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FOREWORD

In conducting the research described in this report, the investigators adhered to the “Guide for
the Care and Use of Laboratory Animals,” prepared by the Committee on Care and Use of Laboratory
Animals of the Institute of Laboratory Animal Resources (DHHS Publication No. (NIH) 86-23, Revised
1985).
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Department of the Army endorsement or approval of the products or services of these organizations.
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1. INTRODUCTION

This report documents progress in an ongoing study of the central effects of organophosphate
(OP) poisoning. In our previous contract, we described the anatomy and physiology of a model central
cholinergic system, the projection from the horizontal limb of the diagonal band (NHDB) to the main
olfactory bulb. These basic studies have led to experiments described in the present report, which
focus more directly on the central mechanisms and treatment of OP-induced seizures.

There are several major roadblocks to the understanding and treatment of OP-induced seizures.
One of the chief problems is the lack of information about the temporal sequence and spatial pattern
of seizure initiation and spread throughout the brain after soman intoxication. For example, it is not
known if unhydrolyzed acetylcholine (ACh) exerts a global stimulation of brain neurons and if this
general increase in excitability causes seizures or, alternatively, whether hyperactivity in one or a few
discrete subpopulation(s) of neurons triggers seizures which then spread to other parts of the brain.
There is evidence that the latter alternative is likely, as several specific areas of the brain are selectively
vulnerable to neuropathology after OP intoxication. Specifically, the cerebral cortex and hippocampus
frequently show the first signs of cell damage and necrnsis after OP poisoning and in other seizure
models. We hypothesize that areas exhibiting the first signs of pathology may be the first sites in the
brain to undergo excessive levels of hyperactivity after OP intoxication, and thus, may be key sites of
seizure initiation. We believe that additional information about OP actions on the circuit connections,
intrinsic neurotransmitters and receptors, and the neurophysiology of such trigger sites is critical to the
development of specific antidotes directed at blocking the initial induction of seizures.

A second major problem is that little is known about the underlying neurochemical basis of OP-
induced seizures. This problem is underscored by the fact that current drugs used to treat the
peripheral symptoms of OP intoxication do not prevent centrally generated seizures which can cause
permanent brain damage (103, 126y, Although a primary cause of cholinolytic seizures is cxcess ACh,
centrally acting muscarinic blockers alleviate convulsions only if administered a short time after soman
exposure (121y. Moreover, there is only a weak relationship between acetylcholinesterase (AChE)
inhibition and the incidence of convulsions (‘7 8%). Similarly, there is little systematic relationship
between ACh and GABA, a neurotransmitter prominently implicated in seizure generation, with the
incidence of soman-induced convulsions. On the basis of such findings, we hypothesize that excess
release of unhydrolyzed ACh may lead to activation of other neurotransmitter-specific cell groups that
contribute to the generation and/or maintenance of OP-induced seizures.

Twn major goals of our current contract are thus to: (1) identify the first brain sites to exhibit
signs of neuronal hyperactivity and neuropathology after administration of the OP soman, and (2) to
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determine whether the levels of other neurotransmitters are selectively altered after soman
administration. To address the first question, we used staining for the protooncogene, c-fos (FOS) to
pinpoint the initial location to seizures. Increased expression of FOS, and other immediate early genes,
has recently been shown in response to neural hyperactivity, cellular stress and neuronal injury. To
identify other neurotransmitters that may be involved in OP-induced seizures, neurochemical techniques
were used to examine regional changes in neurotransmitter levels after soman administration.

In a comprehensive set of experiments described in Chapter 2, the distribution of FOS staining
was mapped after rats were given a single sublethal dose of the OP soman that straddled the threshold
for seizure generation. In rats exhibiting behavioral convulsions, but not in nonconvulsive rats,
markedly increased FOS expression was present in layers II-III of the piriform cortex (PC) as early as 30-
45 min after injection of soman. Since PC is typically the first structure exhibiting damage after soman
intoxication, this finding suggests that FOS expression is a reliable marker for the early stages of neural
damage, and further suggests that seizures begin in PC and spread to other brain structures.
Unexpectedly, there was also strong FOS expression by 35-45 min in a brainstem area, the nucleus locus
coeruleus (LC), the largest noradrenergic cell group in the brain. At longer survival times, there was a
progressive spread or wave of FOS expression in other cortical areas and the hippocampus.

In these same experiments, we also determined if soman administration produced changes in the
activity of astrocytes (Chapter 3). Astrocytes have long been known to be involved in the response to
injury of the central nervous system (CNS). The importance of these cells in the response to injury has
been recently emphasized by the discovery of a marker specific to astrocytes, glial fibrillary acidic
protein (GFAP). We found that there was a robust increase in GFAP staining in layers II-III of PC that
was nearly simultancous (60-120 min) with the increase in FOS in these same layers. These results
indicate that there is a rapid activation of astrocytes in the same layers of PC exhibiting neuronal
hyperactivity (i.e., FOS expression) and destined for neuropathology.

These findings lead us to hypothesize that sustained release of ACh in PC from the terminals of
cholinergic neurons after soman administration triggers expression of FOS and up-regulation of
astrocytes in neurons of layers II-1Il in PC. We refer to this as the “cholinergic trigger hypothesi.s". The
cholinergic trigger hypothesis predicts that sustained release of ACh in PC from the terminals of
cholinergic neurons, originating in the nucleus of the diagonal band (NHDB), should cause seizures
and the selective expression of FOS in neurons of layers II-1Il in PC as is observed following soman.
Chapter 4 summarizes experiments conducted to test this hypothesis. Microwire electrodes were
chronically implanted to directly stimulate cholinergic neurons in NHDB on one side of the brain in
awake unrestrained animals. Shortly after the onset of NHDB stimulation, the rats exhibited behavioral
signs similar to some of those observed following soman administration. In addition, NHDB stimulation
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desynchronized the electroencephalograph (EEG) and, in some cases, produced bursts of spindle
activity. The animals were sacrificed after 10-40 min of intermittent train stimulation of NHDB, and then
brains were processed for detection of FOS. Consistent with our hypothesis, FOS was selectively
expressed by the majority of layer II-Il1 PC neurons ipsilateral to the stimulated NHDB. Ten minutes of
NHDB stimulation was sufficient to produce light to moderate FOS expression in some animals. There
was little or no expression in control (implanted but not stimulated) animals. NHDB stimulation for 20
or 40 min evoked a progressive increase in FOS expression in layers Il and III of PC, hippocampus and
in entorhinal cortex. In addition, activation of NHDB for 1 hr substantially increased GFAP staining in
PC compared to implanted control animals.

As we hypothesize that NHDB-evoked FOS expression in PC is due to cholinergic stimulation
produced by release of endogenous acetylcholine from NHDB terminals onto PC neurons, we predicted
that cholinergic receptor antagonists should block NHDB-evoked FOS expression in PC. Consistent
with this hypothesis, systemic administration of the muscarinic receptor antagonist scopolamine
consistently blocked NHDB-evoked FOS expression, EEG effects and behaviors. In contrast, systemic
administration of the nicotinic receptor antagonist, mecamylamine, did not block the effects of NHDB
stimulation.

Chapter 5 summarizes our neurochemical survey of changes in the levels of central
neurotransmitters produced by soman poisoning. As several lines of evidence suggest that the
modulatory monoaminergic neurotransmitters may be involved in seizures, our neurochemical studies
focused on changes in NE, dopamine (DA), and serotonin (5-HT). Similar to experiments in Chapter 2,
animals were administered a periconvulsive dose of soman and allowed to survive for various times after
injection. The forebrain and olfactory bulb were isolated and monoamine levels were determined by
HPLC with electrochemical detection (7). We found that there was a rapid, selective reduction of NE
in convulsive, but not in nonconvulsive rats; forebrain NE levels were decreased by 50% at 1 hr and
70% at 2 hr following soman injection. Recovery of NE began at 8 hr and was complete by 96 hr
following soman administration. Although nonconvulsive rats showed other signs of intoxication, NE
levels in these rats were unchanged. DA and 5-HT levels were not significantly affected in either
convulsive or nonconvulsive rats. However, 5-hydroxyindoleacetic acid (5-HIAA), the major metabolite
of 5-HT, and homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC), the iwo major
metabolites of DA, were increased significantly in the forebrain of convulsive, but not nonconvulsive
rats, indicating an increase in 5-HT and DA turnover. However, in contrast to the abrupt decline in NE,
these increases in DA and 5-HT metabolites were slow and progressive. Taken together, these suggest
that rapid, sustained, NE release could play a role in the induction and/or maintenance of soman-
induced convulsions, whereas increased release of 5-HT and DA may be a consequence of seizures (El-
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Etri et al,, 1992).

Chapter 6 describes studies examining the effects of soman of LC neurons. As noted above, LC is
the largest NE cell group and projects throughout the entire CNS. LC was one of the first sites to exhibit
elevated FOS after soman, and our nevrochemical studies found that NE levels were rapidly depleted in
convulsing animals after soman administration. Based on these results, we hypothesized that soman
causes a sustained increase in the activity of LC neurons, leading to massive release of NE (47 58),
Thus, we examined whether LC neuronal activity, FOS expression, and AChE staining are altered after
peripheral (systemic) or direct intracoerulear injection of soman in anesthetized rats. Both modes of
sonian administration rapidly and potently increased the discharge of LC neurons (°8). These results
demonstrate that soman potently and tonically activates LC neurons. This effect appears to be mediated
by direct inhibition of AChE in LC leading to a rapid accumulation of ACh. Unhydrolyzed ACh tonically
activates LC neurons via mmscarinic receptors. Soman-induced activation of LC neurons does not
require seizures. We conclude that depletion of forebrain and olfactory bulb NE after systemic
administration of scman results from tonic hypercholinergic stimulation of LC. These new resuits are of
considerable significance as NE is proconvulsant in a number of seizure models. Thus, we hypothesize
that soman-induced NE release may play a critical role in the induction and/or maintenance of soman-
induced seizures. We refer to this as the "noradrenergic trigger hypothesis.".

The preceding results indicate that the rapid release of NE by cholinolytic agents may play an
important role in the initiation and/or maintenance of convulsions. In Chaptey 7, we tested the
hypothesis that NE release in soman-intoxicated rats is due to muscarinic activation of LC. Specifically,
we have investigated the effects of the muscarinic receptor agonist and potent seizurogenic agent,
pilocarpine, on NE release and LC discharge. As in our soman studies, NE levels declined rapidly and
substantially only in convulsive rats. The time course and magnitude of these changes were similar to
those observed following soman administration. Similarly, neither DA nor 5-HT levels were changed in
either convulsive or nonconvulsive rats. Systemic administration of pilocarpine caused a sustained, five-
fold increase in mean LC neurons firing rate 19). Microinjections of pilocarpine directly into LC
caused a similar increase in the firing rate of LC neurons (49). Thus, increases in LC discharge rate
produced by pilocarpine were nearly identical to thos: produced by soman. The effects of systemically
and intracoerulearly administered pilocarpine on LC discharge were reversed by the muscarinic
receptor antagonist scopolamine. Furthermore, both modes of pilocarpine administration induced
robust FOS expressiozn in LC (49).

The aforementioned neurochemical studies demonstrated profound reductions of NE only in
convulsing animals following soman or pilocarpine administration. However, the finding that both of
these agents cause rapid increases in LC neuronal activity led us to hypothesize that these agents cause

11




an initial period of excessive NE release leading rapidly 10 a depletion of forebrain NE levels, Whole
tissue neurochemical studies are limited by the drawback that they can only detect decreases in the level
of rcurochemicals. To mitigate this problem, as described in Chapter 8 we implemented /n vivo
microdialysis techniques to measure the extracellulur levels of transmitters, a technique that allows
detection of stcady state levels and increases or decreases in transmitter. Using this technique, we found
that confirmed, selective activation of LC neurons results in a marked release of forebrain NE levels.

The application of /n vivo microdialysis allows assessment of presynaptic influences on
neurotransmitter release. We were interested in this subject as there is an extensive literature of
presynaptic cholinerglc control of NE relcase in the peripheral nervous system. Chapler 8 summarizes
our recent experiments examining the influence of cholinergic receptor agents on NE levels in the
olfactory bulb,  We found that local infusion of ACh or soman through the dialysis probe increases NE
release, suggesting that there may be significant local cholinergic control of terminal NE release.  In
contrast, local infusion of the sclective muscarinic agonist pllocarpine decreascd NE release, suggesting
that soman- and ACh-induced NE release is mediated by a nicotinic receptor. In agreement with this
studies, Thesc findings are in excellent agreement with studies in the autonomic nervous system and fn
vitro brain slices demonstrating that muscarinic receptors inhibit, and nicotinic receptors stimulate,
terminal NE release.  Taken together, these results indicate that NE release caused by systemic
administration of soman is mediated by: (1) A direct excitatory action on 1G cell bodies mediated by
muscarinic receptor stimulation, and (2) A presynaptic, nicotinic receptor-mediated facilitation of NE
release.  The finding that nicotinic receptor activation increases NE release is important because recent
receptors. Our new findings indicate that CNS nicotinic receptors may also play 4 key role In soman's
central actions,

Chapter 9, the final chapter of this report, describes the application of newly developed patch
clamping and conventional sharp electrode intracellular techniques in our laboratory. A goal of our
contract is 1o determine the cellular/membrane actions of soman, cholinergic agonists and NE on PC
neurons. A proposed set of experiments will utilize patch clamp and conventional intracellular
techniques in in vitro PC slice preparations to accomplish this goal.

These overall findings led us to the following hypothesis for the gencration of scizures by OP
intoxivation, ACKE inhibition by OPs results In excess unhydrolyzed ACh in both the PC and LC. The
ACh excess In LC causes rapid firing of LG neuvons, with resulting excess NE in PC. The combination of
excess ACh and NI produces a "dual irigger,” resulting in extreme excitability and increased activity of

PC neurons.  PC neurons receive, and are extensively interconnected by, excltatory amino acid (EAA)
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synapses. We predict that heightened sensitivity will cause increased responsiveness to EAAs, in turn,
leading to increased feedforward and feedback release of EAAs. These primary events represent the
initiation stage of seizure generation. In effect, increased excitability caused by excess ACh and NE
produces a self-sustaining, cascading EAA circuit. We speculate that this circuit represents a
maintenance stage of seizures, as synaptic connections may be sufficiently strengthened to maintain
hyperactivity even if the initial ACh and NE triggers are no longer active. This intense, but focal seizure
activity in PC then rapidly spreads to other parts of the brain.

Our studies indicate that increased levels of both ACh and NE play an important role in suman-
induced seizures. The involvement of NE in the generation of soman-induced seizures could provide an
important new therapeutic approachk involving pharmacolegical agents directed at NE receptors. Since
many such agents are already in clinical use for treatment of cardiovascular symptoms and migraine
headache, effective agents could be rapidly applied clinically without extensive testing and FDA
approval. In this regard, it is noteworthy that previous studies (10: 28-30) have shown that an oy
adrenergic agonist, clonidine, provides some protection against the convulsive, but not the lethal,
actions of soman. Clonidine’s protective action was synergistic with the protective actions of atropine.
The studies presented here provide a possible mechanistic explanation for this protective effect:
clonidine directly inhibits LC neuronal activity, decreases terminal release of NE, and reduces excitatory
responses of LC neurons to ACh. The net effect of clonidine's actions is to protect target cortical
structures from exposure to excess NE. Since a variety of NE agonists and antagonists are already in
clinical use, further studies of these agents in combination with cholinergic antagonists could yield an
improved postexposure therapeutic regimen which could be rapidly deployed to military personnel.
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2. SOMAN-INDUCED SEIZURES ANIL: PROTOONCOGENE EXPRESSION

INTRODUCTION

A wealth of recent evidence has demonstrated that depolarization and/or second-messenger
activation in brain neurons leads to the rapid induction of protooncogenes, the DNA transcriptional
regulatory proteins c-fos (FOS) and c-jun. After sustained depolarizing and/or second-messenger
activation, a series of intracellular messengers czuse the rapid transcription of a set of regulatory genes--
protooncogenes or "early immediate" genes--leading to the rapid synthesis of protooncogene protein
“products. These proteins act on the genome to promote the transcription of additional genes encoding
proteins required to maintain the metabolic or physiologic activities of the cell (17, 35, 76, 86, 90, 130, 166,
170y, Thus, induction of protooncogenes such as ¢-»s indicates that the cell is adaptively responding
to external stimuli by the production of proteins necessary to the continued function of the cell. In
addition, under extreme stress protooncogenes may also promote the transcription of genes encoding
proteins critical to cell survival. Protooncogene induction, thus, is the earliest known macromolecular
- signal of physiological activation of neurons. 1If FOS expression could be detected in situ after soman
poisoning, then it might be possible to determine the earliest neurons activated by this OP. Thus, we
tested whether soman-induced seizures increased FOS expression.

METHODS

Soman Administration. Adult male Sprague-Dawley rats (270-295g; Harlan Laboratories, Indianapolis,
IN) were housed in pairs with free access to food and water for at least 1 week prior to use. A single
dose (78 ug/kg, im) of soman (pinacolyl methytphophonofluoridate) in saline was administered into
the left hind leg. This dose was sufficient to cause convulsions in about one-half of the injected animals
and nearly complete inhibition of acetylcholinesterase (AChE) in the rat forebrain. Rats survived for 30-
45 min, 1 hr, 2 hr, 8 hr, and 24 hr after injection. For each selecied period, control animals werc
injected with proportional volumes of saline (0.9%). A minimum of five animals were included in each

group.

Scoring of Convulsive versus vs. Nonconvulsive Rats. Soman-injected animals were observed every 5
min for the first 45 min and then every hour for the predetermined time periods. For cach rat, the
presence or absence of convulsions was noted. Soman-intoxicated rats fell into two distinct groups,
either ccnvulsive or nonconvulsive.  Absence of convulsions disqualificd animals for
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immunocytochemical analysis. Rats which developed convulsions did so within 20 min of injection and
maintained convulsions for several lours,

Perfusion and Histology. At the end of the specified survival times, animals were anesthetized with
pentobarbitai (80 mg/kg; ip) and perfused transcardially with 100-200 ml of 0.9% saline for 1 min
followed by 960-1900 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4, 4°C) for
20 min. The brains were rapidly removed from the skull and postfixed in the same solution (4° C) for
1.5 hr and then placed in 30% sucrose in 0.1 M PB for 24 hr. Serial, 30-40-ptm-thick frozen sections
~ were cut in the coronal plane and alternately placed in separate trays containing 0.1 M PB for
immunocytochcmical visualization of FOS. For FOS immunocytochemistry, free-floating sections were:
(i) rinsed (30 min) in 0.1 phosphate buffered saline (PBS); (ii) placed in 2% normal rabbit serum
(NRS) in PBS containing 2% Triton X-100 (TX) overnight; (iii) incubated in anti-sheep primary
antibody overnight (Cambridge Biochemicals) at 1:5000 in 2% PBS-TX and 2% NRS for 24-48 hr at 4°C
with gentle agitation; (iv) rinsed in PBS-TX (1 hr) and then incubated in Liotinylated rabbit anti-sheep
IgG in PBS-TX (1.5 hr, room temperature); (v) rinsed in PBS-TX (1 hr) and incubated for 1 hr in
avidin-biotin-peroxidase complex in 0.1 M PBS-TX and then rinsed in PBS-TX (30 min); (vi) incubated
in 0.05% diaminobenzidine (DAB) with 0.1% hydrogen peroxide in PBS-TX for 10 min and rinsed in
PB (30 min); and (vii) sections were mounted on subbed slides, air-dried, dehydrated in graded
alcohol and xylene, and coverslipped with DPX mountant,

RESULTS

Characteristics of Soman-Induced Seizures. All rats injected with soman showed signs of
intoxication. Rats were classified as convulsive according to the following criteria; (i) "red tears"
(lacrimation); (ii) tonic shaking movemems of the head and body; (iit) excess salivation; (iv)
defecation; and (v) labored breathing. The onset of soman-induced intoxication occurred 10-15 min
following administration and convulsions rapidly increased in intensity over the next 30 min,
Convulsive activity was intense between 1 and 4 hr and declined thereafter. By 8 hr after soman
administration (n=9), rats no longer exhibited convulsions. Nonconvulsive rats exhibited other signs of
soman jntoxication including a decrease in motor activity, muscle fasciculations at the injection site,
and reduced responsiveness to external stimuli during the first few hours of intoxication. Only rats
exhibiting well-characterized physical signs of soman-induced convulsions (68%) were used for
immunocylochemical analysis.

Time Dependence of FOS Expression, Of the control animals (n=10), a few had low levels of
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positive FOS reactivity. A few FOS positive cells were in piriform cortex (PC), entorhinal (Ent) cortices.
Only the supraoptic nucleus (SO) had intense levels of FGS under control conditions.

Thirty to Forty-five Minutes. Animals sacrificed between 30-45 min had FOS expression above
controls in restricted areas of the brain. A heavy band of FOS positive cells was present throughout the
entire tostral-caudal extent of PC layer II. Entorhinal cortex (Ent) also displayed FOS immunoreactive
cells. A few FOS positive cells were also present in endopiriform nucleus (En) and olfactory tubercle
(Tu) The pontine nucleus locus coeruleus (LC) contained a large number of FOS positive cells. In the
olfactory bi:lb, neurons in the mitral cell layer (Mi), internal plexiform layer (IPl), and the internal
granular layer (IGr) were lightly stained, but the intensity of FOS in the bulb was similar to several
control animals. In the basal forebrain, a small number of FOS-positive cells were present in the lateral
septal nuclei (LSN). The thalamic reticular nucleus (Rtn) displayed strong increases of FOS over
controls while other thalamic structures were devoid of FOS.

Qae Hour. At 1 hr after soman administration, there was a progressive increase in the intensity
of FOS staining and in the number of FOS positive cells in the same structures exhibiting intense FOS
expression at 30-45 min. PC layer II, LC, Ent, En, Tu and Rin had much more intense FOS expression
than in the 30-45 min cases, FOS expression was also evident in layer III of PC and anterior olfactory
nuclei (AON). Mi, IPl, and IGr of the olfactory bulb had increased levels of FOS staining over controls.
Anterior cingulate cortex (Cg) had low levels of FOS positive cells. The LSN had higher levels of FOS
expression. Low levels of FOS staining appeared in the septofimbral (SFi) and septohypothalamic
(SHy)nuclei. As in the 30-45 minute animals, the thalamus, except for the Rin, was devoid of FOS
expression,

Two Hours. At 2 hr following soman injection, FOS staining in PC layers I and 1, LC, and Rin
was similar to that in the 1 hr cases. Tu and En showed increased FOS expression. The septal region
had similar FOS expression as in the 1 hr cases. AON and regions in the olfactory bulb had maintained
expression of FOS as in the 1 hr cases. In addition to PC and Cg, a number of other cortical areas now

exhibited elevated FOS expression including insular, parietal, temporal, frontal, retrosplenial,
perirhinal, entorhinal and occipital cortices. In addition to the Rtn, low levels of FOS staining was now
present in anteroventral (AV), paraventricular (Pa), and anterodorsal (AD) thalamic nuclei. FOS
expression was also evident after 2 hours in the caudate putamen (CPu), dentate gyrus (DG) of the
hippocampus, medial preoptic (MPO), and medial habenular (MHb) nuclei.




S D

Figure 1. Rapid, selective induction of c-fos and ghal fibrillary acidic protein (GFAP) in piriform cortex (PC) by a
single convulsive dose of soman. Convulsing animals were sacrificed at different time intervals from 0 to 120 min
(times indicated in middle row) and sections from all animals were processed simultaneously for
immunohistochemical staning of c-fos (first twn columns A, B, D E G . J. KY 2r GI AP to stain for reactive
astrocytes (third column; C F. i, L). C-15.: andd GIFAF stained ~ecltons are senally adjacent. For the c-fos
stained sections, low- ‘first coiumn) anq tugh- fraicedle cornnng Lowes iccogiaphs demonstrate localization of c-
fos stamning in layeis Il and Il of PPC Lo e nvmer ¢ ceils andt the intensity of staining increase
progressively boween 0 (AB) and 120 (J,K) nin. GF 4R siziiung {nght column) is viubic ot & hr and is strongly
expressed w2 nr following intoxication. GFAP s located .1, ihc same layers as ¢-fos. LO i iuwral olfactory tract.
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Four Hours. Animals allowed to survive for 4 hr after injection had continued, intense levels of
FOS staining in the same regions as in the 2 hr cases. In the hippocampus the DG had even more robust
FOS staining, and the CAl, CA2, and CA3 fields of hippocampus now expressed strong levels of FOS.

Eight Hours. By 8 hr after soman treatment, FOS expression substantially declined in regions of
the olfactory bulb, CPu and cortical areas mentioned above. Robust FOS was persistent in PC layers II
and II1 while En and Tu were notably devoid of FOS. LC still had hardy FOS expression after 8 hr.
Curiously, Rtn was devoid of FOS. Hippocampal structures mentioned above maintained strong levels of
‘FOS staining as in the 4 hr cases.

Twenty-four Hours. By 24 hr after soman administration FOS staining in most areas had
declined to control levels. Only layers II and Ii of PC, Mi of the bulb, and hippocampus had
maintained FOS expression. A striking feature of animals sacrificed 24 hr after-soman was severe
necrosis in layer II of caudal PC. Animals allowed to survive beyond 24 hours (data not shown) had
severe neuropathology throughout the entire rostral-caudal extent of PC.

DISCUSSION

The major resuiis of this study are: (1) Systemic administration of the anticholinesterase soman
produces profound convulsions and robust expression of the immediate early gene protein product FOS
in a restricted number of brain regions; (2) The spatial distribution of neurons expressing FOS and the
intensity of FOS staining exhibited a temporal gradient. At 30-45 min after soman administration, the
earliest time intervals examined, robust FOS expression was consistently observed in only three brain
regions, LC, PC, and Rin. After 2 hr, FOS expression was seen throughout several cortical regions,
hippocampus, and CPu. By 24 hr, after-soman, there was marked neuropathology in PC, the site of the
earliest and most intense FOS expression in the brain, and a demonstrative decrease in FOS throughout
the CNS. These results suggest that a restricted set of brain structures are involved in the earliest
manifestation of cholinolytic seizures. These structures, as described below, thus, may, be involved in
the generation and dissemination of soman -nduced seizures.

FOS: Use and Limitations

Numerous studies have shown that activation of secondary messenger signaling pathways or
depolarization of neurons leads to the induction of the proto-oncogene FOS. While several previous
reports have shown that seizures induce FOS expression in several neocortical areas and the
hippocampus, the temporal pattern of FOS expression was not examined. The goal of the present study
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was to map the regional and time-dependent expression of FOS in order to pinpoint the first brain
regions that undergo elevated neural activity following soman administration. There are several
potential limitations and pitfalls of this approach, however, that require consideration.

