed from freshly parted sam-
ples and washed in double-distilled
water. Duplicate samples of the associat-
ed siltstone and a high-fired clay were
tested with the plant samples so as to
check for organic contaminants in the
extraction or handling procedure. None
were detected. The chemical constitu-
ents reported here are considered in-
dicative of the plant assemblage’s bio-
chemistry. Organic solvent extractions
), pyrolysis (5), and oxidation with al-
kaline nitrobenzene (6) of separate sub-
samples were performed, and the chem-
ical constituents were identified by gas
chromatography (GC) and by combined
GC-mass spectroscopy (GC-MS) ¢). Of
particular interest is the isolation of sig-
nificant amounts of vanillin and p-hy-
droxybenzaldehyde, both considered by-
products of lignin degradation (Fig. 1A).
Pyrolyzates (450°C) from the carbo-
naceous plant material contained in-
danone, naphthalenes, and benzofurans;
and 600°C pyrograms yielded as their pri-
mary aromatic products benzene, alkyl-
substituted benzenes, phenols, xylenols,
and benzofurans (Fig. 1B). Organic
solvent extractions with a mixture of
benzene and methanol, 3:1 (by volume),
yielded a consortium of constituents sim-
ilar to those isolated from Devonian vas-
cular or presumed vascular land plants:
straight-chain fatty acids (C,, to C,,
maximum C,;); phenols, C,Hg, - 150
(Cyo to Cae, maximum Cyy); the aromat-
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