(1) All neurons activated by soman may not express the FOS protein. Cells are known to express
different protooncogenes in response to increased activity and/or brain damage (Jun e, Jur b and d,
Crox, etc.). However, in several experiments we stained for several proto oncogenes (jun d, jun b, and
zif) and found that their temporal and spatial distribution was essentially identical to FOS.

(2) The level of transcription of the FOS gene product in some cells may vary and FOS protein
might not be detected at the dilutions of FOS antibody used in this experiment. In intact control
animals, constitutive or basal expression of FOS from animal to animal or brain region to brain region
may vary dramatically. High levels of constitutive expression may prevent or mask detection of
stimulation-induced increases in FOS expression. To mitigate this potential problem, we screened a
number of dilutions to identify a concentration at which there was little or no constitutive expression of
FOS in most brain areas. Thus, the antibody concentration used in this study was biased toward
detecting increased FOS expression following soman administration. A potential problem with this
approach is that our antibody concentration may have been too dilute to detect increases in some
neuronal populations; However, the present finding of robust FOS protein expression in several brain
regions within 30 min of soman-induced convulsions, a time substantially shorter than reported in
several other seizure studies, indicates that the sensitivity of our procedure was sufficient to detect very
rapid increases in FOS expression.

(3) FOS gene transcription and translation may take longer in some cells than others; thus the
temporal pattern could reflect different rates of transcription/translation rather than spread of neural
activity. For example, expression of FOS may be triggered early in some neurons by direct cholinergic
stimulation, while delayed expression in other cells cccurs only after seizure development. We
recognize these possibilities; however, the main goal of this study was to pinpoint the earliest neurons
activated after soman administration, irrespective of whether FOS is triggered by ACh or seizures.
Moreover, we hypothesize that the first wave of FOS expression is caused by ACh stimulation rather than
seizures. Both LC and PC neurons are cholinoceptive, and ACh is known to increase excitability of both
groups of neurons. In addition, we have previously reported that LC neurons begin to increase their
activity following soman administration at a time preceding the onset of seizures (38). Finally, studies
by others indicate that c-fos is the most rapidly expressed proto oncogene after seizures and elevated
neuronal activity. Thus, we are confident that the temporal sequence of expression closely reflects the
times that different populations of neurons undergo elevated activity, ralher than representing delayed
rates of transcription/translation.
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(4) FOS staining may not reveal neurons that are inhibited following soman. This is an important
consideration since soman-induced inhibition of specific neural populations may play an important
role in seizure generation. For example, inhibition of GABAergic interneurons could lead to increased
activity and/or excitability, promoting seizure generation. We recognize that neuronal inhibition may
play an important role in seizures; however, at some point, the initiation and propagation of seizures
requires elevated levels of neuronal activity. As FOS staining is a sensitive marker of neuronal
hyperactivity, we believe the results of the present study accurately reveal subsets of neurons undergoing
heightened activity prior to and/or during soman-induced seizures.

Pirifoerm Cortex

The demonstration that piriform cortex (PC) was invariably the first structure in the brain to
express FOS after soman-induced convulsions was a pivotal observation. It has long been known that
PC has a preferentially low threshold for soman-induced seizures. Of equal importance, it is also well
established that the PC is the most vulnerable site in the brain to soman-induced neuropathology. The
demonstration that FOS is rapidly induced, specifically in PC neurons, therefore indicates that the
expression of this molecule selectively pinpoints the earliest neurons known to be affected by soman.
Further, a subset of PC neurons express FOS: the neurons of layers Il and III of PC. This selectivity of
neuronal subpopulations further reinforced the idea that FOS is pinpointing the neurons affected by
soman. Evidence from this and many other laboratories shows that soman-induced cell death is highly

(189, 199) " Thus, after soman, the first neurons in

preferential for these same layer II and HI PC neurons
the brain to express FOS are the same neurons that show the highest frequency of cell death in soman-
induced neuropathology. FOS, therefore, selectively and sensitively identifies the first brain neurons
affected by soman. Animals subjected to the same doses of soman, but allowed to survive for
progressively longer times before staining for FOS, showed progressive induction of FOS in other brain

regions.

PC receives a massive cholinergic innervation from basal forebrain cholinergic neurons in the
nucleus of the diagonal band (NHDB). We have labeled cholinergic fibers in the PC with antibodies to
choline acetyltransferase (ChAT), the synthetic enzyme for ACh; ChAT immunocytochemical staining is
diagnostic of cholinergic innervation. The results demonstrate that the cholinergic innervation of PC is
heavier than the corresponding cholinergic innervation of hippocampus and neocortex. The
cholinergic innervation is particularly dense in layers 1, II, and III; these same cortical layers exhibit
dense AChE staining. Cholinergic inputs to PC arise in the basal forebrain from the nucleus of the
diagonal band (NHDB). Following systemic injections of convulsive doses of soman, rapid (30-45 min)
FOS expression is restricted to neurons whose cell bodies and dendrites occupy layers 1, 1, and Iil.
Therefore, the first neurons in the brain to express FOS after soman administration are neurons that
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receive the heaviest cholinergic projection of any cortical structure.

Considerable evidence, particularly in the last five years, has spotlighted PC as the site in the
cerebral cortex most selectively vulnerable to the seizurogenic actions of a number of neuroactive
compounds. Of even greater significance from the perspective of soman's seizurogenic action is that
several recent studies have demonstrated that PC is not only selectively seizure-prone, but that seizures
initiated in PC spread to the rest of the cerebral cortex. A recent study has even suggested that a rostral
subcomponent of PC is especially epileptogenic (%), Cholinergic agonists microinjected into PC
cause seizures which spread to the rest of the brain. Microinjections of the GABA agonist muscimol into
this restricted part of rostral PC can effectively block the initiation of seizure, and if given afier the
initiation of seizures, can prevent the spread of seizures to the rest of the cortex. Meldrum and
colleagues (128) more recently reported that microinjections of EAA agonists at any rostrocaudal site of
PC initiates seizures that spread throughout the cortex. In addition, they have demonstrated that
femptomolar concentrations of EAA agonists injected into PC can trigger seizures in animals given
subconwvulsive doses of the cholinergic muscarinic agonist pilocarpine. Meldrum and co-workers have
also shown that focal injection of 250 fmol-10 nmol of an N-methyl-D-aspartate (NMDA) receptor
antagonist 2-amino-7-phosphoncheptanoate (APH) ir PC prevents seizures normally caused by
convulsive doses of pilocarpine. These findings, taken together with the known pathological
vulnerability of PC 1o soman and our new results showing that PC is the first brain structure to express
FOS after soman intoxication, strongly support the hypothesis that soman-induced seizures are initiated
in PC and that PC serves as a focus for the propagation of seizures to other cortical areas via EAA-
mediated corticocortical association pathways.

PC is composed of three distinct layers. Layer I is composed of afferent axon terminals from
olfactory bulb and association axons forming cortico-cortical connections throughout the length of PC.
These association axons originate in layers 11 and III of PC and send collaterals throughout PC,
hippocampus, olfactory bulb and other neccortical areas. The finding that FOS is preferentially
expressed in layers II and IIl of PC is thus significant as these layers contain the neurons which give rise
to the majority of the cortico-cortical association fibers that anatomically link rostral and caudal PC
with each other and with other areas of the cortex. Studies in Haberly's 79 1ab (1985) indicate that
these circuits primarily use EAAs as their primary transmitter. A critical role for EAAs in soman-induced
seizures has been demonstrated by Sparenborg et al. (13%) who found that injections of the NMDA
antagonist MK-801 block the induction of seizures in soman-treated animals.

Both nicotinic (N) and muscarinic (M) receptors are present in PC. Thus hypercholinergic
stimulation of PC by soman couid activate M-, and/or N-receptors. The available evidence on central N-
receptors to date indicates they are rapidly activating and rapidly deseusitizing receptors. M-receptors,
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however, have several properties which make their role in cholinolytic seizures attractive. In vitro
cellular neurophysiological studies of hippocampal neurons indicate that agonists to the M-receptors
dramatically increase the level and duration of pyramidal neurons responsiveness to coactivation of EAA
inputs. ACh, acting via an M-receptor-mediated, second-messenger system, potently blocks a Ca?+-
modulated, K*-mediated, voltage-dependent after hyperpolarization. (AHP) (18,27, 37, 40, 41, 81, 113, 144,
207y 1t has been proposed that hyperpolarization protects cortical neurons from being overexcited by
EAAs. :

Based on the preceding observations, we hypothesize that cholinergic overstimulation of PC
triggers a mechanism which involves the release of EAAs. The initial consequence of soman
administration is an immediate and irreversible inhibition of AChE, causing a continuous accumulation
of unhydrolyzed ACh from cholinergic terminals. We further hypothesize that the primary consequence
of cholinergic hyperstimulation and the blockade of the M-receptor AHP is to dramatically increase the
responsiveniess of these neurons to EAAs that are being tonically released by the majority of synapses
impinging on them. Because these cortical neurons are progressively excited by EAA inputs, they release
more EAAs at their own synaptic terminals on other cortical neurons, thus further feeding an EAA
“chain reaction.”

Locus Coeruleus

The finding of FOS expression in LC by 30-45 min after soman was surprising as there is very little
evidence for a role of norepinephrine (NE) in soman-induced seizures. However, in view of
neurochemical findings and other recent results by others, the finding of soman-induced FOS induction
in LC is of considerable potential si ;n*cance, All LC neurons synthesize and release NE, and LC is the
largest NE cell group in the b2  In addition, the entire cerebral cortex including PC and
hippocampus is innervated by wers originating in  1C (®). Thus, LC's anatomical projections
place it is a position to exert a global influence on neuronal excitability, and thus seizure initiation or
maintenance. The finding that FOS is rapidly and strongly induced in LC neurons suggests that there
may be a massive increase in NE release soon after soman administration. This possibility was confirmed
by experiments described in Chapters 5, 6 and 8.

The idea that NE release in forebrain may contribute to seizures has precedent in the literature.
In vitro cellular electrophysiological studies demonstrate that NE acting at a R-receptor blocks the
afterhyperpolarization potential (AHP) in hippocampal pyramidal neurons. As a result of blocking the
AHP, these cortical neurons become hyperexcitable to activation of afferent EAA synapses and to
exogenously applied EAA agonists. Thus, NE activation of R-receptors has a seizure-promoting action
very similar to that produced by ACh acting at muscarinic receptors. In this regard, it is significant that
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pharmacological experiments have demonstrated that R-receptors are densely concentrated in layers 1I-
111 of BC and layers II-III of the neocortex (25' 94, 95, 155). These are the same layers where we found
FOS induction in neurons after soman-induced seizures. Other evidence also points to the possible
involvement of NE in soman-induced seizures. '°° and Noebels (1981) reported that in a single gene,
seizure-prone mutant mouse, there is a 50% increase in the number of neurons in LC and
corresponding increases of NE cortex fibers or terminals in the forebrain. In vitro studies of PC slices
have demonstrated that physiological concentrations of exogenous NE dramatically increase excitatory

transmission and neural activity in PC; this action is blocked by nonselective ot~and B-blockers (3% é1,
73,75, 78, 114, 115, 142). Moreover, NE was also found to significantly increase potassium-evoked release
of endogenous EAAs (glutamate, aspartate) from PC slices. These findings support the idea that soman-
induced, sustained release of NE in PC could initiate or facilitate seizures by increasing the

responsiveness of cortical neurons to EAA and by facilitating EAA release.

If, as suggested by the FOS results, LC neurons are driven to hyperactivity by soman, causing
increased release of NE, then the AHP should be significantly reduced or blocked, thus rendering
cortical neurons hyperresponsive to EAAs. In this case, NE and ACh hyperstimulation may act
cooperatively, or even synergistically, to potentiate cortical neurons’ hyperresponsiveness to EAAs
because both NE and ACh block the K+-mediated AHP (('® 27: 37 40, 41, 81, 113, 144, 207) g f
soman causes sustained hyperactivity of LC with sustained release of NE, then cortical neurons will be
confronied with a "double whammy," hypercholinergic and hypernoradrenergic stimulation blocking
the AHP, thus making cortical neurons hyperactive to EAA synaptic inputs.

Another neurotransmitter contained in many LC neurons which may play a role in soman-induced
seizures is neuropeptide Y (NPY). Evidence in the peripheral nervous system suggests that during high-
frequency activation of NE-containing neurons, NPY is co-released with NE. NPY through its actions at a
non-NE receptor has been shown to potentiate the actions of NE by more than tenfold. Although the
present data on neuropeptides are limited, it has been suggested that NPY may also potentiate the
actions of NE in the CNS. Recent data have shown that NPY is released in high quantities in the brain
during electroconvuisive shocks which produce seizures. Furthermore, NPY receptors are highly
concentrated in layers II and III of PC. Since soman causes the sustained activation of LC neurons, it
may be postulated that NPY potentiates the response of PC and other cortical neurons to NE, thus

causing cortical neurons to become even more hyperresponsive to EAAs.




3. GLIAL CELLS AND SOMAN NEUROPATHOLOGY

INTRODUCTION

It has long been known that many traumatic events culminating in neuropathology are
accompanied by dramatic changes in astrocytes. These changes range from the classical observation
- that glial cells increase in number and density in sites of brain injury (gliosis) to the more recent
finding that astrocytes change their morphology by increasing the number and thickness of their
~ processes following injury and deafferentation (52 161) " A watershed discovery was the isolation and
characterization of a molecule unique to the cytoskeleton of astrocytes. Antibodies to this molecule
(glial fibrillary acidic protein; GFAP) made it possible to selectively label and thus identify astrocytes in
histological sections and tissue cultures (°2). More important still, was the observation that following
injury there was a dramatic increase in the amount of GFAP in astrocytes, doubtless corresponding to
an increased production of cytoskeletal protein necessary for the increased number and thickness of
astrocyte processes induced by trauma (® 5418,y gt was shown that GFAP expression was not due to
direct injury to the astrocytes. An injury in one part of the brain causing degenerative loss of axons
and terminals in a far distant site in the brain caused GFAP expression in astrocytes associated with the
degenerating axon terminals. This and many other studies have led to the conclusion that astrocytes
“react," i.e., change shape and increase GFAP, in response to signals in neighboring cellular elements
(8 51,161y " The nature of these signals is an area of intense current research.

METHODS

Animals, soman injection and survival periods, and histological procedures are identical to those
described in the preceding chapter. Antibodies to three proteins were used: (1) Glial fibrillary acidic
protein (GFAP) - GFAP is a cytoskeletal filament specific to astrocytes. Our antibodies (rabbit) to GFAP
were supplied by DAKO Corp. (2) OX-41 and OX-42 - These two-cell membrane proteins are used to
recognize microglia (0X-42) and macrophages (0X-41, OX-42). Our antibodies were supplied by Sera
Lab (mouse). Secondary antibodied directed against the species that produced the primary antibody
are purchased from several sources according to their affinity and price.

RESULTS




Theze has been much confusion about the temporal relation between the onset of neuro-

. Araumatic events and the fitst detectable changes in GFAP. As recently as 3 years ago, it was reported

that 12 hr after e induction of seizures. by metrazol, increased GFAP could be detected in the

“hippocamgpus (59, "The significance of this observation was that previous studies had reported
_increased GFAP-increased only after 1-2 days. We decided to examine PC in animals in which soman

had caused rapid (30-45 min) .induc_uoq of 7OS in PC neurons. We quickly realized however, that

thers was a problem with this kind of auclysis that was also present in all other previously published
. studies of the time course of GFAP ckpre‘ssidn., In norm?” “rain tissue, including PC, there is always
~some steady-state luvel of GFAP 2xp-ession. The presence of GFAP in normal material is an impediment
- to detecting increaseq GFAY expressiou. The problem is a simple signal-to-noise issue; if there is

appreciable resident GFAP expression (noize), detection of small, increases (signal) in GFAP is
difficult. We solved this pcoblem by performing a series of experiments in which we progressively
diluted the concentration of primary anijbodies used to detect GFAP to a level (threshold) at which
litile or no GPAP was deiected in secticns through PC of normal animals. Usirg this threshold-dilution
method, we znalyzed PL. sections a various time intervals following soman; we compared animals in
which somsn had induced FOS in PC neurons with animals that did not convulse and in which FOS

expression was low or not presene. The results were very striking. In animals with neurons expressing

YOS i szer 3 of PC, astrocyies woafined to layer 11 consistently expressed elevated GFAP as early as 45
min after adiinitration of soman {fignre 1; 178y,

“These results warran: twn vonclusions: (1) Previous studies significantly overestimated the time

* from the on,cgi of seinures to the first detectable increase in GPAP. The finding that GFAP is increased «f

45 rajn and e the increase is coincident with the exprc-sion of FOS in adjacent hyperactitc

“(strersei) nevrens mdicates that changes in astrocytes that are known to be strongly associated with

pathology and ce!! death are remarkably rapid and parallel ' ~arliest molecular signals of stress in
adjavent geurons. (2) The observation that increased GFAP is restricted to layer 11 in astrocytes
forsaing the immediate icroenvironment of the neurons destined to die, taken with the temporally
coordinate expression of POS in those neurons, leads to the hypothesis that glial changes associated
with neuron stress may be causally related to neuron death. The dramatic temporal and spatial
coordinate  expression of FOS in PC neurons and GFAP in nearby astrocytes is the earliest known
neuropathological event in soman toxicity. By examining animals sacrificed at progressivel; lunger time
intervals aficr soman, we have found that the association of FOS expression in neurons and increased
GFAY in adjacent astrocytes is a correlation that holds invariably across all brain regions examined.

Microgiia and Macrophages. Macrophages are key cells in tissne pathology; they remove injury-
induced cellular debris by phagocytosis, Macrophages are not present in normal bruin tissue. 1t is
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thought that injury recruits macrophages from circulation and possibly induces the transformation of
resident microglia into macrophages (°7). A recent study of hippocampal lesions suggested that an
initial event in neuropathology involves microglia secretion of interferon which leads several hours
later to the induction of GPAP in reactive astrocytes (71 145), However, our results reported above
indicate that GFAP expression is already dramatically increased at 1-2 hr. Thus, we have examined the
reactions of microglia following soman using antibodies (0X-41, 0X-42; '62) that recognize microglia
and macrophages.

Our results show that 4-6 hr after seizures, microglia convert to macrophages in PC. This
indicates that microglial to macrophage transformation occurs significantly later than the neuronal
expression of FOS and astrocyte expression of GFAP/quinolinic acid (QUIN). Taken together, these
results suggest that neurons and/or astrocyles may provide the signals for microglial/macrophage
reactions to pathology and not vice versa. A critical point, however, is that by 4-6 hr, macrophages are
already present in PC. Since macrophages function primarily to phagocytose injury-related cellular
debris, it appears, once again, that pathophysiological events are exceedingly rapid in soman-induced
seizures. Thus, management of soman-induced seizures, by inactivating the triggers that initiate the
seizures, may provide the best protection against brain damage.

CONCLUSIONS
Could Astrocytes Contribute to Neuropatholog) !

While early expression of GFAP in astrocytes associated with seizing neurons is indicative of
“reactive gliosis,” GFAP itself is not likely to be a molecule that figures directly in pathogenesis because
GFAP is 4 structural proiein. Increased GFAP expression is, rather, a sensitive signal indicating that the
astrocytes are mobilizing other factors which contribute to toxicity. One molecule that may be
particularly important in this regard is a tryptophan metabolite, quinolinic acid, which, in the brain, is
produced exclusively by astrocytes (198). Quinolinic acid (QUIN) first surfaced in relation to the brain,
when based on its structural properties, it was suggested that QUIN might be a neurotoxin, It is now
established that QUIN is a potent neurotoxin ('68). QUIN is a preferential NMDA receptor agonist
(Schwarcz et al, 1989). The synthetic (3-hydroxyanthroanthranilic oxidase; 3-HAO) and degradative
(quinolinic acid ribosyltransferase; QRST) enzymes for quinolinic acid are expressed in the brain
exclusively by astrocytes (Kohler et al, 1988). Thus, astrocytes both synthesize and degrade a
molecule, which is both an NMDA agonist and at slightly higher concentrations, a potent neurotoxin.
There is endogenous QUIN in brain homogenates, and the question arises as to the normal function of
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this neurotoxic molecule and the regulaiory controls that normally maintain its expression below toxic
levels. Currently, little is known about the normal function of QUIN. It has been suggested that since
QUIN is an effective agonist for the NMDA receptor, and since NMDA receptor activation has been
strongly implicated in prolonging synaptically mediated events, the local secretion of QUIN by astrocytes,
adjacent to active synapses, might provide a "local amplificatory” signal complementing neurally
released EAAs to prolong the occupancy or increase the number of occupied NMDA receptors (168,
Consistent with this, Schwartz (personal communication) has shown that in hippocampal slices
incubated in the presence of labeled precursors to QUIN, there is a dramatic increase in labeled QUIN
following long-term potentiation (LTP). LTP requires the sustained activation of EAA synapses, and this
appears to cause an increase in QUIN synthesis and release. Our hypothesis for the mechanism of
soman-induced seizures is that combined cholinergic-noradrenergic hyperstimulation causes cortical
neurons to become hyperactive to EAAs released by synapses on the cortical neurons. By increasing
their excitability to EAAs, the neurons discharge more vigorously for the same amount of EAAs released
upon them. As a consequence, since these same neurons release EAAs at their own synaptic terminals
on other cortical neurons, some of which feed back on the original neurons, cortical circuits are
further driven toward an EAA hyperexcitability "chain reaction” to seizures. If QUIN release, as suggested
by Schwartz's study, is increased by astrocytes in the vicinity of neurons receiving increased EAA inputs,
then the QUIN, by activating NMDA receptors, would further push the EAA chain reaction. Since the
neurotoxic potency of QUIN is very great, it is conceivable, therefore, that the sustained hyperactivity
produced by soman causes astrocytes associated with seizing neurons to secrete high levels of QUIN.
Thus, QUIN would both feed the EAA chain reaction and, at the same time, have a neurotoxic action.
In this event, the release of QUIN under conditions of soman-induced hyperexcitability would function

synergistically with EAAs to accelerate the propagation of seizures and cell death.




4. STIMULATION OF ENDOGENOUS CHOLINERGIC INPUTS
TO PC PRODUCES SEIZURES, INCREASED FOS EXPRESSION
AND UP-REGULATION OF ASTROCYTES

INTRODUCTION

The preceding studies demonstrated that systemic administration of soman produces rapid
induction of FOS and GFAP expression in layers II-III of piriform cortex (PC). These fir. un2s led us to
hypothesize that sustained release of ACh in PC from the terminals of cholinergic neurons after soman
administration triggers neuronal expression of FOS and up-regulation of astrocytes in PC. We refer to
this as the "cholinergic trigger hypothesis.". The cholinergic trigger hypothesis predicts that sustained
release of ACh in PC from the terminals of cholinergic neurons, originating in the nucleus of the
diagonal band (NHDB), should cause seizures and the selective expression of FOS in neurons of layers
IL-1Il in PC as is observed following soman. The following studies were designed to directly test this
hypothesis.

METHODS

Electrode Implantation and NHDB Stimulation, Adult male Sprague-Dawley rats (270-295 g; Harlan
Laboratories, Indianapolis, IN) were anesthetized with chloral hydrate (400 mg/kg, ip) and placed in a
stereotaxic device with the skull flat. A hole was drilled in the skull at the coordinates for NHDB (0.0
mm bregma, 1.9 mm lateral to midline). A bipolar stimulation electrode, consisting of twisted stainless
steel microwires (0.125 wm diameter, factory-insulated except for bluntly cut tips) was advanced into
NHDB (8.3 mm ventral to brain surface). A second electrode, consisting of a pair of 250 pm diameter
stainless steel wires (insulated except for bluntly cut tips) was implanted into the cortex (5.0 mm
caudal to bregma, 1.0 mm lateral to the midline) to monitor the electroencephalogram (EEG). ‘The tips
were separated dorsoventrally by 500-1000 pm and the electrode was implanted so that the superficial
tip was approximately 200 wum ventral to the brain surface (Fig. 2). The NHDB and EEG elecirodes were
and secured to skull screws with dental acrylic. One week following surgery, animals were placed in a
clear plexiglas observation chamber and leads were attached to the two electrodes. There were three
experimental conditions: (1) NHDB stimulation; NHDB was electrically stimulated with intermittent
trains (12 Hz, 5 sec on/3 sec off, 400-500 wA) for periods of 10, 20, 45 or 60 min. Stimuli were
isolated constant current square wave pulses, 0.5 msec in duration and 400-500 A in intensity. (2)
NHDB stimulation + drug; animals were treated as above, and also received injections of a cholinergic
receplor antagonist. Animals received injections of the muscarinic receptor antagonist scopolamine
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hydrochloride (2.0 mg/kg) or the nicotinic receptor antagonist mecamylamine hydrochioride (1.0
mg/kg, ip) 20 min prior to, and at the onset of, NHDB stimulation. (3) Controls; animals were
implanted with NHDB and EEG electrodes and injected with proportional volumes of physiological
saline, but received no stimulation. Afier the termination of NHDB stimulation, animals were deeply
anesthetized and perfused with fixatives, and processed for immunohistochemical visualization of FOS
or GFAP as described in Chapters 2 and 3. Tissue sections from the three experimental groups were
simultaneously processed in the same reaction solutions to control for variability in staining intensity.

RESULTS

NHDB Stimulation. Within 5 min after the onset of NHDB stimulation, rats exhibited marked behavioral
signs nearly of seizure activity that were nearly identical to those observed following soman
administration, These included intensc gnawing, salivation, sniffing, ipsilateral eye-blinking, rearing,
and forepaw reaching, These stimulation-induced behaviors continued throughout the period of
stimulation and frequently persisted for 5-10 min after the termination of stimulation. As {llustrated in
Figure 3, NHDB stimulation caused large amplitude EEG spike and wave activity, resembling seizure
activity produced by soman administration; this seizure-like EEG activity persisted 20-40 min after the
termination of NHDB stimulation in some cases,

As shown in Figure 4, electrical activation of NHDB seurons led to rapid elevation of FOS in PC
nenrons. FOS was selectively and robustly expressed by the majority of layer 1111l neurons along the
entire rostrocaudal extent PC ipsilateral to the stimulated site. NHDB-induced expression of FOS
min of NHDB stimulation (n=1) Longer epochs of NHDB stimulation led to progressive increases in the
number, and the intensity of FOS-positive neurons in PC. Following 20 min of NHDB stimulation (n=4),
FOS was selectively and heavily expressed in « large population of layers 11 and Il PC neurons. A few
neurons in contralateral PC also expressed FOS; we attributed this staining to spread of excitation from
the ipsilateral to the contralateral PC via the anterior commissure, a fiber tract which massively
interconnects PC on the two sides of the brain. Future experiments will assess this possibility by
stimulating NHDB in animals after transection of the anterior commissure,

After 45 min of NHDB stimulation (n=4), there was heavy FOS expression throughout layers 11111
of PC and the appearance of FOS expression in several other cortical sites, There was sirong FOS
siaining in the hippocampal dentate gyrus, and to a lesser extent, in the CA1, CA2, and CA3 fields.
There was also elevated FOS expression in entorhinal cortex.
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Figure 2. Schematic diagram of a coronal section through the forebrain illustrating the experimental
paradigm. Animals were anesthetized and a bipolar stimulation electrode (paired 125 um stainless
steel wires, insulated except for bluntly cut tips was stereotaxically impilanted in NDB, and a
transcortical electrode was implanted to monitor the EEG. Seven to ten days laier, awake,
unrestrained animals were placed in an observation chamber and leads were attached to the
electrodes. There were 3 experimental conditions:

*NDB_Stimulation - NDB was electrically stimulated (400-500 uA) with intermittent trains (5 sec
on/3 sec) of 12 Hz stimulation for 20-60 min,

*NDB_Stimulation + Drug - identical to NDB Stimulation except that animals received two
injections (ip) of the muscarinic receptor antagonist scopolamine or the nicotinic receptor
antagonist mecamylamine; the first injection was given 20 min before and the second 5 min
before the onset of NDB stimulation.

*Control - implanted animals that were not stimulated.

Ten to 40 min after the termination of stimulation, animals were anesthetized, perfused, and brains
weié removed and processed for immunohistochemical visualization of Fos. Brains from animals in
the 3 experimental groups were simultaneously processed in the same antibody solutions to control
for etaining variability.
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Figure. 3. NDB stimulation evokes cortical seizure-like actvity. Cortical EEG recordings before
(Baseline, upper panel), during NDB stimulation (middle panel) and 20 min after the
termination of NDB stimulation (lower panei). Note that NDB stimulation increases EEG spike and
wave activity resembling cortical seizures produced by soman administration. This activity persists
as long as 20-40 min after NDB stimulation, the time animals werc anesthetized for perfusion.
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Activation of the NHDB—PC pathway for 10-45 min did not produce detectable increases in the
level of GFAP staining in PC or other cortical areas although there was focal, intense GFAP expression
along the stimulation electrode tract and at the electrode tips in both control and NHDB stimulation
cases, The "glial scar" formed by reactive astrocytes is attributed to neuronal damage that occurred
during electrode implantation. After 60 min of NHDB stimulation, however, there was a marked
increase in GFAP expression in PC (n=3). Similar to the distribution of FOS, GFAP expression was
preferentially dense in layer 1I and the superficial part of layer 111,

NHDB Stimulation + Drug. The preceding finding that activation of endogenous cholinergic inputs to
PC produces cortical seizure activity and FOS expression in PC neurons essentiaily identical to that
caused by soman strongly supports the cholinergic .rigger hypothesis for soman's seizurogenic actions.
This hypothesis also predicts that administration of cholinergic receptor antagonists should block the
behavioral (conwulsive) consequences of NHDB stimulation, and further, should prevent the expression
of NHDB-evoked seizures and FOS. Both of these predictions were confirmed. Pretreatment with the
muscarinic receptor antagonist scopolamine (2 mg/kg, ip): (1) Completely blocked or markedly
attenuated the NHDB-evoked behaviors and seizure activity in seven of eight animals tested. Although
animals exhibited increased motor activity, there was no evidence of any of the other convulsive
behaviors; and (2) blocked or reduced the expression of FOS in PC and the hippocampus (7/8
animals). In contrast, administration of the nicotinic receptor antagonist mecamylamine was uniformly
ineffective in reducing NHDB-evoked behaviors, cortical seizures or FOS expression.

In preliminary studies, we examined whether scopolamine pretreatment would block GFAP
expression produced by 60 min of NHDB stimulation. In two cases tested, systemic administration of
scopolamine, at doses shown above to block NHDB-evoked seizure activity and FOS expression, did not
altenuate increased GFAP expression in PC.

Controls. In implanted control animals (n=8), there was very little or no FOS expression in PC and
other cortical structures, Occasionally, there was a focal band of FOS-positive neurons at the site of the
stimulation electrode. In addition, injection of scopolamine or mecamylamine did not influence the
Jevel of FOS expression in PC or nther brain areas.

CONCLUSIONS

The results of this study demonstrate that activation of the source of endogenous cholinergic
inputs to PC from NHDB produces a spectrum of motor behaviors and central effects that are essentially

identical to those observed after soman intoxication. Specifically, electrical stimulation of NHDB; (1)
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elicits several specific motor patterns (e.g., sniffing, twitching, rearing) that resemble convulsive activity
produced by soman; (2) evoked large amplitude spike activity in the cortical EEG indicative of seizures;
and (3) Produced rapid and robust elevation of FOS and GFAP expression layers Il and III of PC as does
systemic soman.

The temporal and spatial pattern of FOS axpression following NHDB stimulation was remarkably
similar to that obscived afici soman administration. As discussed in Chapter 2, the first detectable
increase in FOS expression begins approximately 30-45 min after soman injection selectively in layers II
and II of PC. In the present study, elevated FOS expression was observed 10-20 min after the onset of
NHDB stimulation in the same layers of PC. The 10-15 min time lag for soman-induced FOS expression
may reflect the time required for AChE inhibition and the buildup of unhydrolyzed ACh to produce
sufficient chelinergic stimulation of PC neurons to induce elevated neuronal activity, and hence, FOS
expression.

Similarly, the onset of elevated GFAP staining in the NHDB stimulation (60 min) and soman
experiments (45-60 min, Chapter 3) are comparable. Moreover, in both sets of experiments, elevated
GFAP expression was restricted to layers I and III of PC. The finding that elevated GFAP expression in
astrocytes is temporally and spatially coincident with the expression of FOS in adjacent hyperactive
(stressed) neurons indicates that changes in astrocytes, known to be strongly associated with pathology
and cell death, are remarkably rapid and parallel the earliest molecular signals of hyperactivity and/or
stress in adjacent neurons. The observation that increased GFAP is restricted to layer II-IIl astrocytes
forming the immediate microenvironment of the neurons destined to die following soman poisoning,
taken with the temporally coordinate expression of FOS in those neurons, leads to the hypothesis that
glial changes associated with neuron stress may be causally related to neuron death. The dramatic
temporal and spatial coordinate expression of FOS in PC neurons and GFAP in nearby astrocytes is the
earliest known neuropathological event in soman toxicity. In this regard, it would be of interest to
determine if layer II-1II PC neurons undergo cell death in animals allowed to survive for longer periods
of time after NHDB stimulation.

The striking similarity of the temporal and spatial spectrum of responses produced by NHDB
stimulation to that produced by soman provides strong support to the cholinergic trigger hypothesis for
soman's seizurogenic actions in the brain. NHDB provides the sole source of cholinergic input to PC.
Although NHDB neurons, possibly some of those that project to PC, contain other neurotransmitters
(e.g., GABA), our pharmacological finding that the effects of NHDB stimulation were dramatically
attenuated or completely blocked by the muscarinic receptor antagonist scopolamine indicates that they
were mediated by ACh aciing at a muscarinic receptor. The failure of mecamylamine to block these

responses indicates that there is not a substantial ganglionic nicetinic receptor component involved in
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this pathway. However, as the drugs used in this study were administered systemically, we cannot
conclude that scopolamine's actions were mediated by antagonism of ACh actions on cholinergic
synapses in PC. Future studies utilizing microinjection of cholinergic antagonists into PC will resolve
this issue.

Intrigningly, preliminary studies suggest that NHDB-evoked GFAP expression in PC was not
attenuated by pretreatment with scopolamine. This finding suggests that ACh actions at the muscarinic
receptor may not mediate increased astrocytic expression of GFAP. Thus, there may be a dissociation
between the neurochemical mechanism(s) mediating FOS and GFAP expression. -

In summary, these results demonstrate that activation of NHDB, the source of ACh input to PC,
produces cortical seizure activity and patterns of FOS and GFAP expression comparable to soman. The
ability of scopolamine to block NHDB evoked behaviors and FOS expression indicates that these effecis
are mediated by muscarinic receptor stimulation of PC neurons. Future studies will test this hypothesis
at the cellular and membrane levels. Additional confirmation of this hypothesis will strengthen the
proposal that the initiation of soman-induced seizures may be attenuated by blocking the cholinergic
trigger through the use of selective muscarinic antagonists or other pharmacological compounds that

block molecules in the muscarinic second messenger cascade.




5. BRAIN NOREPINEPHRINE REDUCTIONS IN SOMAN-INTleCATED RATS:
ASSOCIATION WITH CONVULSIONS AND ACHE INHIBITION, TIME COURSE, AND
RELATION TO OTHER MONOAMINES

INTRODUCTION

At sufficient doses, organophosphate (OP) toxins, including the chemical nerve agent soman,
cause convulsions, neuropathology, and, ultimately, death (98' 103, 126). A major problem in treating
OP intoxication is that peripherally acting pharmacological agents which prevent death do not prevent
seizures. Soman-induced seizures are especially prominent in cortical structures and can lead to
ivreversible brain damage (1% 126) Although 2 primary cause of these symptoms is the excess of
acetylcholine (ACh) which follows acetylcholinesterase (AChE) inhibition, centrally acting muscarinic
blockers, such as atropine, alleviate but do not block the convulsive actions of OP nerve agents 121)‘
Moreover, there is a relatively weak relationship between reductions of AChE and the incidence of
convulsions (89; present study). Likewise, there is littie systematic relation between ACh and Y-
aminobutyric acid (GABA) levels in the rat brain and soman-induced convulsions (”0). These results
suggest that OP-induced convulsions may not be due solely to changes in ACh or GABA.

It has been speculated that excess ACh-induced effects on other modulatory neurotransmitters,
norepinephrine (NE), dopamine (DA), and serotonin (5-HT), may be involved iu OP toxic actions,
including the induction and/or maintenance of convulsions (3%). Of these three neurotransmitters, NE
may be particularly important. Noradrenergic neurons in the locus coeruleus (LC) send fibers to all
parts of the forebrain and are the sole source of NE to the cortex (Foote et al, 1983) and the olfactory
bulb (6% 80 125, 176y, thys, IC exerts a global influence on neuronal excitability. Several lines of
evidence suggest that excess ACh produced by soman may increase NE release from LC neurons: (i) LC
neurons contain high levels of AChE (%) and cholinergic agonists strongly increase the firing rates of LC
neurons (2' 4, 45, 53’), (ii) Activation of LC results in increased release of NE (102). (iii) We have
shown that systemic injection of soman causes a sustained increase in the mean firing rate of LC
neurons to five times the spontaneous rate (46 48; Chapter 6, this report). Furthermore, microinjection
of soman into LC causes a comparable sustained increase in the firing rate of LC neurons (46 48,
Chapter 6, ihis report). Taken together, these findings suggest that there could be rapid. sustained
release of NE in soman-intoxicated rats as the result of increased firing of LC neurons.
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Other studies also suggest that NE release may have important effects on the generation of OP-
induced seizures. Brain NE level declines rapidly in guinea pigs receiving a convulsive dose of soman
(%) and in rabbits intoxicated with another irreversible AChE inhibitor, diisopropylfluorophosphate
(DFP) (72). The o.2-noradrenergic receptor agonist, clonidine, provides the same degree of partial
protection as atropine against soman-induced convulsions (but not death) and is synergistic with
atropine in preventing seizures ('% 28-3%), Clonidine reduces release of ACh from cholinergic terminals
(%8 30). However, clonidine also inhibits LC neurons (> '8 4nd reduces release of NE from
noradrenergic terminals. Thus, the protective action of clonidine could also be due to its direct actions
on tie LC-NE system.

In view of the relatively loose association between AChE, ACh or GABA levels and OP-induced

convulsions (89'

19y and in light of the suspected involvement of brain monoamines in this
phenomenon (89' 110), it was of interest to investigate the relationship between the changes in these
amines and the incidence of convulsions. To do this, we determi~ed the effects of a single dose (78
pg/kg) of soman on forebrain monoamine levels at six time intervals in the first 4 days following

intoxication. At this dose, 68% of the rats developed convulsive seizures.

METHODS

Chemicals. Soman (pinacolyl methyphosphonofluoridate) was supplied by the U.S. Army Medical
Research Institute of Chemical Defense (Aberdeen Proving Ground, Maryland). Monochloroacetic acid,
octyl sodium sulfate, all biogenic amines and the internal standard 3,4-dihydroxybenzylamine
hydrobromide (DHBA) were obtained from Sigma Chemical Co. Fisher Scientific was the source of L-
cysteine, Na2EDTA, perchloric acid and HPLC grade acetonitrile.

Soman Administration. Adult male Sprague-Dawley rats (290-340 g) were obtained from Harlan
Laboratories (Indianapolis, IN). The rats were housed in pairs with free access to food and water at
least 1 week before use. A single dose of soman (78 pg/kg) in saline was injected (im) into the left
rear leg. This dose is approximately 65% of the median effective dose (ED50) for convulsions in rats
(8% 10y ' For each survival period a control group of rats were injected with a proportional volume of
vehicle.

Scoring of Convulsive versus Nonconvulsive Rats. Soman-injected rats were observed every 5 min in
the first 30 min after injection and at longer inteivals during the designated survival period. For each
injected rat, the presence or absence of convulsions was noted during this observation period. Soman-

intoxicated rats fell into clearly distinguishable groups - conwulsive and nonconvulsive. Rats which
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developed convulsions did so within 30 min after soman administration and continued to be convulsive
for several hr (see Results).

Animal Procedure and Tissue Dissection. Rats were sacrificed by decapitation at 1, 2, 4, 8, 24 and
96 hr following soman adminjstration. The brains were rapidly removed and the olfactory bulbs were
separated from the remainder of the brain by cutting the olfaciory peduncle. The cerebellum and
underlying brainstem were removed and the forebrain was divided at the midline, followed by the
removal of the remaining brainstem including the thalamus and hypothalamus. Forebrain samples
(400-600 mg) and two olfactory bulbs (50-80 mg) were immediately frozen on dry ice, and stored at
-70 © C until assay.

Forebrain samples were homogenized using an ultrasonic tissue disrupter (Branson Sonic Power,
Danbury, CT) at 0 9C for 2 min in 1.0 ml of 0.10 M perchloric acid containing 0.1% cysteine as
antioxidant and 10 ng of the internal standard (DHBA). About 200 ul of individual homogenates was
transferred to an Eppendorf polypropylene tube and centrifuged at 1360 g for 7 min at 4 °C. One
hundred microliters of the supernatant was diluted with 200 pl of the homogenization solvent. The
olfactory bulbs were treated identically except that the bulbs were homogenized for 1 min in 200 pl of
solvent. For either tissue, 15 pl of the final solution was injected into the HPLC.

Chromatographic Methods and Assay of Monoamines. Monoamine concentrations including NE; DA
and metabolites HVA and DOPAC; 5-HT and metabolite 5-HIAA were determined using a Bioanalytical
Systems (West Lafayette, IN) Model 200 Liquid Chromatograph, equipped with a Model LC-4B
Electrochemical Detector (Bioanalytical Systems). The glassy carbon working electrode was kept at
0.67 V against an Ag/AgCl reference electrode and the sensitivity of detection was kept at 10 nA (full
scale). Chromatographic separations were effected with a 100 x 3.2 mm Biophase ODS 3-um (C18)
column (Bioanalytical Systems). The mobiie phase consisted of 0.06 M monochloroacetic acid, 1.20
mM octyl sodium sulfate and 0.1 mM Na2EDTA in the aqueous phase (pH 2.75) and 4.2% acetonitrile
at a flow rate of 0.9 m/min. In cases where the solvent front interferes with the early eluting peaks, the
mobile phase was modified by lowering the pH to 2.75 and the acetonitrile content to 1,5%. The
column and the electrochemical cell were held at 40 and 41 OC, respectively. In forebrain monoamine
assays, five standard solutions (15 pl each) were injected daily between the runs containing 0.3-1.5 ng
of NE, HVA, DOPAC, 5-HT; 0.15-0.75 ng of 5-HIAA and 0.75-3.75 ng of DA and a constant amount (0.3
ng) of the internal standard DHBA. In olfactory bulb monoamines assay, five standard solutions (15 pl)
were also similarly injected into HPLC but containing 0.3-1.5 ng of NE and 5-HT; 0.15-0.75 ng of DA,
HVA, DOPAC, 5-HIAA and a constant amount (0.3 ng) of DHBA.

Determination of AChE. In a second experiment, the relation between residual AChE and NE depletion
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was measured. Rats (n=17) were injected with the same dose of soman used in the first experiment. A
set of control rats (n =11) was injected with a proportional volume of saline and processed in an
identical manner. The rats were sacrificed by decapitation 1 hr following administration. Individual rat
forebrains were dissected as described earlier and were divided sagittally at the midline. One
hemisphere was assayed for monoamines and the second was assayed for AChE activity. To determine
AChE activity the brains were homogenized in a Polytron homogenizer containing the foliowing buffer
(10 ml/g tissue): 1.0 M NaCl, 0.2 mM EDTA; 50.0 mM Tris-HCl (pH 7.4) and 1% Triton X-100. The
homogenates were ultracentrifuged at 100,000 g for 30 min and the supernatants were removed for
acetylcholinrsterase (AC - (in duplicate) with 0.45 mM acetylthiocholine iodide using the
reported procedares 182y Al assay tubes contained 50 WM iso-OMPA
(tetraisoproj, 'ror- i usphoramide) te inhibit pscudocholinesterase.

Statistical Analysis, Statistical analysis of the data was performed using unpaired, two-tailed Student's
{-tost,

RESULTS

Incidence and Signs of Soman-Induced Convulsions. All rats injected with soman exhibited
behavioral signs of intoxication. Conwulsive rats exhibited “red tears” (lacrimation), tonic shaking
movements of the head and body, sometimes zssociated with excess salivation, defecation and labored
breathing. Nonconvulsive rats exhibited cther signs of soman intoxication, including a decrease in
motor activities and reduced responsivencss to external stimuli during the first few hours of
intoxication,

Convulsions were observed in 68Y% of injected rats. This incidence of convulsions in rats is
slightly higher than that of 58% established for 2 similar dose of 81 pg/kg soman (7). The onset of
soman-induced convulsions was at 15-20 min after administration and this behavior gradually increased
in intensity. All rats which developed cornvulsions during the post-soman survival period had done 50
by 30 min following injection; no additional rats developed convulsions after this period. Convulsive
activity was intense between 1 and 4 hr and declined thereaiter. In the 8 nr survival group, two of seven
convulsive rats recovered from convulsions; convulsive activity 1n the remazining five rats was reduced in
intensity at the time of sacrifice. In the 24 and 95 hr proups, all sus had recovered frory convulsions,
In the 96 hr group, surviving convulsive rats had kit on the average 30% of body weight;, noncenvalsive

71); however, there was significant mortality in the 24 he (20 of 36 rafs; 55%) and 96 hr (24 of 30
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rats; 67%) groups. This mortality rate in rats is comparable to that of 46% reported for the larger dose
of 120 pg/kg (*73). Al the rats which died prior to sacrifice had exhibited convulsions.

Relation Between NE Levels and Behavioral Convulsions. NE levels in the rat forebrain and
olfactory bulbs of convulsive rats declined rapidly and dramatically following soman intoxication
(Figure 5, Tables 1 and 2). One hour following soman administration, forebrain NE ievel decreased to
50% of control value. The decrease in NE was maximal at 2 hr, when forebrain NE was only one third
(32%) of the control level. The maximum decrease of NE level in the olfactory bulb of convulsive rats
was slightly less than in forebrain, but still large (43% of control level). NE levels remained severely
depressed 4 hr after intoxication. NE recovered over the next 4 days; at 96 hr after intoxication, NE
levels were very near control levels. The decreased NE levels in the convulsive rats at each survival time
except 96 hr were highly significant (p = 0.0001). In contrast, NE levels in nonconvulsive rats
remained very near control levels at all time points examined. There was o difference between NE
levels in nonconvulsive, soman-treated animals and controls.

The correlation between convulsive activity and NE levels is illustrated in Figure 6, in which the
bulb and fs: chrain and olfactory bulbs NE concentrations (ng/g tissue) are plotted for individual rats in
the 2 and 4 hr survival groups. NE levels of convulsive and nonconvulsive rats clearly fail into two
distinct, non-overlapping, groups. In all convulsive rats NE levels were drastically reduced, while in all
nonconvulsive rats forebrain NE levels were near control levels. In addition, there is a strong
correlation (r2 = 0.83) between NE levels in bulb and forebrain of individual convulsive rats, indicating
that the reduction of NE level is relatively uniform throughout the forebrain.

Correlation AChE Inhibition, NE Depletion and Convulsions. One possible explanation for the
observation that NE levels fall into distinct groups corresponding to conwulsive and nonconvulsive rats is
that the degree of brain AChE inhibition after soman intoxication also falls into distinct groups. This
might occur, for example, as the result of variability in the location of the injected drug relative to
adipose tissue or major vessels in the injected muscle. Alternatively, inhibition of AChE could be
approximately constant in all injected rats, but the development of convulsions might depend on other
factors. To assess these possibilities, we conducted a second study in which we measured both
forebrain NE level and residual AChE activity in a population of rats injected (im) with a single dose of

78 ug/kg soman.
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TABLE 1

Time Course of Changes of Forebrain Levels of NE, DA, §.-HT, and Msjor Metabolites
Following a Single Doss of Soman (78 g/kg)

Ub

Amine Croup 1k 2h 4b sh Kh

NE [+ $340.12 82 Wzt 81 3629 2131 iz 121 Moz 63 Moz 92
cv 170.4 £ 183° ”%oz 119 1231z 42¢ 22252 102 2402 63 0842 18
NCV Jis8 2117 059 30 345167 17842 136 Moz 163 49 x 160

DA [+ 9:3392 789 Nist Q0 10206 £ 2.7 120892 589 10062 £ 27,3 993411312
cv 11108 £ 573 8208 £ 1408 926112718 11268 2 1017 10706 £ 49 1058.0 £ 848
NCV 1084.7 2 702 $75.0 £ 2008 9529 5 360 10003z 203 10128 £ 411 10289 2 §8.0

DOPAC c 1412 98 8172 740 05z 43 Wiz &4 ez 24 810z 246
cv 2105 £ 22.8° 20290 2 29.4°° 2010 £ 21.0° 7709z 019 14713 £ 1.7 10172 09
NCV 1004 2 198 N5z 239 83z 4.7 712 38 nee 81 TTos 14

HVA C 10782 A7 1882 17 80z 41 24 O N4 24 ™oz 34
cv 1540 2 124*° 26422 L00° 2307 2 81.4° 2018 £ 125.4%° 13832 170" 90.4 2 10.0°°
NCV 14212 84" 170862 47 10721+ 90 144z A3 %2% 93 a9z 61

8-HT [»] 20602108 14802 187 2006 2 211 2811z 114 24832119 700t 90
cv W14 2142 2493+ 142 28568+ 21.) 300z 202 70 2 134 31242 94*°
NCV 2018 2 18.7 28342 121 242208 29042 137 789 ¢ 128 Wit M2

8-HLAA (o) Hds 10 120.1% 108 103z &8 1468z 904 M8z 47 10892 1.1
cv 2213 £ 19.8° 817 N9 8243 £ 38.8° 44162 0O 283.¢ 2 104° #4882 AT
NCV 198z 17 1021 ¢ 208 1626 £ 180 1481t 12 1408 £ 16.9°* 1482 04
C A=18 ned ne=10 A=d a=14 ned
cv 12 ] ] [ ] 1 [
NCV 16 4 7 1 ] ¢

Note. Datas expretsed ss means (ng/§ tissus) £ SEM. C, control; CV, convulsive; NCV, nonconvulaive reta, and s, numbser of raws Ia each

group,
* P < 0.0008,

*s P < 0.05. Difference from contro) masns determined using unpsired, two-talled Student’s ¢ test.

TABLE 3

Time Course of Changes of Olfactory Bulb Levels of NE, DA, 5.HT, and Major Metabolites
Following a Single Doss of Soman (78 ug/ks)

** P < 0.06. Diffarence f1om contzol means datarmined using unpaired, two-tailed Biudent's ¢ test.
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Amine Group 2h h h Uh ML
NE o] 19712 05 088z 48 N1z 08 22862 134 20672 55 MMiz 08
cv 1100+ 83° 02z Y 0o AT 185.7 2 11.2** 11872 49 1928 ¢ 54
NCV 1984 1 118 0082 45 22346t A8 2168 2 123 20462118 2002 142
- DA c 42 386 Nz 37 @iz 17 TSz 29 3z 29 Tidz 18
cv 8Bz 7.1¢ iz 43 04x 48° N3z bs arz 31° T8z 34
NCV ™y 28 TSz b4 ®Noz 10 Mez 20 - 432 41 Tisx L3
DOPAC C 3892 29 Nix 30 270¢ 19 83z 17 sz 20 Ut 14
cv: 332 38 ezt 32* “iz 19 sz 14 1242 04 70z 16
NCV 3742 36 B4z 05 u7s 10 224z 11 1842 80 08z 20
HVA c T8z 3¢ T8 89 24z 24 Qs 54 Wos 18 &0z 248
cv %z 5.0°° 29 b4 10056 39 Mt 48" 012 30 “uhiz 24
’ NCV 26z 8.7 it 17 832 28 Wiz 34 é1z 40 87902 498
#HT c 13432 84 1379z 41 12442 62 1873 83 N0t 4.3 18302 50
cv 16262 &8 100 0.7 180.1 ¢ 10.0** 10022 8.7 19z 47 1098 ¢ 124
NCV 12082 5.7 1262 2 104 140.72 49 18142 A3 19793 Q4 14072 48
§-HIAA C "oz 39 iz 14 n7z 33 12262 0 st 82 8383 44
cv 1190 1.7 1650 = 12.3* 14842 93 12422 012 8o 48 10692 8.3°
NCV 10042 60 iz 28 iz 40 1080 8.9 ez 84 ‘5312 11
c n=18 A=) n=10 n=9d A ned
Ccv 12 » s [ 1 [ ]
NCV 1 4 1 ? 4 [ ]
Note Data sapressed as means (ng/g tissue) £ 8EM. C, control; CV, convulsive, NCV, nonconvulsive rews, and n, numbar of rats in sach
group.
® P < 00008,



TABLE 3

Forebrain NE and AChE Levels in Convulsive and Non-

convulsive Rats 1 h Following a Single Dozv of Soman (78
1g/kg)

Control Convulsive Nonconvulsive
NE Level 34568 £ 6.2 1208 = 5.4°, 344.9 = 13,3
(ng/g tissue) (n=11) {n = 10) (nw7?)
AChE Activity 124 £ .31 132+ .38* 76+ 1.24°
(1U/g tissue) (n=11) (n = 10) (n=17)

Note. Data expressed as means + SEM. IU, enzyme activity suffi-
cient to hydrolyze 1 uM of substrate per minute and n, number of rats.

* P < 0.0005. Difference from control means determined using un-
paired, two-tailed Student's ¢ test.
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The relation between NE depletion or residual AChE activity and soman-induced convulsions in
individual rat forebrain at 1 hr after soman administration is shown in Figure 7. The means of
forebrain NE and AChE levels in convulsive and nonconvulsive rats as compared to those of control
animals are presented in Table 3. As in the first experiment, NE levels fell into two distinct groups: As
indicated in Table 1, NE level in convulsive rats was always less than 50% of control (mean, 38% of
control level, p = 0.0001), but NE levels were unchanged in nonconwulsive rats (mean, 100% of
control value). Convulsive rats also had u severely depressed AChE activity (mean, 10.6% of control
level, p = 0.0001) and nonconwulsive rats had a less depressed level of AChE activity (mean, 60.5% of
control level, p = 0.0003). Unlike NE levels, there is some overlap between the AChE levels of
convulsive and nonconvulsive rats (Fig. 7). For example, two rats with AChE reduced to 30.5 and
34.4% of control levels were nonconvulsive, while another rat having 34.8% of control AChE level was
convulsive. These findings are consistent with an earlier study indicating a lack of a close association
between soman-induced convulsions and the degree of striatal AChE inhibition (8%). Thus, significant
NE depletion is at least as good, if not a better, predictor than AChE inhibition of soman-induced
convulsions.

Time-Course Effect of Soman on the Levels of DA, DOPAC and HVA. Mean values of DA, 5-HT, and
their metabolites, in the forebrain and olfactory bulb of soman-intoxicated versus control rats are given
in Tables 1 and 2, respectively. In both olfactory bulb and forebrain there is a slow and progressive
increase in the metabolites with little or no changes in the levels of DA or 5-HT. This is taken as
evidence for increased turnover of both DA and 5-HT but with a slower time course than for the
reduction of NE levels.

Because of the very high levels of DA contained in the striatum, a sigrificant part of DA and the
metabolites HYA and DOPAC, in our forebrain measurements may result from remnants of striatum in
the forebrain samples. Therefore, the substantial increase in forebrain DA and 5-HT turnover in
soman-intoxicated rats may reflect, to a large extent, changes in the striatum but similar changes in
cortex cannot be rule out by the present results. It is also conceivable that increased DOPAC and HVA
are due, in part, to metabolism of released NE. The concentration of DA metabolites in the olfactory
bulbs of controi rats is relatively high, indicating that there is normally rapid turnover of DA in this
structure (1% 82). Notwithstanding, there were still increased levels of DOPAC and HVA in the olfactory

bulbs of convulsive animals.
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The time-courses of soman effects on the levels of DA and major metabolites (HVA and DOPAC) in
the forebrain and olfactory bulbs of convulsive and nonconvulsive rats are plotted in Figure 8. In each
structure the mean level of DA in convulsive rats is relatively unchanged after soman administration;
however, the levels of HVA and DOPAC were substantially increased. In the forebrains of convulsive rats,
there was a progressive increase in the DA metabolites HVA and DOPAC reaching 300-400% of controi
levels 8 hr following soman intoxication. At 96 hr following soman administration, the concentrations
of the two metabolites returned to approximately control values. These findings clearly indicate that
there is a gradual increase in DA release in the forebrain during the first 24 hr after soman
intoxication. In nonconvulsive rats, increases in HVA and DOPAC were relatively small.

Olfactory bulb DA metabolites, HVA and DOPAC, which derive entirely from intrinsic (i.e.,
juxtaglomerular) dopaminergic neurons, exhibit much smaller increases in convulsive rats than those
observed in forebrain DA. These monoamines were little affected in nonconvulsive animals.

Time-Course Effect of Soman on the Levels of 5-Ht and 5-HIAA. Both the rat forebrain and the
olfactory bulb receive serotonergic projections from the raphe nuclei in the brainstem, In neither the
forebrain nor the olfactory bulb of convulsive or nonconvulsive animals does soman cause a significant
change in levels of 5-HT as compared to control means (Figure 9). In the forebrains of convulsive but
not nonconvulsive rats, there is a delayed increase in 5-HIAA which reaches a maximum level of 400% of
control at 4 hr, and then declines to 300% at 8 hr following soman administration. Increased 5-HIAA
level in convulsive rats remained significantly high afterward reaching 346% of control level at 24 hr
and only 226% of control level at 96 hr following intoxication. In the olfactory bulb, there is also an
increase in 5-HIAA levels in convulsive rats, although the increase is much smaller than in the forebrain,
The concentration of 5-HIAA in the olfactory bulb of convulsive rats had returned to approximately
control levels by 8 hr after intoxication.

DISCUSSION

The present study demonstrates that: (i) there is a rapid, profound NE depletion only in animals
with soman-induced convulsions, (ii) depleted forebrain NE in convulsive rats recovers by 4 days, (iii)
NE depletion is as good as, or better, an indicator of the incidence of convulsions than the degrec of
AChE inhibition, and (iv) there is no change in DA or 5-HT levels after soman intoxication, but there is
a delayed, progressive increase in forebrain DA and 5-HT turnover rates in convulsing animals,

Despite the presence of other signs of soman intoxication, NE levels in nonconvulsive rats

remained near control levels at all intervals tested. In contrast, the decrease in NE levels in convulsive
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rats was rapid and profound, with nearly 70% depletion from control levels in the forebrain at 2 and 4
hr after intoxication.

The strength of the correlation between conwulsions and NE depletion is well documented in
Figure 6, which shows data for individual rats. All convulsive rats had severely depressed levels of NE,
whereas NE levels in nonconvulsive rats clustered tightly around control levels. Further, the close
correlation between forebrain and olfactory bulb NE depletion suggests a global and not a localized
depletion of NE.

Previous studies (% 72) did not examine the correlation between NE decreases and the incidence
of OP-induced convulsions because, at the dose used in those studies, all rats had convulsions.
Moreover, in these earlier experiments, NE levels were only measured during the first 4 hr following OP
intoxication. Thus, the duration of the soman-induced depletion of NE was not determined. In the
present study, the dose of soman (78 pg/kg) caused seizures in 68% of intoxicated rats which is
slightly greater than the 58% reported for a single dose of 81 pg/kg soman in a previous study (7).
Thus, we were able to examine forebrain NE and AChE levels in relation to the presence or absence of
convulsions. In addition, we monitored NE changes for 4 days following soman treatment in order to
determine if and when NE levels recovered.

(% 72), NE levels in convulsive rats decreased to 50% of

In agreement with previous studies
control level at 1 hr of soman intoxication. Decreases in NE levels were maximal (70%) at 2 and 4 hr
following intoxication. NE levels in convulsive rats began to recover very slowly after 8 hr. The
beginning of this recovery coincided roughly with the termination of convulsions. By 96 hr, NE levels of

convulsive rats did not differ significantly from control values.

The dose of soman used produced widely differing degrees of AChE inhibition (Figure 7).
Presumably, variables such as the exact placement of the injection, the quantity of peripheral
cholinesterase present in individual animals, or access to the brain, underlie these differences in brain
AChE inhibition. However, as shown in Figure 7, residual forebrain AChE levels did not fall into
distinct, nonoverlapping groups associated with convulsions, as was the case for NE levels, Thus, the
present results demonstrate a much stronger association of soman-induced convulsions with NE
depletion, than with AChE inhibition, These results, taken with recent studies of the pharmacology of
LC neurons and the postsynaptic actions of NE, (discussed below) suggest that NE may play an
important role in OP-induced convulsions.

Changes in DA and 5-HT and Their Major Metabolites. In contrast to NE, both DA and 5-HT
remained relatively constant in both groups of rats following soman intoxication. The metabolites of DA
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(HVA and DOPAC) and 5-HT (5-HIAA), however, increased to four times control values in the forebrain.
These increases in metabolites presumably result from increased release of DA and 5-HT from nerve
terminals. Thus, it is possible that the release of all three of these modulatory reurctransmitters is
increased following soman intoxication, but that NE release exceeds either the storage or synthetic
capacity of LC terminals, thus resulting in significant reductions in the levels of this neurotransmitter.
As with the NE decrease, increases in forebrain DA and 5-HT turnover occurred only in convulsive rats.
However, the peak changes in these monoamines lag substantially behind the rapid decrease in NE
levels.

Based on these findings it is conceivable, therefore, that NE, DA and 5-HT all contribute to the
initiation of seizures as there was evidence for increased release of all three monoamines in convulsive
animals 60 min following soman administration, the shortest survival time used in the present study.
However, in a recent report where supraconvulsive doses of soman were used, NE was significantly
decreased at 15 minutes following soman administration while at this short survival time there were no
significant changes in either DA or 5-HT or their metabolites in cortex or hippocampus (FOSbraey et al.,
1990). Taken with the results of our companion report (Chapter 6, this report) demonstrating a
direct, immediate activation of LC neurons by either systemic or intracoerulear soman, it seems
reasonable to suggest that the rapid, sustained release of NE correlates better with the onset of
convulsions (15-30 min) than the delayed increases in DA and/or 5-HT turnover. Direct confirmation
of this hypothesis could be established by in vivo dialysis measurements; studies of this kind are
planned.

For both DA and 5-HT, the increase in turnover was smaller in the olfactory bulb than in the
forebrain, The dopaminergic innervation of the forebrain and olfactory bulb derives from separate
populations of DA neurons. The DA in the olfactory bulb is associated with the intrinsic population of
dopaminergic neurons in the glomerular layer. 1t is probable that the regulation of these different
populations of DA neurons is independent. Less is known about the contributions of different
brainstem 5-HT nuclei to the innervation of the olfactory bulb and forebrain. Thus, the significance of
the difference between olfactory bulb and forebrain 5-HT metabolism is unclear.

Cholinergic Activation of NE Release. The present data thus are compatible with a unique role of NE
in the early stages of OP-induced seizures. It is probable that the rapid decline in forebrain NE in
convulsive rats is due to rapid synaptic release of NE from noradrenergic terminals. This possibility is
consistent with recent electrophysiological results, In wivo extracellular and in vitro intracellular
recording studies have demonstrated that LC neurons are strongly excited by cholinergic agonists & 4

45, 53y These studies suggest that cholinergic excitation of LC neurons following AChE inhibition

could lead to a sustained release of NE from LC terminals.
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Recent experiments in this laboratory confirm this inference. In anesthetized rats, systemic
administration of soman causes a sustained, five-fold increase in mean LC neuron firing rate (El-Etri et
al., 1999, 1991, Chapter 6, this report). Microirjections of soman directly into LC cause a similar
increase in the firing rate of LC neurons. This increased firing rate continues for several hours.
Systemic injection of scopolamine rapidly reverses the soman-induced activation of LC neurons (46' 48,
Chapter 6, this report). Thus, there is direct evidence that soman causes a sustained, probably
muscarinic, excitation of LC neurons.

We suggest, therefore, that one effect of systemic soman injection is rapid, sustained firing of LC
neurons, causing increased release of NE. In convulsive rats, this period of rapid release may be
followed by depressed NE release because the pool of stored neurotransmitter is exhausted. The
consequence of rapid, sustained NE release, or of NE depletion, for seizures depends on the effect of NE
on seizure thresholds. There is, however, conflicting evidence on the effect of NE on cortical
excitability and susceptibility to seizures.

Effect of Excess NE on Seizure Susceptibility.

Evidence for an Anti-Seizurogenic Role for NE. Manipulations which increase NE levels in cortical
structures by transplantation of NE neurons ' or by electrical stimulation of LC (1°8) increase
seizure thresholds. Forebrain NE depletion by 6-hydroxydopamine (6-OHDA) reduces seizure threshold
(“9). However, such studies are equivocal. Interpretation of the effects of electrical stimulation of LC
is problematical because current spread from LC may unavoidably stimulate neurons in the adjacent
parabrachial and lateral dorsal tegmental (LDT) nuclei. Both of these structures contain neurons

(67 179 DT, in particular, may play a critical role in

which project to the thalamus and cortex
regulating cortical activity, as these neurons project heavily to the thalamic reticular nucleus which
potently modulates thalamocortical excitability (99, 104, 186y " gince electrical stimulation of LC may
activate other, non-NE neurons, which may regulate the excitability of cortical neurons, inferences
about the role of LC-NE neurons on seizures are equivocal. Interpretation of LC lesions or 6-OHDA-
induced NE fiber lesions (19%) is complicated by compensatory mechanisms (receptor up-regulation,

sprouting) which may obscure the functional consequences of NE-specific lesions ('* 3% 196,

Evidence for a Sejzurogenic Role for NE. There is also evidence that NE increases susceptibility to
seizures. In the single-gene, mutant mouse tottering (#g/¢g), which is extremely susceptible to seizures,
there is a 50% increase in the number of LC fibers and NE in the forebrain (1°%). Recent in wvitro
cellular studies have identified a potent, [3-receptor-mediated postsynaptic action of NE which may

lower the threshold for seizures. NE increases the excitability of cortical neurons by a disinhibitory

(38. 61, 73, 75, 85, 114, 144)

mechanism similar to that of ACh This disinhibition should increase
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susceptibility to seizures. Consistent with this, systemic administration of the 8~receptor antagonist
propranolol reduces the duration of pentylenetetrazol-induced convulsions in rats (1!1). In the
hippocampal slice, -adrenergic agonists are proconvulsive (149,

Based on the present results, it is reasonable to conclude that a convulsive dose of soman may
cause an excess of both ACh and NE in the forebrain. Excessive levels of both ACh and NE is probably
‘2 unique circumstance which could have potent seizurogenic effects. Intracellular recording studies
have demonstrated that the postsynaptic actions of NE and ACh are frequently mediated by the same
second messenger systems and ionic channels (**%). Therefore, sustained excessive levels of NE and
ACh might produce disinhibitory actions greater than those produced by either neurotransmitter alone,
Thus, it is reasonable to speculate that the rapid accumulation of both NE and ACh following soman
intoxication has potent seizurogenic actions. '

NE Pharmacology in the Treatment of OP Intoxication. The i2-receptor agonist clonidine protects
against OP-induced behavioral convulsions (but not lethality) as effectively as atropine. Furthermore,
the protective effect of clonidine is synergistic with the protective effeci of atropine (% 28-3%)  These
studies suggested that presynaptic depression of ACh release by clonidine accounted for the protective
action of this drug. However, the strong correlation between NE depletion and convulsions shown in
the present study, taken with the observation that soman directly applied to LC causes a dramatic,
sustained increase in LC neuronal discharge rate, (4 48, Chapter 6, this volume) suggests an alternative
and more direct mechanism for the anticonvulsant action of clonidine. It is well known that clonidine
acts at ot2-adrenergic receptors on LC neurons to reduce their firing rate (% 15, 118, 188y Recently,
clonidine was shown to block the excitatory action of ACh on LC neurons (3). Thus the protective
action of clonidine in soman-intoxicated rats may result from it's ability to inhibit cholinergic activation
of LC neurons as well as it's presynaptic inhibition of ACh release from cholinergic terminals.

Numerous agonists and antagonists specific to different classes of adrenergic receptors are in
clinical use. If NE release plays an important role in the response of the brain to OP intoxication, as
suggested by the present and other studies, then adrenergic pharmacological intervention may prove
useful in the treatment of OP poisoning.



6. TONIC ACTIVATION OF LOCUS COERULEUS NEURONS BY SYSTEMIC OR
INTRACOERULEAR MICROINJECTION OF AN IRREV ™SIBLE
ACETYLCHOLINESTERASE INHIBITOR: INCREASED DISCHAKGE RATE AND
INDUCTION OF C-FOS

INTRODUCTION

Recent experiments in this laboratory have demonstrated that systemic administration of the
irreversible acetylcholinesterase (AChE) inhibitor, soman (pinacolyl methyphosphonofluoridate),
produces a rapid (1-2 hrs) and profound depletion (60-70% of control) of olfactory bulb and
forebrain norepinephrine (NE) *7). This depletion of NE occurs only in animals that develop
convulsions; animals receiving the same dose of soman and exhibiting other signs of intoxication but
not convulsions had no change in NE (46’ 48, 178; Chapter 5, this report). The pontine nucleus locus
coeruleus (LC) is the sole source of noradrenergic innervation of the olfactory bulb and neocortex, and
is the major source of NE input to the rest of the forebrain (65). Thus, it is reasonable to hypothesize
that the anti-AChE action of soman produces tonic elevation of LC neuronal activity, thus causing
depletion of NE in the olfactory bulb and forebrain.

There are several mechanisms by which soman might activate LC neurons. AChE staining, receptor
binding and pharmacological studies indicate that LC neurons may receive a cholinergic input GRS
44, 45, 101, 164y Thys the anti-AChE actions of soman could activate LC neurons by increased
postsynaptic excitation due to tonically released ACh onto LC neurons. Alternatively, soman could
activate other, non-cholinergic excitatory afferent inputs to LC. This later alternative is possible because
systemic soman administration produces a variety of peripheral sensory/motor effects that might directly
or indirectly influence systems afferent to LC. It is also possible that the brain seizures produced by
systemic soman administration might secondarily activate LC neurons. Finally, soman may deplete NE by
a mode of action that does not involve excitation of LC neurons, for example, by presynaptic effects on

LC axonal terminals causing the release of NE.

In order to investigate these possibilities, the present experiments assessed the effects of systemic
and direct application of soman on the spontaneous activity of LC neurons in vivo. Both systemic and
intracoerulear application of soman rapidly and potently increased the spontaneous discharge rate of
LC neurons by 3-7 fold; this activation occurred in the absence of seizures. The discharge rates of LC
neurons remained elevated at all post-soman intervals examined (up to 2 hr). The maintained
excitation caused by soman was completely reversed by systemic administration of the muscarinic
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receptor antagonist scopolamine, but not by the nicotinic receptor antagonist mecamylamine.

In addition, we examined the effects of systemic and intracoerulear administration of soman on
AChE staining and the expression of the immediate early gene protein product, ¢-fos (FOS), in LC. Both
routes of soman administration caused nearly complete inhibition of AChE staining in LC and rapidly
induced the expression of FOS in LC neurons.

METHODS

General Surgical Procedures. Male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN)
weighing 250 to 375 g were anesthetized with chloral hydrate (400 mg/kg, ip). Anesthesia was
maintained throughout all procedures with additional injections of 30-40 mg/kg chloral hydrate
administered approximately every 30 min Core body temperature was maintained at 36-38° C with a
feedback controlled heating pad.

LC Recordings. Animals were anesthetized with chloral hydrate and placed in a stereotaxic instrument
with the incisor bar lowered to place the skull 12 degrees below the horizontal plane (bregma 2 mm
below lambda). A hole was drilled in the skull at the coordinates for LC (3.7 mm posterior to lambda,
1.2 mm lateral to midline), and the underlying dura was reflected. A glass recording micropipette (2-4
um tip diameter) filled with 2% pontamine sky blue in 0.5 M sodium acetate was advanced into LC with
a hydraulic microdrive. Extracellular recordings from individual neurons were amplified and displayed
as filtered (300 Hz - 10 KHz bandpass) electrode signals. Impulse activity was also monitored with a
loudspeaker. Action potentials were isolated from background activity with a waveform discriminator
which generated logic pulses for signals that crossed a lower voltage gate and peaked below an upper
voltage gate. Discriminator logic pulses were led to a computer and chart recorder for on-line data
collection. LC neurons were tentatively identified at the time of recording by characteristic impulse
waveforms, and spontaneous and sensory-evoked discharge patterns as previously described (557,

In most experiments micropipette penetrations were marked by iontophoretic ejection of dye with
current pulses (-7 pA, 50% duty cycle for 10 min). Animals were then deeply anesthetized and
perfused with 10% formalin. Brains were removed and stored in a similar solution containing 20%
sucrose. Select brain regions were cut into 50 um-thick frozen sections, mounted on subbed slides and
stained with neutral red. All recording sites were histologically localized from such tissue sections.
Alternatively, when brains were to be used in FOS immunohistochemistry experiments, inhibition of
AChE staining (see below) was used to localize recording and soman microinjection sites.

EEG Recordings. Two jewelers screws were threaded into the skull over the parietal and occipital

cortices to monitor electroencephalograph (EEG) signals. The EEG was amplified by conventional
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methods and displayed on 2 chart recorder.

Pharmacology. Soman (pinacolyl methyphosphonofluoridate) was prepared as a 40 uM solution
(73.6 ug/ml, in 0.033% saline; pH 4.5-5.0). Soman was injected intramusculacly at a2 dose of 78 pg/kg.
Microinjections of soman into LC were made with a double barrel electrode assembly consisting of a
calibrated glass micropipette (Fisher Scientific; 40-50 um tip diameter), cemented to a recording
micropipette (similar to that described above) to position the microinjection pipette tip 80 to 200 pum
beyond the tip of the recording electrode). The microinjection pipette was connected to a Picospritzer
11 (General Valve Corporation) for pressure ejection. Visual inspection of the movement of a small
bubble relative to a calibration grid on the injection pipette allowed injections as small as 5 nl. For the
purposes of establishing dose-response relationships, boluses of 5-120 nl (2-48 pmol) were injected.

A 26g needle was inserted into a lateral tail vein for intravenous (iv) injection of scopolamine
hydrochloride (0.5 mg/ml in 4 ' d water), methylscopolamine bromide (0.5 mg/ml in distilled
water) or mecamylamine hydrochivi.ae (1.0 mg/ml in distilled water). In some experiments, aqueous
solutions of scopolamine hydrochloride (5 mg/ml) or methylscopolamine bromide (5 mg/ml) were
injected intraperitoneally.

C-FOS Immunohistochemistry. Animals were deeply anesthetized and perfused transcardially with
100-200 ml of 0.9% saline (4° C) for 1 min, followed by 1 liter of 4% paraformaldehyde in 0.1 M
phosphate buffer (PB) (pH 7.4, 4° C). Brains were postfixed in this same solution (4o C) for 1.5 hr,
and then placed in 20% sucrose in 0.1 M PB overnight. Serial, 30 um-thick frozen sections w - ¢ cut in
the coronal plane and alternately placed into two trays containing 0.1 M PB for immunocytochemical
visualization of FOS or for histochemical visualization of AChE (see below). For FOS
immunohistochemistry, free fioating sections were (1) rinsed (30 min) in 0.1 M phosphate buffered
saline (PBS); (2) placed ‘n 2% normal serum (normal goat -NGS- for rabbit primary or normal rabbit
-NRS- for sheep primary) in PBS containing 0.2-2.0% Triton X-100 overnight; (3) incubated in primary
antibody (Dr. M. Greenberg, Harvard Univ., rabbit; Cambridge Biochemicals, sheep) at a 1:5,000
dilution in 0.3% Triton X-100 and 2% NGS/NRS for 24-48 hr at 4° C with constant agitation; (4) rinsed
in PBS (30 min) and then incubated in biotinylated IgG directed against the species producing the
primary antibody, in PBS (1 hr, rooin temp.); (5) rinsed in PBS (30 min) and incubated for 1 hr in
avidin-biotin-peroxidase complex in 0.1 M PBS and then rinsed in PBS (20 min); and (6) incubated in
0.05% diaminobenzidine (DAB) with 0.1% hydrogen peroxide in Pk for 10 min, then rinsed in PB.

Acctylcholinesterase Histochemistry. In experiments where alternate tissue sections were
processed for AChE histochemistry and FOS immunohistochemistry, animals were perfused with 4%
paraformaldehyde in 0.1 M PB (pH 7.4, 4% C) for maximal preservation of FOS antigenicity. In some
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experiments only AChE histochemist ~2s performed. These animals were perfused with 0.9% saline
with 0.2% dimethyl sulfoxide (re cature) until venous return was clear. This was followed by
one liter of 1% paraformaldehyde - ...5% glutaraldehyde fixative containing 2% sucrose in 0.1 M PB
- (pH 7.4, room temperature), followed by one liter of 10% sucrose in 0.1 M PB (pH 7.4, £° C). Brains
were removed and stored at 4° C in 20% sucrose in 0.1 M PB overnight (pH = 7.4). Serial 30- or 40-
um thick frozen sections were cut and placed in 0.1 M PB. Sections were processed for AChE according
to a modification (Van Ooteghem and Shipley, 1984; Shipley et al, 1989) of the Koelle-Friedenwald
(1949) histochemical reaction. Sections were rinsed (7 x 1 min) in distilled water to remove residual
pihosphates, then incubated with gentle agitation for 2 hrs (37° C) in the following solution: 2 mM
copper (1I) sulfate, 10 mM glycine, 50 mM sodium acetate, 4.2 mM acetylthiolcholine iodide, and 0.21
mM ethogropazine; this solution was freshly prepared and adjusted to a final pH of 5.25 with glacial
acetic acid. Following incubation, sections were again rinsed (7 x 1 min) with distilled water and then
reacted (1 min, constant agitation) in a freshly prepared solution of 1% sodium sulfide, carefully
adjusted to pH 7.8 with concentrated hydrochloric acid; this was terminated by water rinses (7 x 1
min). The sections were then agitated for one min in a freshly prepared solution of 1% silver nitrate,
followed by water rinses (3 x 1 min). The sections were stored 3-18 hrs in 0.1 M PB, and rinsed (3 x 1
min) in distilled water prior to mounting from an alcohol-gelatin solution onio subbed slides. Sections
were dehydrated through graded alcohols (70%, 95%, 100%, 100%) and xylene before coverslipping
with Permount.

RESULTS
Systemic Soman Administration

LC NEURONAL ACTIVITY. Our recent studies demonsirated that systemic injection of soman in
unanesthetized rats produces rapid, profound reduction of forebrain NE in convulsing rats (46' 48;
Chapter 5 this report). The soman-induced NE depletion may be due to a tonic excitatory effect of
AChE inhibition on LC neurons. To investigate this possibility, the effect of systemically administered

soman on the discharge of LC neurons was examined.

Injection of soman (78 ug/kg, im) substantially increased the activity of 2 LC neurons recorded
before and after soman injection; the increase in discharge occurred approximately 7 to 11 min after
injection. However, only 1 or 2 min of post-soman data were collected before the cell was lost due to
labored breathing movements or death of the animal, probably due to bronchoconstriction and
bronchial secretion produced by the anti-AChE action of soman on peripheral autonomic neurons. To
circumveni these petipheral effects of soman, rats wese pretreated 60-50 min prior to soman injection
with the peripherally acting scopolamine analog, methylscopolamine bromide (0.5 mg/kg, iv; n = 2; 1.5
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mg/kg, n = 3j. Methylscopolamime bromide had no effect on the baseline discharge rate of LC neurons
as there was no difference (p > 0.9) between the mean spontaneous discharge rate of LC neurons in
intact animals (1.6 + 0.2 spikes/sec, n = 15) and that in methylscopolamine-pretreated rats (1.6 + 0.2,
n = 6). Data from these two groups were pooled for statistical comparisons. With this peripheral
muscarinic blockade, soman elicited a2 5 to 10 min period of labored breathing; however, this effect
gradually derreased and LC neurons were recorded as long as 45 min after soman injection.

The spontaneous discharge rates of LC neurons before soman injection ranged from 0.4 to 3.5
spikes/sec, with a mean spontaneous rate of 1.6 + 0.1 spikes/sec (n = 21, pooled data from above).
Systemic soman injection (78 pg/kg im; n=4 animals) elicited a pronouhced increase in the
spontaneous discharge rates of LC neurons, ranging from 5.6 to 9.9 spikes/sec (Figs. 10 and 11). The
mean discharge rate of LC neurons after soman injection, 7.9 + 0.4 spikes/sec (n = 11), was
substantially greater (p < 0.004) than the mean baseline discharge rate of LC neurons (Fig. 11).

Soman-induced activation of LC neurons was maintained throughout the period of recordings;
there was no difference (p > 0.9) betwcen the mean discharge rate of LC neurons examined 8-20 min
after soman (7.9 + 0.5 spikes/sec, n = 5) and that of LC neurons sampled 25-45 min after soman (7.9
+ 0.6 spikes/sec, n = 6). EEG records showed that while soman administration produced a
desynchronization of cortical EEG, there was no evidence of seizures (spike activity) at any time
following the administration of soman.

In one animal tested, administration of the centrally active muscarinic receptor antagonist,
scopolamine hydrochloride (10 mg/kg, ip), rapidly and completely reversed the soman-induced
excitation of LC neurons, reducing LC firing rates to presoman control values. There was no difference
(p > 0.4) between the mean LC discharge prior to soman administration (1.6 + 0.1) and that of LC
neurons recorded after combined soman and scopolamine hydrochioride administration (1.8 + 0.3, n

= 9).
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FIGX) Systemic somanincreases LC discharge and deeynchronizes cortical EEG. Left: (Top) Strip chart record showing the sponteneous
discharge of an LC neuron; the mean discharge rate of thiz neuion was 2.2 spikes/s. (Middle) LC neurons were robustly and tonically sctivated
by systemically administered soman (78 ug/kg, im), as shown for s typical cell 42 min after soman injection, The postsoman mean discharge
rate of this neuron was 9.9 apikes/s. (Bottom) Injection of acopolamine (12 mg/kg, ip) decreased the dischssge rate of the same cell from 9.9 10
2.9 spikes/i, as shown 15 min after scopolamine. Right: Strip chart EEG records show that soman sdministration produced & desynchronize-
tion of the EEG (middle), an effect reversed by scopolamine (bottom).
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FIG. 1. Effect of systemic soman on LC discharge rate. Bar
graph summarizing the mean spontaneous discharge rate of LC nev-
rons before and after a systemic injection of soman and after adminis-
tration of both soman and scopolsmine, The mean spontaneous dis-
charge rate of LC neurons ssmpled B-45 min after soman injection (n
= 11) was greates than that in contro) snimals (n = 21); P < 0.004.
There was no difference between the mean spontaneous discharge
rate of LC neuzons in conirol animals and in animals receiving soman
and posttreated with scopolamine (n = 9),
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FI1G. 12, Syateniic injection of soman induces c-fos oxpression in 1L.C: nsurons, A group of animals recsived a systemic single doae of soman
(78 ug/kg). The animals were sacrificed and processed for immunohistochemical detection of c-fos at various thine jntervals, Sections from all
animals were processed simultaneously in the saine reaction solutions to control for variation in processing. In control animais (A) there is no
detectabie c-foa staining in 1.(! neurons. At 46 (B) and 120 iCj min postsoman, there in 8 progressive increase in the number of 1.0 neurons
expresning c-fos and the intenwity of c-fos staining. Note thay there is no c-fos staining in neuronn adjacent to LC.
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Figure 13, Systemic sornan inhbits ACHhE in LC. A; Low power micrograph of a
corons] section through LC processed for histocherica) visualization of AChE.
Afler the same systermic dose of soman used in the electrophysiological and c-
fos experments. there is a nearly cormplete inhibition of AChE staining in the
pons except for neuronal staining in LC (at amows) and the motor nucleus of
the Vth nerve. B: Higher power microgmph showing the right LC from the
same seclkn,




FOS STAINING. Systemic injection of soman (78 pg/kg, im) in unanesthetized animals induced
rapid and selective expression of FOS in only two areas: LC and PC (46 8). soman-induced FOS
expression in PC will be the subject of a forthcoming report. As shown in Figure 12, systemic soman
administration caused FOS expression in LC neurons by 30-45 min after injection; this expression was
restricted to LC neurons as FOS was not expressed in neurons in nuclei surrounding LC, including the
medial parabrachial nucleus, mesencephalic trigeminal nucleus, and lateral dorsal tegmental nucleus.
With longer post-injection survival times, the number and intensity of FOS-stained LC neurons
progressively increases, and FOS expression occurs in other brain regions. |

ACHE STAINING. As shown in Figure 18A, AChE staining in LC of normal animals is so intense (34'
59) that individual neurons cannot be distinguished. In contrast, AChE was nearly completely inhibited
in LC and other parts of the brain after systemic soman administration (Fig. 13). Some residual AChE
staining remained in LC neurons and in some basal forebrain neurons aft:r peripheral soman injection,
similar to the pharmacohistochemical methods previously used to limit AChE staining to cell bodies

(34)'

Intracoerulear Soman Administration. The finding that systemic soman administration increased LC
spontaneous discharge rates and induced FOS expression is consistent with the hypothesis that LC
neurons may be subject to tonic cholinergic afferent regulation. However, it is also possible that
systemically injected soman increases LC activity by nonspecific peripheral sensory/motor effects, or by
tonic activation of excitatory afferent inputs to LC neurons. In order to circumvent these possible
indirect sites of soman action. we recorded the spontaneous 2activity LC neurons before, during and
after focal microinjection of soman directly into LC.

LC NEURONAL ACTIVITY. The mean spontaneous discharge rate of LC neurons recorded with a
double barrel recording/microinfusion assembly containing soman (2.2 + 0.2 spikes/sec, n = 22) was
slightly, but significantly, greater than the mean spontaneous rate of LC neurons recorded with single
barrel pipettes (1.6 + 0.1, n = 21). This slightly higher spontaneous discharge rate was probably due
to diffusion of soman from the soman injection pipette.

As shown for a typical neuron in Figure 14A, microinjection of small doses of soman into LC
resulted in rapid, pronounced, tonic elevation of the spontaneous rate of LC neurons. Increases in LC
discharge elicited by one of the smallest doses of soman tested, 6 pmol, ranged from 373.3% to 733.3%
of control discharge rate, with a mean of 517.7% of control discharge rate (n = 8). Soman-induced-
elevation of LC discharge was typically observed within 5 to 20 sec after microinjection, and was not
associated with any discernible change of either the amplitude or the waveform of LC action petentials.
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Larger doses of soman elicited even more pronounced increases in LC neuron spontaneous firing
rates. As shown in Figure 16 the mean discharge rates of LC neurons increased progressively with
cumulative doses of soman ranging from 2 to 48 pmol (in 5 to 120 nl). Thus, there was a strong dose-
response relationship.

Consistent with a recent study, soman-induced activation of LC neurons was associated with
desynchronization of the cortical EEG (*%). However, in no case was there evidence of seizure activity
in the EEG records at any time during LC recordings after soman administration in the anesthetized
preparation.

A significant observation with both the systemic and local administration of soman was that the
discharge rate of LC neurons remained elevated as long as examined in these experiments
(approximately 2 hr). For example, there was no significant difference between the mean sponianeous
discharge rate of LC neurons sampled 5-14 min (7.2 + 0.6, n = 16), 15-30 min (5.7 + 1.0, n = 5) and
90-120 min after soman (5.4 + 0.8 spikes/sec, n = 5); data represent firing rates for cells sampled after
cumulative doses in excess of 12 pmol. Thus, there appeared to be little or no desensitization to or
recovery from the excitatory effect of soman within the time periods examined in the present
experiments.

Previous studies in anesthetized rats demonstrated that LC neurons exhibit a biphasic response to
noxious somatosensory stimuli, such as paw- or tail-pinch or electrical stimulation of the sciatic nerve
(13 36, 54:56) g biphasic response consists of a Drief burst of 2-5 spikes followed by a postburst
inhibition of impulse activity lasting 500 to 1000 msec. Since microinjections of soman markedly
increased spontaneous discharge rates, it was of interest to determine if the elevated level of tonic
activity altered the responses of I.C neurons to such excitatory stimuli. Al LC neurons tested (n=20)
exhibited the characteristic biphasic response to a paw or t2il pinch throughout the prolonged period
of soman-induced hyperactivity. Although possible changes in the magnitude of the excitatory or
inhibitory components of this response were not quantified, it appeared that a similar burst of tail- or
paw-pinch-evoked activity was superimposed upon the soman-evoked increase in spontaneous

discharge.
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Injection of vehicle alone sometimes elicited a phasic (1-3 min) increase in LC discharge rate,
perhaps due to the low ionic concentration or low pH of the vehicle solution. However,
microinjections of 15 (n = 3) or 30 nl (n = 3) of vehicle, equivalent to volumes of soman that potently
and tonically activated LC neurons, elicited only a small, insignificant elevation of LC discharge rate
(mean discharge rate before and after vehicle injection, 2.1 + 0.3 and 2.8 + 0.4 spikes/sec,
respectively). In contrast to the strong tonic excitation of LC neurons produced by soman, the modest
increase in LC activity elicited by vehicle microinjection never lasted longer than 2 to 3 min.

A parsimonious explanation for the pronounced, tonic elevation of LC discharge caused by
directly applied soman is that this agent inhibited AChE in LC, causing LC neurons to be exposed to
tonically elevated levels of unhydrolyzed ACh. If this were true, then cholinergic receptor antagonists
should reverse the elevated discharge rates of LC neurons induced by soman. As illustrated in Figure
14C, intravenous injection of the centraily active muscarinic receptor antagonist scopolamine at a dose
(0.5 mg/kg, iv) previously shown to block excitation of LC neurons to directly applied ACh (Engberg
and Svensson, 1980), rapidly and potently reversed soman-induced elevation of LC discharge, The
mean spontaneous discharge rate of LC neurons sampled after relatively high doses of soman (48-97
pmol in 120-240 nl) followed by scopolamine (2.1 + 0.4) did not differ (p > 0.18) from the mezn
baseline discharge rate of LC neurons (Fig. 15). In marked contrast, intravenous injection of the
nicotinic receptor antagonist mecamylamine (1.0 - 2.0 mg/kg) did not reduce (p > 0.8) the tonic
elevation of LC discharge rate induced by 75 nl soman (mean rate after mecamylamine = 6.1 + 1.1
spike/sec). It is important to note however, that previous studies have demonstrated that nicotinic
responses in LC are transient and rapidly desensitize (Egan and North, 1986). As the experiments with
mecamylamine were conducted at times longer than 3 min after soman microinjection, nicotinic
responses subsequent to soman injection may have desensitized by this time.

FOS STAINING. Intracocrulear injections of soman at doses that potently activated LC neurons (24-
36 pmoles in 60-90 nl) caused the rapid induction of FOS expression in LC neurons. As shown in
Figure 17, LC neurons ipsilateral, but not contralateral, to the injection site exhibited FOS expression
within 2 hrs after soman microinjection into LC. In contrast, there was little or no FOS expression in
neurons in nuclei adjacent to LC (i.e., medial parabrachial nucleus, mesencephalic trigeminal nucleus,
and lateral dorsal tegmental nucleus). By contrast, when saline rather than soman was injected into LC,

only occasional cells near the tip of the pipette were positive for FOS.




Figure 17. Induction of FOSexgpression in LC neurons by intracoerulear microinjection of soman, Soman was microinjected into LC and
single LC neurons were recorded for two hours. The animal was sacrificed and adiacent sections were stained for FOS(A and B) and
AChE. A: Photomiciograph of a coronal section through LC contralateral to the soman microinjection site. Immunocytochemical
prooessing for FOS shows that there very littie FOS5 expression in LC neurons contralateral o the injection site. B: Photormicrograph of
LC which recefved a microinjection of soman. Note that 2 hours of local, restricted AChE inhibition induced ROS expression in the majority
of L.C neurons but not in adgacent neurons.




Figure 18, Intracoerulear microinjection of sorman focally inhibits AChE in
LC. A: AChE stained section through LC from an same experiment in
which soman was microinjected into LC. ACHE staining in the left, non-
njecled side (at amow) s normal. Soman was microiniected info LC on the
right side (at arrow). B: Higher magnification of section shown in panel A.
AChE is completely inhibited in the vast majority of LC neurons.
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ACHE STAINING. As shown in Figure 18, AChE histochemistry demonstrated that microinjections of
soman into LC nearly completely inhibited AChE staining in LC and the adjacent per' oerulear area (n =
4). With microinjections of soman (less than cumulative doses of 36 pmol), 4. ™ inhibition was
limited to LC proper, the rostromedial pericoerulear region, including the lateral dorsal tegmental
nucleus and Barrington's nucleus, the mesencephalic trigeminal nucleus, and the medial border of the
parabrachial complex. With larger microinjections of soman (48 to 97 pmol in 120 - 240 nl),
inhibition of AChE staining extended further laterally into the parabrachial complex, rostromedially into
the dorsal tegmental nucleus, and caudally into the medial vestibular nucleus.

DISCUSSION

The present findings demonstrate that both systemic and focal, intracoerulear microinjection of
small doses of the irreversible AChE inhibitor soman causes a dramatic, sustained increase in the
spontaneous discharge rates of LC neurons. Following either route of soman administration, the
spontaneous rates of LC neurons remained elevated at the longest postsoman time interval examined (2
hr), consistent with the irreversible actions of this AChE inhibitor. The maintained activation of LC
neurons evoked by soman was rapidly and completely reversed by the centrally active muscarinic
receptor antagonist scopolamine hydrochloride, but not by the nicotinic receptor antagonist
mecamylamine. A molecular correlate of this tonically elevated physiologic activity was the induction of
FOS expression in LC neurons. These overall results indicate that LC neurons in vivo may receive tonic
cholinergic input.

Various lines of anatomic evidence, although largely indirect, suggest that LC neurons receive a
cholinergic input. LC neurons stain intensely for the degradative enzyme AChE; indeed, AChE staining
in LC is one of the densest in the brain (3’ 4, 34). Receptor binding studies show that LC contains both
muscarinic and nicotinic receptor subtypes (101, 164y - Bischemical measurements indicate that the
biosynthetic enzyme for ACh, choline acetyltransferase (ChAT), is present, presumably in fibers, in the
LC area. However, such measurements may have been contaminated by ChAT contained in cholinergic
neurons or fibers located adjacent to LC (165).

Even stronger evidence for cholinergic modulation of LC neurons comes from a wealth of
neurophysiological studies. /n vivo neuropharmacologic studies have shown that LC neurons are
(3 2L 77y, This excitation was
completely blocked by direct application of the muscarinic recepicr antagonist scopolamine. In

potently excited by direct application of ACh and muscarinic analogs

contrast, the actions of nicotinic agonists are less clear. Systemic, but not jontophoretic, administration
of nicotine activaies LC neurons in vivo (°2). In slices, ACh excites LC neurons through both nicotinic
and muscarinic receptors (44 %) in the presence of muscarinic antagonists, nicotine produces a fast,
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brief depolarization of LC neurons that exhibits rapid desensitization. Nicotine-evoked responses were
blocked by hexamethonium, but not by alpha-bungarotoxin. By contrast, muscarinic responses have a
longer time course than nicotinic responses, and muscarinic responses do not appear to desensitize
(45). Thus, neuropharmacologic experiments indicate that ACh can excite LC neurons via activation of
either muscarinic or nicotinic receptors.

LC neurons were robustly activated after peripheral injection of the irreversible AChE inhibitor,
soman. Soman produces a host of peripheral cholinomimetic side effects e.g., labored breathing,
- hypoxia, gastrointestinal activation, hypotension, bradycardia. 1t is conceivable that such side effects
could indirectly influence LC activity. However, in the present experiments, soman was able to activate
LC neurons despite pretreatment with the peripherally acting muscarinic receptor antagonist
methylscopolamine bromide, which significantly reduced these side effects. The increased discharge
rate of LC neurons produced by soman in methvlscopolamine bromide-pretreated animals was identical
to that in animals that did not receive this pretreatment, thus indicating that the peripheral
cholinomimetic side effecis of soman probably did not contribute significantly to the observed
activation of LC neurons. By contrast, soman-induced activation of LC neurons was completely reversed
by the centrally active muscarinic receptor antagonist scopolamine hydrochloride. In addition, the
increase in LC neuronal discharge rates following systemic soman administration was essentially the
same as that following intracoerulear microinjection of soman. Finally, preliminary experiments in this
laboratory indicate that increases in LC neuronal activity comparable to those seen with soman are
produced by intracoerulear microinjection of the muscarinic agonist pilocarpine (in preparation).
Thus, we conclude that the increase in LC neuron firing rates produced by systemically administered
soman is mediated primarily, if not entirely, by central cholinergic stimulation of LC neurons.

In further support of this conclusion, we found that focal microinjection of picomolar
concentrations of soman directly into LC robustly activated every LC neuron tested. The finding that LC
neurons were activated after injections of soman as small as 2-6 pmol (ir 5-15 nl) indicates that this
activation was probably mediated by facilitation of cholinergic transmission at synapses en LC neurons.
This is supported by the histochemical finding that intracoerulear microinjection of velumes of soman
as large as 36 pmol (in 90 nl) produced a focal zone of AChE irhibition restricted almost entirely to
the LC nucleus and the adjacent rosiromedial zone that contains a dense plexus of extranuclear
dendrites (" 17%). The progressive increases in LC firing rates with incremental doses of soman thus
may be due to additional facilitation of transmission at cholinergic synapses on the more distai
dendrites of LC neurons, or to a more complete inhibition of AChE. Despite the diffusion of soman into
adjacent structurcs with larger injections, FOS staining revealed thai LC neurons were the only cells in
the dorsolateral pons to exhibit elevated expression of this transcriptional regulatory protein.
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Similar to results with systemic injections, intracoerulear infusion of soman tonically activated LC
neurons. LC discharge rates were significantly elevated at all imes sampled in these experiments (up to
2 hr), with only a small decrease in firing zate afier the first 15 min of soman injection. This
maintained activation of LC reurons was completely reversed by iniravenous injection of scopolamine
hydrochloride at a dose previously shown (*3 to antagonize LC responses to directly applied ACh. This
result indicates that the maintained activation of LC neurons by soman is mediated by muscarinic
receptors and further argues that increased firing of LC cells was not due to some as yet unknown direct
neurotoxic action of soman. In agreement with this hypothesis, tonic activation of LC neurons
produced by soman was not significantly affected by the nicotinic receptor antagonist mecamylaniine.
However, as noted above, studies sn vitro indicate that nicotinic excitation of LC neurons undergoes
rapid desensitization (45). Thus, it is possible that the initial phase of soman-induced activation of LC
has a nicotinic component. The present studies did not address this possibility because, as noted
earlier, vehicle injection alone sometimes caused a brief increase in LC discharge rate. Thus, it would
be difficult to assess any brief lasting nicotinic activation under these conditions.

The most parsimonious explanation for increased LC firing rates after soman administration is that
soman's inhibition of AChE facilitates the excitation of LC neurons to a tonically active cholinergic
input. However, there are several alternative possibilities. 1) Systemic soman could activate LC neurons
as a consequence of the seizurogenic actions of this agent. However, EEG recordings showed that
systemic soman did not produce seizures in anesthetized animals, but did cause a potent, sustained
increase in IC neuronal discharge rates. 2) Soman could activate local neurons in the pericoerulear
area that, inn turn, have excitatory connections with LC neurons. This possibility seems unlikely because
increases in LC discharge were obtained with intracoerulear injections of soman as small as 5 nl (2
pmol;. In addition AChE staining revealed that micioinjections of soman as large as 90 nl (36 pmol)
produced a focal zone of AChE inhibition largely restricted to LC. 3) AChE inhibition could inhibit
intracoerulear NE release from LC axonal and dendritic terminals or inhibic the G protein associated
with the intracoerulear o.—2 autoreceptor, thereby decreasing inhibitory collateral interactions among
LC neurons (disinhibition). These possible actions of soman are unlikely to solely mediate the
increased spontaneous rate of LC neurons as these cells still exhibit a pronounced postactivation
inhibition in response to a tail- or hindpaw-pinch following soman administration. Furthermore, direct
blockade of inhibitory o-2 autoreceptors by microinjection of idazoxan into LC elicits only very small
(less than 0.5 spike/sec) increases in the spontaneous discharge rate of LC neurons (. 4) Soman
could activate exciatory afferent inputs to LC. For example, AChE inhibition could lead to accumulated
ACh which in turn could cause the release of excitatory amino acids (*°) from the terminals of afferents

to LC. Future cxperiments will address this possibility.
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The present observation that direct injection of an AChE inhibitor potently increases the
spontaneous discharge of J.C neurons thus suggests that LC neurons receive a tonically active
cholinergic input. If this is true, then direct or systemic administration of the muscarinic antagonist
scopolamine might be expected to decrease the .>ontaneous rate of LC neurons, but this has not been
observed (3% 5%), except with near-lethal doses of this agent. The reason for this discrepancy is
unclear, but it is possible that high levels of AChE expressed by LC neurons normally functions to
rapidly degrade ACh spontancously released by cholinergic afferent synapses, thus minimizing tonic
postsynaptic drive of LC neurons.

The source(s) of possible cholinergic input to LC neurons have not been directly identifiec with
double labeling techniques. It is noteworthy that the two major afferent inputs to LC, nucleus
prepositus hypoglossi and nucleus paragigantocellularis located in the medulla ('2), contain ChAT-
positive cell bodies (%), Both of these medullary regions project heavily to the central core of LC
proper and also to the pontine tegmentum rostral and medial (rostromedial pericoerulear zone) to LC
proper ( 12y " A recent study of immunocytochemical localization of ChAT indicated that the LC nucleus
proper is nearly devoid of ChAT-positive fibers. However, the pericoerulear region rostromedially
adjacent to LC contains a considerable plexus of ChAT-positive fibers (165), indicating that this region
receives strong cholinergic innervation. We have recently demonstrated that this same rostromedial
pericoerulear region contains a dense, focal plexus of LC dendrites (70' 175). These extranuclear
dendrites receive dense synaptic input. Thus, there is extensive spatial overlap between these
extranuclear dendrites of LC neurons and ChAT-positive fibers in the rostromedial pericoerulear region. .
Taken together, the evidence to date suggests that LC neurons receive cholinergic innervation, possibly
on these extranuclear dendrites, but the sources of these cholinergic inputs have not been identified.
Anatomical studies are under way to determine which of these possible systems provide cholinergic
inputs to 1C.

Recent experiments in this laboratory der. nstrated that systemic injections of soman that induce
convulsions cause a rapid and profound reduction of NE in the olfactory bulb and forebrain (Chapter
5, this report). Within 1 hrafter peripherz. . .an administration, NE levels were reduced by 50% from
cuntrol values; by 2 hrs post-soman, NE levels were reduced by 70%. NE levels were not altered in
animals receiving the same dose of soman but not exhibiting convulsive activity. As NE is depleted only
in convulsing animals it is conceivable that generalized brain seizures, and not cholinergic stimulation,
causes activation of LC neurons. The present studies demonstrate, however, that seizures are not the
cause of the increased firing rates of LC neurons in anesthetized animals, as both systemic and
iniracoerulear microinjection of soman robustly and tonically activate LC neurons in the absence of
seizures (Figure 10). Moreover, as both systemic and intracoerulear soman-induced activation of LC
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could be completely blocked by scopolamine, we conclude that soman causes activation of LC by direct
cholinergic stimulation. :

Thus, it is reasonable to argue that the reduction of olfactory bulb and forebrain NE caused by
systemic soman administration is due to a tonic cholinergic st¢mulation of LC nevrons which in turn
leads to depletion of NE in LC terminals. However, as soman inhibits acetylcholinesterase, thus causing
increased ACh, it is possible that NE release is also influenced by activation of cholinergic receptors
located on LC terminals. Presynaptic muscarinic receptors reduce and nicotinic receptors increase,
terminal NE release (204-206) Soman, by increasing ACh should stimulate both muscarinic and

.nicotinic receptors, but it is unclear how combined stimulation of both receptor subtypes would
*influence NE release. M muscarinic reduction of NE release predominates, then a muscarinic agonist
should increase LC discharge rate but cause less NE release than seen with soman. Recent studies in
this laboratory (in preparation) demonstrate that administration of the muscarinic agonist, pilocarpine,
" causes inc;ghses in LC neuronal discharge activity that are identical to those caused by soman.
However, pilocarpine also caused forebrain NE reductions of the same magnitude and time course as
those produced by soman. This argues that any reduction in NE release attributable to presynaptic
muscarinic stimulation s insufficient to offset the increase in release of NE due to the sustained increase s
of LC neuronal activity. As any nicotinic action would presumably further sncrease NE release, we
conclude that soman increases NE release primarily Lecause it increases the activity of LC neurons.

i

/

_ T'As soman directly activates LC neurons and since NE levels are only reduced in conwnlsing
animals, it is therefore rcasonable to suggest thai soman-induced activation of LC, pruducing a ' A
,"'sgstained release of NE throughout the forebrain, plays a role in the generation and/or maintenance of '
- 'seizures. When given systemically to unanesthetized animals, soman caused convulsions 2d dramatic
NE depletion in two thirds of the rats. By contrast, when soman was micreinjected directly inta LC it
“caused 3-7-fold increases in firing rates in all cells tested. At face value, this might imply that increased
firing of LC neurons, per se is not sufficient to trigger seizure activity. Consistent with this, seizures were
never observed in, our acute experiments where soman, at a systemic dose sufficient to induce
convulsions in two-thirds of unanesthetized animals, increased LC neuronal cctivity 3-7-fold. !
Recordings from LC following systemic administration of soman were obtained in only four animals
pretreated with the peripheral muscerinic antagonist methylscopolamine,‘as animals without this
pretreatnent died within 5-10 min of soman administration. Even with this pretrcatmesd, the animals'
labored breatking made it difficult to record the activity of icolated units for long periods of time.
Thus, had we been able to record from a larger population of animals with systemic administration of
soman w2 right have 5served some animals in which the same dose ¢f soman caused no increase of L
activity corresponding to the third of the unanesthetized animals that do not convulsz, The reason a
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 third of the animals do not convulse is not clear, although it may reflect variability in the amount of
somail that reaches the brain following intramuscular administration. Consistent with this, other
observations from this laboraiory show that the same dose of soman can cause different degrees of AChE
inhibition in the brain. We have also observed that the same dose of soman can cause differential
inhibition of AChE in different neurons in LC (unpublished observations); it is possible, therefore that
inhibition of AChE in a critical proportion of LC neurons may be necessary to cause sufficient forebrain
release of NE to contribute to the generation and/or maintenance of seizures. It is further possible that
anesthesia prevents the cxpression of soman-induced seizures through either a generalized reduction of
neural excitability or a selective reduction of LC neuronal excitability. Thus soman might cause even
greater increases in LC neuronal firing rates in unanesthetized animals. Recordings of LC in soman-
treated, unanesthetized animals might shed light on these alternatives. Thus, while it is difficult to
directly compare the actions of soman on LC neuronal activity with the occurrence of seizures in the
unaresthetized rat, it is nonetheless intriguing that the results of our companion study clearly
_demonstrated that convulsions only occurred when NE levels were dramatically reduced. Thus we
hypothesize that soman-induced activation of LC causing sustzined release of NE in the forebrain is a
necessary condition for the expression of sgizures. '

While the role of NE in seizures in equivocal, there is strong evidence that NE, acting via B-

i , y
receptors, is procoavulsive (111 140),

Exposure to soman leads to generalized hypercholinergic
stimulation of brain neurons. The present results, taken with the neurochemical findings in Chapter 5,
show that soman also leads to the generalized release of NE. The consequences of, combined
‘cholinergic and noradrenergic stimulation has not been investigated but, as both of these transmitters
are known to block spike accommodation nechanisms in cortical and thalamic neurons (38 81, 85, 113-
15, 120), it is conceivable that sustained release of these two transmitiers conspires to instiate soman-
induced seizures. Should this hypothesis prove correct, it mignt he possible to prevent the seizurogenic

altions of soman and other cholinolytic agents by conventional pharmacological manipulation of these

two neurotrasmitier systems,




7. PILOCARPINE-INDUCED CONVULSICNS IN RATS: EVIDENCE FOR
MUSCARINIC RECEPTOR MEDIATED ACTIVATION OF LOCUS COERULEUS AND
NOREPINEPHRINE RELEASE IN CHOLINOLYTIC SEIZURE DEVELOPMENT

. INTRODUCTE/N

Therc is an increasing interest in the role of acetylcholine (ACh) in seizures, including human
epilepsy (9%, additioral interest stems from the fact that organophosphate (OP) nerve agents such as
the irreversible acetylcholinesterase (AChE), soman, cause severe convulsions associated with
irreversible brain damage. Soman significantly increases brain ACh in the course of seizures (}73).
However, several lines of evidence suggest that soman-induced convulsions may not be due solely to an
+excess of ACh. For example, centrally acting muscarinic antagonists such as atropine, alleviate but do
not block the convulsive actions of OP nerve agents (!2'). Moreover, there is little systematic relation
between the incidence or severity of soman-induced convulsions and the elevation in ACh or ¥-
aminobutyrate (GABA) levels in the rat striatum and cerebellum (1'%). Likewise, we showed that there
is only a moderate correlation between forebrain AChE reductions and the incidence of convulsions in
rats following soman intoxication (Cliapter 5, this report).

There is evidence that effects of ACh on other modulatory neurotransmitters, such as
norepinephrine (NE), dopamine (DA), and serotonin (5-HT) may be involved in cholinolytic
convulsions (89). Soman administration was found to increase release of all three of these
neurotransmitters (°6). We recently demonstrated that soman causes a rapid, profound depletion of
forebrain NE and that there is a strong correlation between NE depletion and the incidence of
convulsions (Chapter 5, this report). Based on the findings, we hypothesized that NE depletion might

be caused by sustained activation of neurons in the locus coeruleus (LC).

Noradrenergic neurons in LC send fibers to all parts of the forebrain and are the sole source of
NE in the cortex, hippocampus and the olfactory bulb. Therefore, LC exerts a global influence on
neuronal excitability. Several lines of evidence suggest that excess ACh caused by soman's irreversible
inhibition of AChE might excite LC neurons causing increased NE release from LC terminals: (i) LC
neurons contain high levels of AChE (%); (ii) cholinergic agonists strongly increase the firing rates of LC
neurons (%) and (iii) activation of LC causes increased release of NE in the forebrain (1°%). Sustained
release of NE in the forebrain could contribute to the generation of seizures;, NE increases the
excitability of cortical neurons by a disinhibitory mechanism similar to that of ACh (38' '4['). Moreover,
there is evidence that NE has pro-convulsant actions. Therefore, NE release caused by AChE inhibitors
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may play an important role in the initiation and/or maintenance of cholinolytic seizures, as inhibition of
AChE should lead to a rapid accuraulation of ACh in LC and accumulated ACh might tonically activate
LC neurons.

Thus, w2 recently investigated the actions of systemic and intracoerulear injections of soman on
the discharge characteristics of LC neurons. Systemic injection (im) of soman increased the mean firing
rate of LC neurons to five times the control rate (Chapter 6, this report). This increased firing rate was
sustained for several hours. Likewise, microinjection of soman confined to LC caused a comparable
sustained increase in the firing rate of LC neurons, These findings demonstrated that soman causes a
rapid, sustained increase in the discharge of LC neurons. Further consistent with the idea that soman
causes sustained excitation of LC neurons, we also found that either systemic or intracoerulear soman
selectively induced the expression of the immediate early gene, FOS, in LC neurons.

The most parsimonious explanation for these actions is that soman blocks AChE, leading to an
excess of ACh in LC. If true, then muscarinic and/or nicetinic antagonists should block increased LC
firing caused by soman. Indeed, our previous experiments showed that muscarinic, but not nicotinic,
receptor antagonists completely reversed the excitatory action of either systemic or intracoerulear
injection of soman on LC neurons (Chapter 6, this report). This suggests that soman-induced ACh
accumulation leads to increased LC firing by activation of muscarinic receptors. If this hypothesis is
correct, then administration of a2 muscarinic agonist should, like soman, also cause both a sustained
increase in LC firing rates and depletion of NE in the forebrain. Pilocarpine is a potent muscarinic
recepior agonist. Systemic administration of pilocarpine causes seizures (195). Pilocarpine induced
sejzures are attenuated by the muscarinic antagonists atropine and scopolamine (% 152) The goal of
the present experiments, therefore, was to test the prediction that 2 selective muscarinic agonist,
pilocarpine, would produce effects on NE release and LC neuronal activity similar 1o those caused by
the anticholinesterase soman.

METHODS

Chemicals. Pilocarpine hydrochloride, monochloroacetic acid, octyl sodium sulfate, brain
monoamines and the internal siandard 3,4-dihydroxybenzylamine hydrobromide (DHBA) were obtained
from Sigma Chemical Co. Fisher Scientific was the source of L-cysteine, NazEDTA, perchloric acid and
HPLC grade acetonitrile.

Pilocarpine Administration. Aduit male Sprague-Dawley rats (290-340 g) were obtained from Harlan
Laboratories, (Indianapolis, IN). Rats were housed in pairs with free access to food and water at least
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one week before use. A single dose of 300 mg/kg pilocarpine in saline was injected (ip). This dose
was selected because it causes convulsive seizures in 60% of the animals compared to 90-100% induced
by the larger dose of 380 mg/kg used in previous v.. Jjes (129 156y, Thus, by using this "peri-
threshold” convulsive dose, it was possible to determin:- .* any changes in monoamines and/or changes
in ILC discharge were a consequence of pilocarpine per <2, or were dependent on the development of
convulsions. For each survival period a control group of rats was injected with a proportional volume
of saline.

Scoring of Convulsive versus Nonconvulsive Rats. Pilocarpine injected rats were observed every 5
min during the first 30 min after injection, every 30 min for the next 8 hr, and once daily during the
remainder of the 24-96 hr survival period. For each injected rat, the presence or absence of
convulsions was noted during this observation period. Pilocarpine-intoxicated rats fell into clearly
distinguishable convulsive and nonconvulsive groups. Those rats which developed convulsions did so
within 40 min after pilocarpine administration and continued to be convulsive for at least 4 hr.

Neurochemical Measures.

Animals. Rats were sacrificed by decapitation at 1, 2, 4, 8, 24 and 96 hr following pilocarpine
administration. ‘The brains were rapidly removed and the olfactory bulbs were separated from the
remainder of the brain by cutting the olfactory peduncle. The cerebellum and underlying brainstem
were removed and the forebrain was divided at the midline, followed by the remova! of the remaining
brainstem including the thalamus and hypothalamus. Forebrain samples and two olfactory bulbs were
immediately frozen on dry ice, and stored at -70° C until assay.

Individual forebrain tissues were homogenized at 0°C for 2 min in 1.6 ml of 0.10 M perchloric
acid containing 0.1% cysteine as antioxidant and 10 ng of the internal standard (DHBA). About 200 ul
of individual homogenates was transferred to an Eppendorf polypropylene tube and centrifuged at
1360 g for 7 min at 4° C. One hundred microliters of the supernatant was diluted with 200 pl of the
homogenization solvent. The olfactory bulbs were treated identically except that these were
homogenized for 1 min in 200 pl of solvent. For either tissue, 10 pl of the final solution was injected
into the HPLC.

Chromatographic Methods and Assay of Brain Monoamines. Moncamine levels were determined
using a Bioanalytical Systems (West Lafayette, IN) Model 200 Liquid Chromatograph, equipped with a

Model LC-4B Electrochemical Detector. The glassy carbon working electrode was kept at 0.70 V against
an Ag/AgCl reference electrode and the sensitivity of detection was kept at 10 nA (full scale).
Chromatographic separations were effected with a 10 cm x 3.2 mm ODS 3-um column (Bioanalytical
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Systems, Inc.). The mobile phase consisted of 0.06 M monochloroacetic acid Buffer (pH 3.0)
containing 1.30 mM octyl sodium sulfate, 0.2 mM Na2EDTA, and 3.5% acetonitrile. The flow rate of the
mobile phase through the column was kept at 1.0 mI/min. The column and the electrochemical cell
were held at 40 and 410 C, respectively. For forebrain monoamine assays, five standard solutions (10
pl each) were injected daily between the runs containing 0.2-1.0 ng of NE, HVA, DOPAC, 5-HT; 0.10-
0.50 ng of 5-HIAA; 0.5-2.50 ng of DA and a constant amount (0.2 ng) of the internal standard DHBA.
For olfactory bulb monoamine assays, five standard solutions (10 pl) were similarly injected into HPLC
but containing 0.2-1.0 ng of NE and 5-HT; 0.10-0.50 ng of DA, HVA, DOPAC, 5-HIAA and a constant
amount (0.2 ng) of DHBA.

Statistical Analysis. Statistical analysis of the data was performed using unpaired, two-tailed
Student's t-tests

Neurophysiological Measures:

General Surgical Procedures. Male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN)
weighing 250 to 375 g were anesthetized with chloral hydrate (400 rg/kg, ip). Anesthesia was
maintained throughout all procedures with additional injections of 30-40 mg/kg chloral hydrate
administered approximately every 30 min. Core body temperature was maintained at 36-38° C with a
feedback-controlled heating pad.

LC Recordings. Animals were anesthetized with chloral hydrate and placed in a stereotaxic
instrument with the incisor bar lowered to place the skull 12 degrees below the horizontal plane
(bregma 2 mm below lambda). A hole was drilled in the skull at the coordinates for LC (3.7 mm
posterior to lambda, 1.2 mm lateral to midline), and the underlying dura was reflected. A glass
recording micropipette (2-4 um tip diameter) filled with 2% Pontamine Sky Blue in 0.5 M sodium
acetate was advanced into LC with a hydraulic microdrive. Extracellular recordings from individual
neurons were amplified and displayed as filtered (300 Hz - 10 KHz bandpass) and unfiltered electrode
signals, Impulse activity was also monitored with a Joudspeaker. Action potentials were isolated from
background activity with a waveform discriminator which generated logic pulses for signals that crossed
a lower voltage gate and peaked below an upper voltage gate. Discriminator logic pulses were led to a
computer and chart recorder for on-line data collection. LC neurons were tentatively identified at the
time of recording by characteristic impulse waveforms, and spontaneous and sensory-evoked discharge
patterns as previously described ) Micropipette penetrations were marked by iontophoretic
ejection of dye with current pulses (-7 pA, 50% duty cycle for 10 min). At the end of recording
sessions, animals were deeply anesthetized and perfused with 10% formalin. Brains were removed and
stored in a similar solution containing 20% sucrose. Select brain regions were cut into 50 pm-thick
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frozen sections, mounted on subbed slides and stained with neutral red. All recording sites were
histologically localized from such tissue sections.

EEG Recordings. A pair of stainless steel microwires (250 pm diameter), factory insulated except
for bluntly cut tips, were used to monitor cortical EEG. The tips of the wires were separated
dorsoventrally by 1.5 mm and the electrode was implanted into the cortex (1-3 mm caudal to bregma, 1
mm lateral to midline) so that the tip of the superficial electrode extended 160 um below the cortical
surface. The electrode was secured to adjacent skull screws with dental cement. The EEG was
ampiified by conventional methods and displayed on a chart recorder.

Pharmacology. In the first set of experiments, pilocarpine was injected intraperitoneally at the
same dose used in the neurochemical studies (300 mg/kg). In the second set of experiments,
microinjections of pilocarpine were made directly into LC while simultaneously recording LC neurons.
Intracoerulear injections were made with a double barrel electrode assembly consisting of a calibrated
glass micropipette (Fisher Scientific; 40-50 um tip diameter), cemented to a recording micropipette
(similar to that described above) to position the recording pipette tip 80 to 250 pm beyond the tip of
the microinjection electrode. The microinjection pipette was filled with a2 40 uM solution of
pilocarpine in 0.9% sodium chloride (pH 7.0) and was connected to a Picospritzer I (General Valve
Corporation) for pressure ejection. Visual inspection of the movement of 2 small bubble relative to 2
calibration grid on the injection pipette allowed injections as small as 15 nl. A 26 g needle was
inserted into a lateral tail vein for intravenous (iv) injection of scopolamine hydrochloride (0.5 mg/ml
in distilled water) or mecamylamine hydrochloride (1.0 mg/.- in distilled water). In some experiments,
aqueous solutions of scopolamine hydrochloride (5 mg/ml) or methylscopolamine bromide (2 mg/ml)
were injected intraperitoneally.

C-fos Immunohistochemistry. Animals were deeply anesthetized and perfused transcardially with 100-
200 ml of 0.9% saline (4° C) for 1 min, followed by 1 liter of 4% paraformaldehyde in 0.1 M
phosphate buffer (PB) (pH 7.4, 4% C). Brains were postfixed in this same solution (4° ©) for 1.5 hr,
and then placed in 20% sucrose in 0.1 M PB overnight. Serial, 40 pm-thick frozen sections were cut in
the coronal plane and alternately placed into placed into two trays containing 0.1 M PB for
immunocytochemical visualization of FOS or for histochemical visualization of AChE (see below). For
FOS immunohistochemistry, free-floating sections were (1) rinsed (30 min) in 0.1 M phosphate
buffered saline (PBS); (2 placed in 2% normal serum (normal goat -NGS- for rabbit primary or normal
rabbit -NRS- for sheep primary) in PBS containing 0.2 - 2.0% Triton X-100 overnight; (3) incubated in
primary antibody (Dr. M. Greenberg, Harvard Univ., rabbit; Cambridgc Biochemicals, sheep) at a
1:5,000 or 1:10,000 dilution in 0.2% Triton X-100 and 2% NGS/NRS for 24 hr (4° ©) with constant
agitation; (4) rinsed in PBS (30 min) and then incubated in biotinylated 1gG directed against the
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species producing the primary antibody, in PBS (1 hr, room temp); (5) rinsed in PBS (30 min, room
iemp) and incubated for 1 hr in avidin-biotin-peroxidase complex in 0.1 M PBS and then rinsed in PBS
(20 min, room temp); and (6) incubated in 0.05% diaminobenzidine (DAB) with 0.1% hydrogen
peroxide in PB for 10 min, then rinsed in PB.

RESULTS

Neurochemical Findings

Characteristics of Pilocarpine-lnduced Convulsions. All rats injected with pilocarpine (300
mg/kg, ip) exhibited both physical and behavioral signs of intoxication. Both convulsive and
nonconvulsive rats exhibited “red lacrimation” and defecation beginning about 5 min after drug
administration. Convulsions were observed in 60% of the rats. Behavioral signs of convulsive rats
included tonic shaking movemenis of the head and body. Rats developed conwnlsions at times ranging
from 10 to 40 min after pilocarpine injection; the mean latency for onset of convulsions was 18.8 + 0.9
min. Convulsions gradually increased and intense, sustained conwulsive activity was typically expressed
for 1-4 hr; convulsive activity gradually declined in intensity thereafter. By 8 hr, half of the rats in the
convulsive group (5/10) had completely recovered, while convulsive activity in the remaining five rats
had nearly subsided. By 96 hr, surviving convulsive rats had lost on the average 32% of body weight.
Despite the weight loss, the rats had fully regained normal activity by this time. Nonconvulsive rats
maintained their pre-drug body weight. The spectrum of behavioral manifestations of convulsions
produced by pilocarpine, and the onset, seve:ity and duration of these convulsions were similar to
those produced by the anticholinesterase soman (Chapter 5, this report). In contrast to convulsive
animals, nonconvulsive animals exhibited a decrease in motor activity and reduced responsiveness to
external stimuli during the first few hours of intoxication, The mortality rate for all pilocarpine -reated
rats was only 3%. All the rats that died prior to sacrifice had exhibited intense, tonic convulsions.

Time-Course of Changes in NE. NE levels in the rat forebrain and olfactory bulbs of convulsive

rats declined rapidly and dramatically following pilocarpine intoxication (Figure 19, Tables 4 and 5).
By one hr following pilocarpine administration, forebrain or olfactory bulb NE levels in convulsive rats
decreased to 49.5 and 47.6% (p = 0.0001) of control level, respectively. The decrease in NE levels was
maximal at 2 hr in the forebrain (37% of control, p = 0.0001) and in the olfactory bulb (24.8% of
control, p = 0.0001). The reduction ir forebrain and olfactory bulb NE levels was sustained between
2-4 hr of pilocarpine intoxication. By 8 hr, NE levels in both cortical structures recovered to 49% of
control levels (p = 0.0001) and continued to increase slowly over the next 4 days. By 96 hr after
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intoxication, NE levels in forebrain or olfactory bulb of convulsive rats were not significantly different
from control levels.

In marked contrast, forebrain NE levels decreased to only about 78.0% of control levels in
nonconvulsive rats at 1 hr following intoxication, This decrease, although significant (p = 0.004), was
not as profound as the 49.5% reduction in convulsive rats (p = 0.0001). A similar decrease to 80.0%
of control level (p = 0.035) in olfactory bulbs NE of nonconvulsive rats was found at the same time
interval, This decrease was also significantly less than that in convulsive rats (47.6%, p = 0.0001). At 2
hr, forebrain NE levels in nonconvulsive rats were 83.0 % of control levels (p = 0.002); olfactory bulb
NE levels in nonconvulsive rats was not significantly different from control levels. NE levels in forebrain
or olfactory bulbs of nonconvulsive rats at 4, 8, 24 or 96 hr were not significantly different from
control levels.

" Time-Course of Changes in DA. Mean values of DA and metabolites DOPAC and HVA in the
forebrain and olfactory bulb of pilocarpine-intoxicated rats as compared to those of control rats are
given in Tables 1 and 2. The time-courses of changes of these monoamines and their metabolites are
plotted in Figure 20. The mean levels of DA in convulsive and nonconvulsive rats were not significantly
different from those of control. However, the levels of the metabolites DOPAC and HVA were
significantly increased. In the forebrains of convulsive and nonconvulsive rats, there was a progressive,
comparable increase in DOPAC and HVA, reaching levels 200-250% of control (p = 0.0001) by 4 hr, of
intoxication. Forebrain DOPAC and HVA levels in nonconvulsive rats returned to control levels by 4 hr
while those in convulsive rats remained high for 8 hr after pilocarpine intoxication. These findings
demonstrate that there is a gradual, similar increase in DA release in forebrain that is of similar
magnitude in both convulsive and nonconvulsive rats in the first 4 hr following intoxication.

Olfactory bulb DA, DOPAC and HVA levels increased in convulsive rats at 1 hr following
pilocarpine administration; DOPAC levels at 1 hr were increased to 229% of control (p = 0.0001) and
HVA levels were increased to 190% of control (p = 0.0001). Olfactory bulb DA and metabolite levels in
convulsive rats, unlike those in the forebrain, returned to near control level by 8 hr of intoxication. In
nonconvulsive rats, there were delayed (2 hr), smaller increases in DOPAC (127% of control, p=
0.004) and HVA (158% of control, p = 0.0001). At 4 hr, DOPAC reached maximum levels (136% of
control, p = 0.008) while HVA returned to control levels. By 8 hr, DOPAC levels in nonconvulsive rats
returned to control levels.
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FIG. 19, Effect of pilocarpine on NE Jevels in olfactory bulb and
forebrain of convulsive and nonconvulsive animals. NE levels in con-
vulsive and nonconvulsive rats following a single dose of 300 mg/kg
pilocarpine in (A) olfactory bulb and (B) forebrain.




TABLE 4

Time Course of Changes in Forebrain Level of NE, DA, 5-HT, and Metabolites Foliowing
a Single Dose of Pilocarpine (300 mg’kg. ip)

Amine Group 1h 2h 4h Bh 24 h 96 h
NE c 386.1 = 168 386.6 = 15.0 3659 = 123 43302142 Plaz 9.2 386.2 = 189
* Ccv 191.2 £ 13.8° 14302 11.2* 137.02 7.5 212.5 = 12.3* 2845176 382521983
NCV 301.3 = 11.5** 3206 7.4 3543 = 13.7 415.0 =199 408.5 = 22.5 40032 76
DA C 966.6 + 25.2 1101.1 = 35.% 925.1 = 25.6 9826 = 3.2 9793 =133 $82.8 = 36.5
cV 956.4 = 28.0 10475 =610 840.0 = 23.9*° 1072.3 2 42,6 1145.7 £ 4B.4"° 1104.1 = 445
NCV 966.6 £ 43.7 1201.8 £ 67.2 1044.4 = 34.2° 969.4 = 872 985.5 + 49.7 1010.6 = 48.7
DOPAC C 859+ 6.2 908+ 4.7 765+ 38 836 = 3.2 900= 8.3 5422 28
Ccv 1432= 7.5 1587 = 7.2* 1401 =2 79° 1419 = 1.2 1131 = 598" 655z 3.7
NCV 144.7x 9.0° 163.7 2 13.7* 1343 = 83° 894 = 6.2 786+ 9.6 582= 60
HVA C 1014 2745 8442 40 817 4.1 B18= 39 8592 6.3 ME6x 15
’ <V 1413z 66 202.0 = 15.9* 1779 = 11.9° 216.6 = 15.3° 1169 = 8.5 911z 67
NCV 169.5 = 13.6* 198.1 = 19.7* 17372 63 863= 62 8072 65 7 832z 73
' 8.HT C 3440 £133 3116 % 14.7 3088 = 6.3 2520= 68 27422 6.0 294.0 2126
[9Y 3679 2 16.2 33232 140 309.5 = 105 281.2= 149 391.0 = 24.6* 3830 = 21.0**
NCV 358.8 = 10.0 3593 = 16.9 343.7 2 14.1* 309.4 = 29.2°° 335.5 = 30.0 31792138
-5.HIAA = C 10902 5.5 1238= 77 12962 60 108.5 = 4.1 1361 = 83 12412 5.1
Ccv 159.7 = 8.3° 364.2 2 25.5° 386.5 = 41.4° YA bt 4534 £ 11.0° 238.0= 8.0°
NCV 1349 = 9.0 191.3 = 13.5*° 2325 = 17.1° 158.0 = 13.8** 139.0 = 104 1576+ 2789
C neg n=§ n=8 n=6 neé n=6
cv n=§ n=8§ n=9 n=10 n=8 n=6
NCV n=5 n=7 nesd nedq n=3 nw9

Note. Data are expressed in means (ng/g tissue) = SE. Abbrevistions: C, control: CV, convulsive: NCV, noncenvulsive rats, and n, number of
rats sacrificed in each group at the indicated time interval, Statistics: * £ < 0.0005; ** P < 0.05, significant difference from the control mean as
determined using an unpaired, two-tailed Student ¢ test.

TABLE 5

Time Course of Changes in Olfactory Bulb Level of NE, DA, 5-HT, and Metabolites Following
a Single Dose of Pilocarpine (300 mg/kg, ip)

Amine Group 1h 2h . 4h 8h 2 h 86 h
NE C 2203 £ 13.1 2444+ 91 55 70 258.6 £ 19.3 2387t B.6 2207 6.7
cv 1092+ 96 606z 54° 5872 50° 12662 53° 1918108 19252 6.9°
Ncv 1834 £ 118 21452154 186.0 = 13.1 2294 2230 234.2 2113 2196 8.7
DA [ 646+ 64 780+ 35 565 4.1 933 18 9t 43 89= 8.2
Ccv 914 x 49 923 3 684 x 34° 935 18 516 3.6 9582 69
NCV 729+ 48 839 64 580« 4.0 5+ 86 492 69 950+ 5.2
DOPAC C 270z 25 318+ 19 27.7x 19 B4 18 N7 15 258 23
cv 618+ 4.2° 548+ 31° 48z 33 328+ 22 167 0.9°° 2912 22
NCv 333x 10 404z 15 37.8x 25% 2982 16 205: 36 243= 13
HVA c 80.2« 45 723 26 8172 49 970 4.1 66 20 774 48
cv 1520 £ 11.7* 168.7« 58° 1296 + 7.9 1156 = 19 ) 472 56 %4z 50
NCV 973+ 1.2 1144+ 62° 82.7= 5.2 740 654 0.2 57 6852 4.1
5-HT [} 1648+ 6.7 1639+ 4.1 12742 B4 17242 79 1629 = 8.2 17722 91
cv 1879 = 64°* 162.7 = 150 134.1x 56 1746 = 64 1527= 8.2 2099 = 7.5
NCV 177.5 = 11.1°* 1739+ 75 152.7 2 114 1803 =+ 25.2 1580 = 45 2003 =111
5-HIAA C 1120 53 9312 47 M43 4.1 9942 63 93+ 66 866 69
cv 1083+ 6.2 132.1 = 14.3** 143.8 = 12.0° 175.7 = 12.9° 1105 = 9.1 1196 = 55°°
NCV 88.6 x 6.3 1107 £ 106 . 983+ 6.5° 1021+ 53 1060« 1.7 102.6 = 10.9
c ne§ n=8 n=§ neb neg n=6
Ccv ne=g ne=8 n=9 n=10 ne§ n=6
NCV n=5 a=7 n=5 nw=4 nes ney

Note. Data are expressed as means (ng/g tissue) = SE. Abbreviations: C, control; CV, convulsive; NCV, nonconvulsive rats, and n, number of
rata sacrificed in each group at the indicated time interval. Statistice: * P < 0.0005; ** P < 0.05, significant difference from the contro) mean as
determined using an unpaired, two-tailed Student ¢ test.
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F1G.20. Effect of pilocarpine on DA and metabolite (DOPAC and HVA) levels. Time:course changes in the levels of DA, DOPAC, end
HVA following & single dase of 300 mg/kg pilocarpine in (A) olfactory bulbs of coanvulsive rats, (B) clfactory bulbs of nonconvulsive rats, (C)
forebrains of convulsive rats, and (D) forebrains of nonconvulsive rate.

200 A 200 B
e %\§ %
, g8 |
[-- B
33 A £ 3
g%m‘\}—"ﬂ / %imﬁWi
e W
r ¥
3 ——— :.:TN E __.'—0"'_ ::r“
: 0+ v —rey —errry 0 1 ~rren
1 10 100 1 10 100
Tme, hours (Logarithmic Scale) Time, hours  (Logarihme Scale)
‘o‘” Cc 400-‘ D
ol o g,
4 00
3 /k \ 8 —0— 5HWMA
g £ / \\ z 4 1 —o~ MY
g 3 200-/ o % 'g 200 /b/é\
. e 4 e
E 100 P—0—g—" T 0 _k,.-.) \‘\‘8><:§
—0— S5.HIAA S
—~0— &NT
0 ; . 0 : .
1 10 100 1 10 100

Time, hours  (Logarthmic Scale)

Tume, t outy  (Lagarimc Scale)

FI1G.21, Effect of pilocarpine on 5-HT and metabolite (5-HIAA) levels. Time.course changes in the levels of 5-HT and major metabolite
5.HIAA following a single dose of 300 mg/kg pilocarpine in (A) olfactory bulbs of convuisive rats. (B oifactory bulbs of nonconvulsive 1815, (Ci
forebrains of convulsive rats, and (D) forebrains of nonconvulsive rats.
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i Time-cpurse of Changes of S-hT. Mean valves of 5-HT and the metabolite 5-HIAA in the forebrain

, .md olfactory bulb of piiocarpine-intoxicated rais as compared to those of control rats are listed in
“Yables § and 2; the time-courses of (hese changes in convulsive versus nonconvu‘snve rals are ploded in
Fig 21 Piocarpine did not cignificantly change torebram 5-HT levels in the first 8 hr. There was
hwwever, a delaved increase in the 5-HT metabolite, 5- HIAA, in the forebrain of convulsive rats; 5-HIAA

' reached a maximum level of 300-350% of contrel (p = 00001) between 2 and 24 hr of intoxication,

and derhncd aﬁerwatd 10 192% by 96 hr. ln the olfactory bulb, there was a delayed increase in 5-HIAA

levels in convulsive rats, al;hough the mcreat" was much smaller than that in the forehrain, In "
" conwlsive rats, the increase in olfactory buib 5-.«4A levels was maximal at 4 hr (193% of comrol p =

0. 000\) ana dechned slowly aftesward fo reach near comrol \evels by 24 hr of intoxication.
Nzunormrsgom;c@ Pmomcs ' ' o N U
Systemic Piloc.qrpinc Adminisiraﬁon

1S MIMALAQIUIL The preceding studies demonstrated that systemic injection of p;lourpme
in unanesthetized 1ats produces rapid, profound reduction of forebrain NE in coavulsing rats. As we

hypothesize that thiz NE depletion may be due to an excitaiory effect of pilocaspine on LC neurons, we

next examined the effects of sysiemically adminictered pilecarnine on the discliarge of LC neurons.

in anesthetized rats, systemic injection of pilocarpine ( * rapidly (3-7 min)
produced excessive salivaiion and iabored brezthing; these efiec ~nchoconstriction
and bronchial secretion produced by the muscarinic stimulation ni | »Omi¢ ncurons and
the deoressant action of anesthencs, led w0 rapid death of the anin . . circumvent the peripheral

auonomic cffects of pilocarpine, rats were pretreated 60-90 min prior to fiiocarpine injection with the
penspherally-acting scopolamine analog methylscopolamine bromide (2 mg/kg, ip). Peripheral
muscarinic seceptor blockade substantially reduced the side effect. of piiocarpine, and under these
conditions, LC newions were recorded for as long as 6 hr after a <vsi- mic injection of pilocarpine. Ve
vecently demonstrated there was no difference between th. mesr «neous dischacge rates of 10
neurons of methylscopolamine-pretreated versus cont * imals , -t 0, this ropont),

The spontaneous cischarpe rates of LC neurons before pilucarpine injecsion ranged from 1.4 10
2.4 spikes/sec, with a meas spontanieous rase of 1.9 & 0.1 cwker/ses (v = 12). As shown in Uigure 22,
systemr.c pilacarping injection (300 mp/hg, ip, 2=§ vrimals) cauvrd 2 pronounced increasv in the
spouanesys dacharge rates of L0 neurens Seginning 3-5 7 in &l injedion.  Pue susiained invrease
i 1LC pearona) discharge was maimain:d for the first 2 hy after injection. Tae spontancou.. rates of LC
neurons dusing tlays petiod racged from 4.8-41 1 spikes/see, he mean discharge rate of neurons
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recorded in the first two hr following systemic pilocarpine administration was 8.6 + 0.4 spikes/sec (n =
13). This was substantially greater (p < 0.001) than the mean discharge rate of LC neurons in the same
animals before pilocarpine.

The excitatory action of pilocarpine was extremely long lasting. As summarized in Figure 23, the
mean discharge rate of LC neurons was significantly elevated at 2-3 hr (8.2 + 1.2 spikes/sec, n = 3; p <
0.001), 3-4 hr (6.4 + 0.4 spikes/sec, n = 3; p < 0.001) and 4-5 hr (4.3 + 0.1 spikes/sec, n = 4; p <
0.001) after pilocarpine injection. By 5-6 hr after pilocarpine administration, the mean dischacge rate
of LC neurons (2.4 + 0.1 spikes/sec, n = 4) had returned to near that of the mean control rate. Thus,
systemic pilocarpine caused a robust activation of LC neurons that was sustained at peak levels for 3 hr;
LC discharge rates then progressively declined but remained significantly elevated until 5-6 hr. Analysis
of EEG records showed tha' although pilocarpine administration produced a desynchronization of
cortical EEG, there was no evidence of seizure activity at any time following the administration of
pilocarpine (not shown).

In al! four animals tested, administration of the centrally acive muscarinic receptor antagonist
scopolamine hydrochloride {5 mg/kg, ip, n = 1; 0.5 mg/kg, iv, n = 3), rapidly (30-120 sec) and
compietely reversed the pilocaipine-induced excitation of LC neurons to pre-pilocarpine centrol values
(Fig. 22A). There was no significant difference (p > 0.05) between the meap LC discharge rate prior to
pilocarpine administration (1.9 + 0.1) and that following combined pifocarpine and scopolamine
administration (2.4 + 0.2, n = 5).

FOS STAIBING,  Systemic injection of pilocarpine (300 mg/kg, ip) in unanesthetized animals
induced rapid and selective expression of YOS in two areas: 1C and PC. Systemic pilocarpine
administration caused FOS expression in 1T newrons beginning 30-45 min after injection; by contrast,
there werz only occasional, scattered FOS-positive LC neurons in saline injection control cases. As
shown in kigure 24, by 2.7 hr after injection, the majority of LC aevrons show robust expression of
FOS. This exnression was restricted to LC neurons as FOS was not expressed in nearons in nuclei

surrounding LC, including the media! parabrachial nucleus, mesencephaiic trigeminai nucieus, and
laterai duisal egmenta! nucleus. With jonger postinjection survival tinngs, the rtmber apd intensity of
FOS-staiverd LC nenrons progressively increascd, and FOS expression was present iv nther brain regions.
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FI1G. 22. Robust activetion of LC neurons by systemic or intre-
coerulear microinjection of pilocarpine. (A) Computer ratemeter rec-
ord showing the spontaneous discharge of an LC neuron. Systemic
administration of 300 mg/kg pilocarpine (ip). shown at lower bar,
sctivates this LC neuron 3 min after injection. Intravenous injection
of scopolamine (0.5 mg/kg, iv) rupidly reversed the pilocarpine-in-
duced sctivation of this LC neuron. (B) Ratemeter record showing
apontaneous activity of 8 sing'e LC neuron before and after microin-
isstion of pilocurping into LC. Intracoerulear microinjection of 1.2
nm4) of pilocarpine (in 30 nl, shown at lowar bar) repidly increased
the rpontaneous discherge of this neuron. Intravenous administre.
sior of scopolamine (0.5 mg/kg) rapidly and completely raversed the
pilocarping -induced tonic excitation of this neuron
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F1G.23. Systemic administration of pilocarpine causes a long-
lasting sctivation of LC neurons. Bar graph summarizing the mesn
spontansous discharge rate of LC neurons before (Pre-Pilo), ond at
various time intervals after. systemic injsction of pilocarpine (300
mg/kg, ip). The mean discharge rate of LC neurons was significantly
elevated at 10 min-2 h (8.6 = 0.4 spikes/s, n = 13, P < 0.00)),2-3 h
(2% 12spikas/s,n= 3, P <0.001),3-4 h (6.4 £ 0.4spikes/s,n=3 P
«0.001), and 4-86 h (4.3 £ 0.1 spikes/s. n = ¢, P < 0.001) after pilocar-
pine injection. By 5~ h after pilocarpine sdministration, the mean
discharge rate of LC neurons (2.4 2 0.1 spikes/s, n = 4) had returned
to neur the mean control rate, alihough still slightly elevated at this
time (P < 0.03).




FIG.24. Activation of [.C neurons by systemic or intracoerulear microinjection of pilocarpine induces expression of ¢-fox in 1.C neurons.
Photomicrographs of coronal sections through LC showing e-fos immunostaining after systemic injection of pilocarpine (A), and intracoery-
lear microinjection of pilocarpine (B) or vehicle (('). In the first study, animals received a single systemic dose of pilocarpine (300 mg/k, ip
and were sucrificed and processed for immunohistochemical detection of ¢-fos at various time intervals. Sectionk from all animals were
processed simultaneously in the same reaction solutions to control for variation in processing. In control animals (not shown) there is no
detectable ¢-fos staining in LC neuronn, From 30 (not shown) to 150 min (A), there is n progrescive increase in the number of 1.0 neurons
expressing ¢ fos and in the intensity of ¢-fos staining. In o second study, pilocarpine was micivigected into LC and single LC neurons were
recorded for 2 h. Injections (60-nly of pilocarpine were made at 15 inin intervals to maintain elevated 1.0 discharge during the 2-h period.
Animals were then sacriticed nnd seciions stained for ¢-fos, As shown in B, there is robust, selective expression of ¢-fos in LC neurons after
piloearpine microinjection, By contrast, microinjection of id=ntical volumes of saline aver a 2-h periad did not induce ¢-fos expression in 1,0
neurons ((°),




Intracoerulear Pilocarpine Administration

The finding that systemically administered pilocarpine increased LC spontanecus discharge rates
and induced FOS expression is consistent with the hypothesis that this agent produces NE depletion as a
result of tonic muscarinic receptor activation of LC neurons. However, it is also possible that
systemically injected pilocarpine increased LC activity by nonspecific peripheral sensory/motor actions,
or by tonic activation of excitatory afferent inputs to LC neurons. In crder to circumvent these possible
indirect actions of pilocarpine, we recorded the spontaneous activity LC neurons before, during and
after focal microinjection of pilocarpine directly into LC.

LC NEURONAL ACTIVITY. The mean spontaneous discharge raie of LC neurons recorded with a
double-barrel recording/microinfusion assembly containing pilocarpine (2.5 + 0.2 spikes/sec, n = 11)
was slightly but significantly (p < 0.02) greater than the mean spontaneous rate of LC neurons recorded
with single-barrel pipettes (1.9 + 0.1). This slightly higher spontaneous discharge rate was probably
due to low level diffusion of pilocarpine from the injection pipette.

As shown for a typical neuron in Figure 22, microinjection of pilocarpine into LC caused 2 rapid
and pronounced elevation of the spontaneous rate of LC neurons. The discharge rates of LC neurons
after microinjection of 1.2 nmol of pilscarpine (in 30 nl) ranged from 5.7 to 10.8 spikes/sec with a
mean rate of 7.9 + 0.9 spikes/sec (n = 6). The elevation of LC discharge was typically observed within
5 to 20 sec after microinjection, ad was not associated with any discernible change of either the
amphiude or the waveform of LC action potentials. Larger doses of pilocarpine elicited even more
pronounced increases in LC neuron spontaneous firing rates. The mean snontaneous discharge rate of
LC neurons after microinjection of 2.4 nmol (in 60 nl) of pilocarpine was 9.7 + 0.8 spikes/sec (n =
5). The spontaneous discharge rates of 2 two cells examined after microinjection of 9.8 nmol (in 240
nl} pilocarpine were 11.5 and 14.4 spikes/sec. In contrast to the tonic excitation of LC neurons
produced by systemically injected pilocarpine, a single intracoerulear microinjection of pilocarpine
activated LC neurons for only 10-15 min. In no case was there seizure activity in the EEG records at any
time following intracoerulear pilocarpine administration in the anesthetized preparation. Injection of
vehicle at volumes equal to those used for pilocarpine elicited only a small, insignificant elevation of LC
discharge rate (mean discharge rate before and after vehicle injection, 2.1 + 0.2 and 2.6 + 0.2
spikes/sec, n = 10). Changes in LC discharge rate produced by vehicle injection never lasted longer
than 60-i80 sec.

LC neurcns in ancothetized rats cxhibit a characteristic biphasic response to noxious
somatosensory stimuli, such as paw- or (ail-pinch or electrical stimulation of the sciatic nerve (*%). This
biphasic response consists of a brief burst of 2-3 spikes followed by a post-burst inhibition of impulse
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activity lasting 500 to 1000 msec (12,20). Previous studies have demonstrated that the cholinergic
agonist carbachol increases LC discharge, but reduces excitatory responses of these cells to sciatic nerve
stimulation (]4). Thus, it was of interest to determine if responses to such excitatory stimuli were
altered during the elevated level of LC discharge produced by pilocarpine. In agreement with previous
findings (14), we found that LC excitatory responses to sciatic nerve stimulation (n = 3) were
substantially reduced during the period of increased spontaneous activity produced by intracoerulear
microinjection of pilocarpine (1.2 - 2.4 nmol in 30 to 60 cl).

As illustrated in Figure 22, intravenous injection of the centrally active muscarinic receptor
antagonist scopolamine hydrochloride, at a dose (0.5 mg/kg, iv) previously shown to block excitation
of LC neurons to directly applied ACh 3y, rapidly and potently reversed the pilocarpine-induced
elevation of LC discharge. The mean spontaneous discharge rate of LC neurons (n = 5) sampled after
microinjection of pilocarpine (1.2-3.6 pmoles in 30-90 nl) followed by scopolamine (2.2 + 0.5) did
not differ (p > 0.5) from the mean baseline discharge rate of LC neurons. In marked contrast,
intravenous injection of the nicotinic receptor antagonist mecamylamine (1.0 mg/kg) had no
measurable effect on the elevated LC discharge rate caused by pilocarpine in two cells tested.

FOS STAINING. Intracoerulear injections of pilocarpine at doses that potently activated LC neurons
(1.2 to 2.4 nmol in 60-90 nl) caused the rapid induction of FOS expression in LC neurons. As shown
in Figure 24, LC neurons exhibited robust FOS expression within 2 hr after pilocarpine microinjection
into 1C. There was little or no FOS expression in neurons in nuclei adjacent to LC (i.e., medial
parabrachial nucleus, mesencephalic trigeminal nucleus, and lateral dorsal tegmental nucleus). By
contrast, when saline rather than soman was injected into LC, only occasional cells near the tip of the
pipette were positive for FOS (Fig. 24).

DISCUSSION

The major results of this study are: (1) Pilocarpine induces convulsions whose onset, severity and
duration are remarkably similar to those caused by soman (Chapter 5, this report). (2) Pilocarpine
causes a rapid and dramatic reduction of forebrain NE only in convulsing animals. The time course and
magnitude of NE reductions in convulsing animals are remarkably similar to those found for soman
(Chapter 5, this report). (3) Both systemic and restricted intracoerulear injection of pilocarpine
increased the spontaneous discharge rate of LC neurons in anesthetized rats and caused the expression
of FOS in LC neurons. The magnitude of pilocarpine-induced increases in LC firing were essentially
identical 1o those caused by soman (Chapter 6, this report). Taken together, these results strongly
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support the hypothesis that sustained muscarinic activation of LC neurons causes a rapid and profound
release of NE from LC terminals. Based on these findings, it is reasonable to hypothesize that sustained
activation of both noradrenergic and muscarinic receptors on forebrain neurons may play a key role in
the generation of cholinolytic seizures.

Pilocarpine-Induced Release of NE, DA and 5-HT

Norepinephrine. Despite the presence of frank signs of pilocarpine intoxication, NE levels in
nonconvulsive rats remained near control levels at all intervals tested. except for modest decreases at 1
and 2 hr. By contrast, the decrease in forebrain NE levels in convulsive rats was profound, falling to
50% of control at 1 hr after pilocarpine treatment and to 37% at 2 and 4 hr. The time-course and
magnitude of these decreases in forebrain NE level are essentially identical (32% at 2 and 4 hr) to those
induced by a peri-convulsive dose of the irreversible AChE inhibitor, soman (Chapter 5, this report).
NE levels in convulsive rats began to recover slowly at around 8 hr; the beginning of this recovery
coincided roughly with the termination of convulsions. By 96 hr, NE levels were not significantly
different from controls, indicating 2 complete recovery. The slow recovery of NE levels in convulsive rats
is almost identical to that found in conwvulsive rats following soman intoxication. This observation
initially was somewhat surprising as soman is an irreversible inhibitor of AChE and full recovery of this
enzyme takes several days Pilocarpine, on the other hand, is a muscarinic agonist which competes with
endogenous ACh for receptor occupancy and is probably competed and/or diffused away relatively
quickly. This later inference is supported by our neurophysiological finding that LC activity remains
elevated only 10-15 min following direct intracoerulear injection of pilocarpine. The long-lasting
neurochemical changes caused by systemic pilocarpine thus were difficult to attribute to primary action
on LC neurons given the relatively short duration of the drug's effect on LC neurons following
intracoerulear injection. However, additional subsequent experiments showed that systemically
administered pilocarpine produced a long-lasting (4 hr) activation of LC neuronal discharge. Possible
reasons for this prolonged action of pilocarpine on LC neurons following systemic administration versus
its relatively brief duration of action following intracoerulear injection are discussed below. In any
event, however, the present findings demonstrate that there is an excellent iemporal correlation between
the prolonged, progressive decrease of forebrain NE and the prolonged activation of LC neuronal
activity in the first 4 hr following systemic administration of pilocarpine,

In those animals in which systemic pilocarpine caused convulsions and NE reductions, NE levels
did not recover unii) 96 hr. Systemic pilocarpine caused increased LC firing raies for only 4 hr,
however. Taken together, these two findings suggest that 3-4 hr of sustained 5-7-fold increases in LC
firing may lead to a depleticn of releasable NE from LC terminals. This further suggests that the factor
limiting NE recovery may be the time required to synthesize and, possibly, transport new NE to 1C
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terminals. In this regard, it is interesting to note that systemically administered cholinergic agonists have
been found to alter the activity of brain tyrosine hydroxylase (TH), the enzyme catalyzing the rate
limiting step in the biosynthesis of catecholamines, Subcutaneous injection of the muscarinic receptor
agonists oxytremorine or pilocarpine, or the AChE inhibitor physostigmine, produces a delayed,
progressive activation of TH in LC neurons (106' 107y TH activity begins to increase in LC after 24-48 hr
and peaks at 72 hr after oxytremorine injection; TH activity was also significantly increased in LC 72 hr

after injection of pilecarpine (106).

It is important to note that this TH activation occurred selectively
in LC as there were no changes in TH activity in other brainstem catecholaminergic cell groups or in
noradrenergic terminals in the cerebral cortex (’06). Conwvulsive activity was not assessed in these
studies; thus, it is not known if there were any selective changes in TH activity in convulsive vs
nonconvulsive animals. Taken together, these findings suggest that NE reserves in LC terminals may be
relatively low. Tonic activation of LC for even relatively short periods may result in significant
reductions of terminal NE that takes a long time to replenish. It would be of interest, in this regard, to
continuously monitor NE release by #n vivo dialysis following sustained activation of LC to determine if

this suggestion is true. Such studies are in progress.

Finally, it is conceivable that pilecarpine influences forebrain NE levels by direct actions on NE
terminals, although to date, there is no evidence for muscarinic receptor-mediated release of NE.
Indeed, in witro slice experiments indicate that while nicotinic agonists increase NE release, muscarinic
agonists decrease ‘erminal release of NE (204-206) ' gince the present findings demonstrate that
pilocarpine depletes forebrain NE as a result of sustained NE release, the most parsimonious
explanation is that pilocarpine's activation of LC neurons overrides any possible inhibitory action of this
agent on NE terminal release.

Dopamine. In the forebrain of both convulsive and nonconvulsive rats, DA levels were unchanged
at all times sampled. However, there was a progressive increase in the DA metabolites, DOPAC and HVA.
This increase was essentially identical in both convulsive and nonconvulsive animals, reaching maximum
levels of 200-250% of controls at 2 and 4 hr. However, in nonconvulsive rats, the levels of DOPAC and
HVA returned to control levels at 8 hr, whereas they remained significantly elevated at 24 hr (200% of
control) and at 96 hr (125% of control) in convulsive animals. Insofar as increased levels of
metabolites with no change in DA levels may be taken as an indication of increased DA release, the
finding that DA release was essentially identical in convulsive and nonconvulsive rats throughout the
period of time when convulsions were initiated strongly suggests that DA release does not play a
significant role in pilocarpine-induced convulsions.

It is interesting to compare these results with those of soman (Chapter 5, this report). As soman
causes an accumulation of ACh, this should lead io activation of both nicotinic and muscarinic
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receptors; pilocarpine, a muscarinic agonist, should only activate muscarinic receptors. With soman,
DOPAC and HVA levels in the forebrains of convulsive animals were increased by 300-350% compared
to 200-250% increases for pilocarpine in the present study. The larger increase in DOPAC and HVA
caused by soman, therefore may indicate that forebrain DA release is augmented by both nicotinic and
muscarinic activation.

In the olfactory bulb of convulsive rats, DA, DOPAC and HVA levels were significantly increased at
1-4 hr following pilocarpine administration. In nonconvulsive rats, there was much smaller increase in
DOPAC and HVA only at the 2 hr time point. In contrast to the forebrain, levels of olfactory bulb DA
and its metabolites returned to control levels in both convulsive and nonconvulsive rats by 8 hr after
pilocarpine. A further difference with the forebrain was a significant increase in the levels of DA in
nonconvulsive rats throughout the first 4 hr.

These differences in DA and its metabolites in olfactory bulb versus forebrain may be related to
differences in the anatomical organization of the DA systems supplying these two structures. Forebrain
DA innervation is supplied largely by DA projections from the substantia nigra and ventral tegmental
area; DA in the olfactory bulb derives entirely from a large population of intrinsic DAergic interneurons
in the glomerular layer of the bulb. The olfactory bulb receives a heavy cholinergic innervation from
the basal forebrain while midbrain DA neurons projecting to the forebrain receive their cholinergic
input from the brainstem.

Serotonin. There were no consistent changes in forebrain 5-HT in either convulsive or
nonconvulsive rats in the first 8 hr after pilocarpine (Fig. 21). There was, however, a significant
increase in 5-HIAA levels of both conwvulsive and nonconvulsive animals in the first 8 hr. At 1 hr, the
period during which convulsions develop, the increase in 5-HIAA was comparable in both groups. At
later time points, S-HIAA was elevated in both groups but to a greater extent in convulsive animals.
Indeed, this metabolite was still 333% of control at 24 hr and 192% at 96 hr. These increases in 5-
HIAA levels are interpreted to reflect increases in 5-HT turnover. We found (Chapter 5, this report) that
the anticholinesterase soman stimulates similar maximal increases in 5-HIAA levels (300-400%) which
remain elevated at 96 hr (226%). In the olfactory bulb, there was an increase in 5-HIAA levels in
convulsive rats, zlthough the increase was smaller (200%) than that in the forebrain. 5-HIAA levels in
the olfactory bulb of convulsive rats returned to approximately control levels by 24 hr.

Possible Roles of Forebrrain Monoamines in Chofinolyiic Seizures

The present findings clearly demonstrate that there is a similar increase in DOPAC and HVA in the
forebrains of both convulsive and nonconvulsive rats during the first 4 hr after pilocarpine
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administration. This is interpreted to reflect an increase in DA release, although these increases could
also be due, in part, to increased NE release. However, this seems unlikely as these metabolites
increased significantly in nonconvulsive animals whereas there were only very small changes in NE in
nonconvuisive animals. The fact that DA metabolites changed equally in convulsive and nonconvulsive
animals suggests that DA release does not play a determinant role in the generation of pilocarpine-
induced seizures. Similarly, 5-HIAA increases were essentially the same in convulsive and nonconvulsive
animals in the first hour. This suggests that 5-HT release likewise does not play a determinant role in
the generation of pilocarpine-induced seizures, as convulsions were typically fully developed by 30 min.
Only for NE was there a strong dichotomy between convulsive and nonconvulsive animals in the time
frame when convulsions develop. This rapid, dramatic reduction in NE is taken to reflect a selective,
sustained release of NE in convulsive animals. This is further supported by the electrophysiological
findings of the present study showing that either systemic or intracoerulear administration of
pilocarpine causes a dramatic, sustained increase in the firing rate of LC neurons.

Pilocarpine Potently Activates Locus Coeruleus Neurons

Systemically administered pilocarpine caused a sustained (4 hr), robust increase in LC neuron
discharge rate in anesthetized rats. Microinjections of pilocarpine directly into LC caused a similar
increase in the firing rate of LC neurons; however, this increased firing rate lasted for only 10-15 min.
Systemic injection of scopolamine rapidly reversed both systemic and intracoerulear pilocarpine-
induced activation of LC neurons. Thus, pilocarpine causes a sustained, muscarinic activation of LC
neurons which is nearly identical to that caused by accumulated ACh resulting from the
anticholinesterase actions of soman (21). In addition, systemic and intracoerulear microinjection of
pilocarpine caused a rapid and selective induction of FOS in LC neurons. These results are consistent
with both in vivo extracellular and in vitro intracellular recording studies showing that LC neurons are
strongly excited by muscarinic agonists (& 44 85y

The reason for the relatively long duration of increased LC discharge after systemic administration
of pilocarpine is unclear. There are several possibilities: (1) The long duration of activn could be due
simply to the large dose of pilocarpine used (300 mg/kg, ip), which may be available at central
mauscarinic synaps2s for a relatively longer period of time. (2) It may be due to prolonged exposure to
the drug in circulation due to binding and subsequent release by peripheral tissue compartments. (3)
In light of the convulsions produced by this same dose of pilocarpine in unanesthetized rats, it is
possible that seizures could produce a sustained increase in LC activity. However, our
neurophysiological experiments demonstrated that pilocarpine-induced activation of LC neurons
occurred in the complete absence of cortical scizures. (4) Finally, it is also possible that systemically
administered pilocarpine tonically activates an excitatory afferent input to LC. The present experiments
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cannot rule out this later possibility.
Role of NE in Cholinolytic Seizures

Taken together with the essentially identical neurochemical and electrophysiological findings for
soman in our previous studies (Chapters 5 and 6, this report), the present results suggest that sustained
release of NE may play a determinant role in the generation of cholinolytic seizures. '

There is relatively little information on the role of forebrain NE in the development and spread of
~ pilocarpine-induced seizures. A recent study reported that pilocarpine-induced seizures were
potentiated 14 days following the administration of the NE neurotoxin, DSP-4 (*53). This was taken as
an evidence fo1 an anticonvulsant activity of NE. However, in that study, there were no reported
measures of forebrain NE levels following DSP-4 treatment; thus, the effectiveness of the so-called NE
lesion was not evaluated. Moreover, as previously noted (Chapter 5, this report), the results of chronic
NE lesions are extremely difficult to interpret because lesions of NE fiber systems provoke rapid and
potent compensaterv mechanisms, including receptor up-regulation and spouting, which obscure the
functional consequences of NE-lesions (1% 39,196y " Indeed, a recent study (Zahnisher et al., 1986)
demonstrated that when DSP-4 is used to destroy NE fibers, there is a dramatic and selective up-
regulation of B-receptors and an increase in B-receptor-mediated electrophysiological responses in
hippccampal slices. This same group of investigators had previously shown that B-receptor activation
has proconvulsant effects (149),  Thus, destruction of some proportion of NE fibers leads to a
compensatory up-regulation of the very adrenergic receptor demonstrated to have proconvulsive activity.
In the single gene mutant mouse tottering (¢g/4g), which is extremely susceptible to seizures, there is a
50% increase in the number of LC fibers and NE in the forebrain ('°%), although in another rodent
model GEPR (genetically epilepsy-prone rats), there is evidence that NE is anticonvulsive (%% 93, 106y
At the cellular level, recent ¢n vitro studies have identified a poteni, B-receptor-mediated postsynaptic
action of NE which may lower the threshold for seizures (114, 140, 144y opeq together, these findings
indicate that there is evidence for both pro- and anticonvulsive roles for NE and underscore the need
for additional studies to assess the role of this transmitter in different seizure models, in particular when
other transmitters, such as ACh in the present case, are known to be involved.

The Jope group (1%3) also suggested that NE is anticonvulsive based on their finding that the a-2
recepior agonist clonidine suppressed, and the o.-2 receptor antagonist idazoxan enhanced pilocarpine
seizures. These investigators apparently felt that these results were due t¢ post-synaptic actions of these
agents on neurons targeted by LC-NE terminals. However, this interpretation is rather odd, as it fails to
take into account a wealth of evidence demonstrating that o-2 receptors inhibit LC neurons: Clenidine

potently inshibits LC neurons (> '88) and directly decreases release of NE from LC terminals (*%), Both
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of these effects lead to a decrease in forebrain NE release, consistent with recent in vivo dialysis studies
demonstrating that clonidine reduces forebrain NE release (34 192). Taken together, these results are
entirely consistent with a proconvulsant action for NE. Furthermore, clonidine has been shown to
block the excitatory effect of cholinergic agonists on LC discharge (®). 1Indeed, several studies have
shown that clonidine in fact significantly attenuates the convulsant actions of soman (0 28-30)
Idazoxan, on the other hand, robustly increases LC discharge causing increased NE release. Thus, the
finding by !53) that clonidine suppresses and idazoxan enhances seizures, in fact, better supports a
proconyulsant than an anticonvulsant action of NE in cholinolytic seizures, an interpretation entirely
consistent with the results of our present and previous studies.

We reviewed (Chapters 5 and 6, this report) additional experimental evidence favoring a pro-
convulsant action for forebrain NE. Such a role is entirely consistent with our recent finding that when
rats were given the same peri-threshold convulsive dose of soman, only those animals that had rapid,
profound reductions of NE developed seizures, and with the present results showing that pilocarpine
only induced seizures in animals that had similar rapid, profound depletion of forebrain NE. The
strong correlation between forebrain NE depletion and the development of convulsions in both
pilocarpine- and soman-treated animals could imply either that NE release is proconvulsive or that NE
release is caused by the convulsions. Several observations argue against the latter alternative: (1) Both
the present study of piiocarpine and our previous study of soman (Chapter 6, this report) showed that
both agents delivered either systemically or directly into LC in anesthetized rats caused a robust increase
in LC discharge rate in anesthetized animals in the complete absence of seizures. Thus, sustained LC
activation, the presumed cause of forebrain NE release and depletion, can occur in the complete
absence of seizures. (2) Moreover, in the present study, systemically administered pilocarpine caused
an increase in LC firing rate with a latency of 2-5 min, whereas the behavioral observations in the
neurochemical studies showed that convuisions developed with a latency of 15-30 min. This latency of
convulsion onset was nearly identical to that cbserved with soman. (3) Finally, in a previous study hy
66 forebrain reductions of NE were observed as early as 15 min following systemic injection of a
convulsive dose of soman. These findings demonstrate that LC activation and forebrain NE release and
depletion both precede the onset of conivulsions. It could be argued that it is the depletion of NE that
is in fact pro-convulsive and that NE release per se is anticonvulsive. However, the time course data
discussed above (points 1 and 2) suggest that the release of NE precedes the seizures; the depletion of
NE has a slower and longer time course. Nonetheless, it conceivable that sustained release of NE rapidiy
leads to a “functional depletion” of this transmitter. Thus it is prudent to leave the door open to the
alternative possibility that depletion rather than release could be the causal event in seizurogenesis.
Future experiments using #n vifro methods to measure NE levels are needed to distinguish among these
alternatives. Taken together, however, the weight of the available evidence suggests that sustained
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activation of LC neurons leading to sustained release of forebrain NE has a pro-convulsant role in the
generation of cholinolytic seizures.

In conclusion, the present study demonstrates that stimulation of muscarinic receptors leads to
high, sustained increase in the firing rate of LC neurons and rapid, profound and sustained depletion
of forebrain NE. Only animals with NE reductions developed convulsions. The similarity of these
findings to those previously reported for the anticholinesterase inhibitor soman further supports the
hypothesis that cholinolytic seizures may be triggered by the combined, sustained activation of
muscarinic and adrenergic receptors on forebrain neurons. Sustained activation of both muscarinic
and B-adrenergic receptors could significantly attenuate the afterhyperpolarization demonstrated to
(81 85, 113, 120, 144y mpic increased excitability of cortical
neurons could cause the potentiation of NMDA receptors further increasing the excitability of cortical

limit the excitability of cortical neurons

cells resulting in seizures. In this speculative scenario, excessive cholinergic and noradrenergic
stimulation would thus comprise a "dual-trigger" for the initiation of cholinolytic seizures. Once
established, however, the seizures might become progressively more dependent on the potentiation of
EAA synaptic mechanisms. Thus, it is conceivable that early intervention with some combination of
cholinergic and adrenergic antagonists might prevent the onset or continued expression of seizures, but
that at some point, EAA antagonists might be necessary to block the seizures. Consistent with this,
sparenborg et al. have found that soman-induced cholinolytic seizures are blocked by systemic
administration of the NMDA antagonist MK-801(18%).
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8. DETERMINATION OF THE EXTRACELLULAR NOREPINEPHRINE LEVELS IN THE
OLFACTORY BULB USING IN VIVO MICRODIALYSIS

INTRODUCTION

Our recent findings indicate that soman- and pilocarpine-induced depletion of forebrain
norepinephrine (NE) results from sustained hypercholinergic activation locus coeruleus (LC) neurons
leading to sustained release of NE in the forebrain. We have suggested elsewhere; that a combined
excess of ACh and NE could be profoundly seizurogenic. Thus, a major goal of our research is to
confirm that soman- and pilocarpine-induced activation of LC results in a sustained release of NE using
in vivo microdialysis. In addition, there is evidence in the autonomic nervous system and in brain slice
preparations that presynaptic cholinergic receptors located on NE terminals influence NE release.
These findings raise the possibility that soman administration may also alter forebrain NE release by
presynaptic actions of unhydrolyzed ACh on NE terminals. The goal of the present study was to
determine: (1) the time-course and magnitude of forebrain NE release following, selective, confirmed
activation of LC, and (2) the influence of presynaptic cholinergic reccptors on terminal NE release.

We have conducted our first series of microdialysis experiments in the olfactory bulb. The
olfactory bulb was selected because: (1) This structure receives a dense, highly organized NE projection
from LC. (2) LC inputs provide the sole source of NE inputs to the bulb, thus, NE recovered by dialysis
probes derives entirely from LC terminals. (3) LC-NE inputs to the olfactory bulb terminate almost
exclusively in the granule cell layer. The granule cell layer comprises a relatively large, central portion
of the olfactory bulb that is readily accessible to implantation of microdialysis probes,

METHODS

Chemicals. Acetylcholine hydrochloride, pilocarpine hydrochloride, nicotine, monochloroacetic acid,
octyl sodium sulfate, NE bitartrate, desipramine (DMI) hydrochloride, and ascorbate oxidase (EC
1.10.3.3) were obtained from Sigma Chemical Co. Fisher Scientific was the source of L-cysteine,
Na2EDTA, perchloric acid and HPLC grade acetonitrile.

Chronic Probe Implantation. Adult male Sprague-Dawley rats (280-350 g) were obtzined from Harlan
Laboratories (Indianapolis, IN). The rats were housed in pairs with free access to food and water at
least 1 week before use Concentric microdialysis CMA/12 probes (Carnegie Medicine), 2 mm active
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tip, 0.5 mm O0.D.) were stereotaxically implanted in the olfactory bulb glomerular layer (7.5 mm rostral
to bregma, 0.5 mm laters! to midline, 4.0 mm ventral to brain surface) in chloral hydrate-anesthetized
rats (400 mg/kg, ip). The probe in each case was surrounded with a protective plastic cap and secured
to skull screws with dental acrylic. At the end of each experiment, the diaylsis probe implantation in
the olfactory bulb was verified by cutting selected regions into 40 pm-thick frozen sections on a freezing
microtome, mounted on sbbed slides and stained with Cresyl Violet staining.

Relative Probe Recoveries and Microdialysis Procedures. Dialysis probes are calibrated for relative
recovery before implantation and when possible after the completion of dialysis experiments using an
osmotically balanced artificial cerebrospinal fluid (ACSF; composition 147 mM NaCl, 2.71 mM KCl,
1.22 mM CaCl2, pH 7.4) to which NE standards are added. Relative recoveries are determined by
comparing the peak heighis of NE in the dialysate to those in the standard (20 pg/10 pl of ACSF, pH
7.4). The mean relative r:coveries of the probes was 11.8 £ 0.5% (n = 27).

The perfusate (filtered, degassed) was placed in a 2.5 ml microdialysis syringe (CMA/105) and
continuously perfused through the probe at a flow rate of 2 pl/min using a microinfusion pump
(CMA/100) equipped with an electronic syringe selector (CMA/111) which holds a2 maximum of three
2.5 ml microdialysis syringes. Dialysate samples (20 pl) are collected at 10 min intervals in 250 pl
microdialysis vials using a microfraction collector (CMA/140). To examine possible presynaptic
cholinergic control of terminal NE release, cholinergic agents were perfused through the dialysis probe.

Chromatographic Methods and Norepinephrine Assay. The catecholamine norepinephrine (NE)
level was determined using a Bioanalytical Systems (BAS) Model 200 Liquid Chromatograph, equipped
with a LC-4B electrochemical detector, The glassy carbon working electrode is held at 0.65 V against
an Ag/AgC! reference electrode and the sensitivity of detection is held at 0.2 nA (full scale).
Chromatographic separations are effected with a 100 x 3.2 mm Biophase ODS 3-um (C18) column
(BAS) in a 10 min run. The mobile phase consists of 0.06 M monochloroacetic acid, 1.30 mM octyl
sodium sulfate and 0.2 mM Na2EDTA in the aqueous phase (pH 3.0) and 3% acetonitrile at a flow rate
of 1.0 m/min. The column and mobile phase are held at 40 and 35 °C, respectively. For calibration,
standard solutions (10 or 15 ul) containing NE were injected. The concentrations of monoamines in
the brain dialysate were determined by comparing peak heights of dialysate to those of standards.
Positive identification of the neurotransmitter NE in brain dialysates are conducted in each experiment
by spiking methods. At the above chromatographic conditions, the brain dialysate samples have a large
solvent front which interferes with the early eluting peaks. To circumvent this chromatographic
problem, each collected dialysate sample (20 ul) was treated with 0.5 pl of ascorbate oxidase (activity,
250 units/0.5 ml of water). Aqueous solutions containing this enzyme can be stored at about +5 °C for
3-4 weeks.
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Neurophysiological Techniques

General Surgical Techniques, Approximately 24-48 hr after microdialysis probe implantation, rats
were intubated with a tracheai cannula under methoxyflurane (metofane) anesthesia (0.3-1 0% in moist
air). A second ascending cannula was inserted into the distal (nasal) part of the trachea an. attached
to a small animal respirator to produce moist airflow through the nasal cavity. Animals were mounted
'in a stereotaxic instrument with the incisor bar lowered to angle the skull 12 degrees from the flat skull
pusition. Core body temperature was maintained at 36-37°C with a feedback-controlled heating pad.

EEG Recording. A transcortical EEG electrode was made from a pair of 250 pm stainless steel
wires, totally insulated except for bluntly cut tips. The tips were separated dorsoventrally by 500-1000
um. The electrode was implanted in the cortex so that the superficial tip was approximately 200 um
ventral to the brain surface and glued in place with dental acrylic. In every experiment EEG activity was
monitored continuously to assess the plane of anesthesia. Following anesthetic induction and
equilibration, the animals were stabilized at an anesthetic plane at which a vigorous pinch of the
hindlimb elicited a brief desynchronization of the cortical EEG without causing a withdrawal reflex.

Locus Coeruleus (1C) Recording and Actjvation. A hole was drilled in the skull at coordinates for

LC (4.0 mm posterior to lambda, 1.2 mm lateral to midline) through which an electrode assembly was
inserted. A composite recording/microinjection electrode was used to record extracellular action
potentials from single LC neurons during microinjection of acetylcholine (ACh) into LC. The electrode
consisted of a conventional glass recording pipette (4-6 um tip diameter, 5-10 MQ impedance) filled
with 2% Pontamine Sky Blue in 0.5 M sodium acetate glued to a calibrated injection pipette (60-80 pm
tip diameter). The tip of the recording pipette extended 100-200 pm beyond the tip of the injection
pipette.

The electrode was positioned so that the tip of the injection pipette was in the center of LC.
This was accomplished by monitoring LC activity at several rostrocaudal locations and identifying a
position where LC activity could be recorded for at least 500 um in the dorsal-ventral axis. LC units
were identified by the following criteria: 2 characteristic waveform; low and regular spontaneous
discharge (less than 5 Hz); and a rapid and transient increase in firing rate evoked by a moderate pinch
of the contralateral paw. To activate LC for at least a period of 10 min, four 90 nl injections of ACh
hydrochloride in water (36 mg/ml, 0.2 M) were made at 2.5 min intervals. Direct visual inspection of
meniscus movement relative te grid lines applied to the calibrated injection pipette assurcd that known
drug volumes were injected.

Electrode signals were amplified and displayed continuously using conventional
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electrophysiological methods as described in our previous publications (3% 55). Ratemeter recordings
of LC neurons were used to determine the degree and time-course of LC activation. At the end of the
experiment, iontophoretic ejection of Pontamine Sky Blue with current pulses (-10 pA, 7 sec on/3 sec
off duty cycle for 10 min) marked the position of the recording electrode. At the end of each
experiment, the position of the electrode in LC was detemined using neural red staining.

Statistical Analysis. Data were expressed as mean £ S.E.M. of the results obtained from a group of rats
(n). The level of NE in each sample was expressed as a percentage of the average NE concentration of
six baseline 10 min-samples. The significance of differences (P) between the mean of baseline NE level
and that after each experimental manipulation was assessed using unpaired, two-tailed Student's test.

RESULTS

Extracellular NE levels in the Olfactory Bulb: Basal Levels and Depolarization-Evoked Release.
The mean basal NE level in the olfactory bulb of anesthetized rats was estimated to be 0.55 + 0.11
pg/10 pl-dialysate (n = 21); this value is nearly identical to rat hippocampal NE levels obtained with
other iinplanted concentric probes (!). In order to confirm that NE levels in our samples could be
increased by stimuli known to evoke synaptic release, a brief infusion of ACSF containing high
potassium (30 mM) through the dialysis probe was used to depolarize synaptic terminals. As shown in
Figure 25, itfusion of potassium chloride (30 mM in an osmotically balanced ACSF, pH 7.4) for 10
min increased NE levels to 166.3 £ 24.3% of baseline (n = 6; P = 0.0001) during this period. The NE
levels decreased to 138.8 £ 20.0 (P = 0.0001) in the second 10 min-sample and ret:rred to baseline
levels by 30 min.

Influence of the NE-Uptake Blocker, Desipramine (DM1), on NE Release. DMI is a tricyclic
antidepressant that is a selective blocker of NE-uptake into the noradrenergic terminal. Administration
of DMI produces an increase of NE at the synaptic cleft. We predicted that if NE present in our samples
was due to spontaneous synaptic release of NE, then local infusion of DMI should increase NE recovery.
Infusion of DMI (1 uM) in ACSF was found to increase the NE levels to a maximum level of 239.7 £
16.4% of baseline (n = 5) at 1 hr following continuous infusion of ti: drug (Fig. 26). The increase in
NE level is gradual in the first 30 min, then essentially platcau.s aftervard.

In another set of experiments, the NE uptake blocker desipramine (DMI, 1 uM) was perfused for
at least 1 hr before infusion of 30 mM of potassium in ACSF (pH 7.4) containing DM! (1 uM). This
manipulation increased NE to 156.4 £ 13.9% (n =5, F = 0.0001) of basal levels. This increase was
comparable to the 166.3% increase caused by high potassium in the absence of DMI. Thus, DMI
increases the baseline NE recovery, but does not enhance depolarization-evoked release of NE.
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Fig. 25. Elevated extracellular potassium increases synaptic release
of NE. Evoked release of olfactory bulb NE by a 10 min perfusion

of an osmotically balanced artificial CSF containing 30 mM of potassium (n = 6).

Data are expressed in mean + SEM.
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Fig. 26. Local infusion of the NE uptake blocker desipramine
(DMI) increases NE recovery. Effect of a 1 hr perfusion of artificial
CSF containg DMI(1 uM) on olfactory bulb NE levels (n = 5).
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Presynaptic Cholinergic Regulation of NE Release

Local Infusion of Acetylcholine (ACh). Local infusion (10 min) of ACh in ACSF (40 mM, pH =
7.4) increased the release of NE to a maximum level of 317.0 £ 30.4 % of baseline (n = 4; P = 0.0001)
in the second 10 min-sample as shown in Figure 27. Local infusion of ACh in ACSF containing the
uptake blocker DMI (1 uM) increased the baseline NE level to 470.8 £ 179.2% of baseline (n = 2) in
the first 10 min-dialysate fraction. NE levels remained elevated, but progressively declined, with
prolonged infusion of DMI ; NE levels in 2nd, 3rd and 9th 10 min-fractions were 389.4 + 39.4%, 227.9
* 22.1% and 152.2 £ 2.2% of baseline, respectively.

Local Infusion of Pilocarpine. Pilocarpine is a selective muscarinic agonist. As illustrated in
Figure 28, local infusion of pilocarpine (40 mM in ACSF, pH 7.4) induced a maximal decrease in NE

levels to 53.6 + 4.6% of baseline ( n = 6, P = 0.0001)) in the second 10 min-dialysate fraction.

Local Infusion_of Soman. Infusion of soman in ACSF (0.4 mM, pH 7.4) increased NE levels by
163.1 + 5.1% of baseline in 57% (n = 4 out of 7, P = 0.0001) of the animals tested in the first 10 min-
sample, as shown in Figure 29. However, soman infusion did not substantially affect NE levels in the
remaining three cases. AChE histochemical analysis after soman infusion in the olfactory bulb was
confirmed at the end of each experiment as described elsewhere 8.

Local Infusion of Nicotine. Infusion of nicotine in ACSF (40 mM, pH 7.4) increased NE levels by
178.1 + 8.7% of baseline (n = 4, P = 0.0001) in the second 10-min-sample. The NE levels in the
third 10 min-sample remained high (168.0 £ 22.8, P = 0.0001) in the third 10 min-sample and then
rapidly returned to basal level afterward (Figure not shownj.

Selective Activation of Locus Coeruleus (LC) Neurons Increases Extracellular NE Levels in the
Olfactory Bulb. The preceding findings indicate that presynaptic cholinergic receptors significantly
modify terminal release of NE. The next series of experiments determined the relationship between the
neuronal firing rate of LC cell bodies and extracellular NE levels. While several previous studies have
demonstrated that electrical stimulation of LC axons increases NE release, the relationship between the
degree of LC neuronal activity and synaptic NE release has not been examined.

Four local microinjection (90 nl) of ACh in ACSF (0.2M, pH 7.4) in in LC produced a robust
increase in LC discharge rate beginning 5-7 sec after injection. Simultaneous recordings from LC
neurons demonstrated that the spontaneous discharge rate of LC neurons increased from a mean of 3
spikes/sec to 10-15 spikes/sec during the 10 min period of activation. As illusirated in Figure 30,
microdialysis samples collected during this period demonstrated that LC activation increased olfactory
bulb NE levels by 250% above baseline values (mean = 247.4 £ 9.3%; n = 6; P = 0.0001) in the first
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10 min after injection.
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Fig. 27. Local infusion of acetyicholine (ACh) potently increases
extracellular NE levels. Increased release of NE in the olfactory bulb by
a 10 min perfusion of artificial CSF containing acetyicholine hydrochloride

(40 mM, pH 7.4) (n = 4).
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Fig. 28. Local infusion of the muscarinic agonist pilocarpine
reduces NE levels. A 10 min perfusion of artificial CSF containing
pilocarpine hydrochloride (40 mM, pH 7.4) reduced NE levels in
the olfactory bulb (n = 6).
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Fig. 29. Local infusion of soman increases NE recovery. Increased

release of NE in the olfactory bulb by a 10 min perfusion of artificial CSF
containing soman (0.074 mg/ml, 0.4 mM) ( n =4).
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Fig. 30. Selective, confirmed activation of locus coeruleus (LC) increases
release of olfactory bulb NE. LC activation for 10 min by 4 intracoerulear
injections (90 nl) of acetylcholine (see method) increased NE levels to 250%

of baseline (n = 6).
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DISCUSSION

The major findings of this study are: (1) Robust, tonic activation of LC neurons via intracoerulear
ACh microinfusion produces a substantial increase in NE levels in the olfactory bulb. This is the first
direct demonstration that confirmed, selective stimulation of LC neuronal discharge produces a rapid
increase in extracellular NE levels in vivo. (2) Stimulation of presynaptic cholinergic receptors on LC
terminals substantially influences NE release. Presynaptic muscarinic and nicotinic receptors appear to
exert opposing actions on terminal NE release; specifically, stimulation of muscarinic receptors inhibits,
and stimulation of nicotinic receptors augments NE release.

To date, there have been very few studies of synaptic release of NE in the central nervous system
with in vivo microdialysis because the levels of NE present in dialysis samples are extremely low and at
the limit of quantitative HPLC measurement. In addition, several previous NE-microdialysis studies were
performed within 2-12 hr after probe implantation, times at which studies by others indicate that
synaptic release of neurotransmitters is substantially impaired by the damage associated with probe
implantation ('). We circumvented this problem tby conducting our experiments 3-7 days after surgery
in chronically implanted animals. Although the present studies were performed in anesthetized animals,
the olfactory bulb NE level in our dialysis samples (0.55+ 0.11 pg/10 ul) is identical to that of the rat
hippocampusobtained with similar probes in awake animals (0.55 * 0.1 pg/10 pl) (*). This is not
surprising since both brain region recieve a dense projection of LC noradrenergic neurons. The
potassium-evoked increase in NE levels observed here (166.3%) is compatible with a 196% increase
reported by others using a similar concentration of potassium (!). In addition, our DMI infusion
results wich are illustrated in Figure 26 are remarkably similar to those obtained from in vivo
electrochemical studies in which DMI was systemically administered (10 mg/kg, ip)(26' 127,

LC neurons in anesthetized rats typically exhibit relatively low spontaneous discharge rates ranging
from 1-5 spikes/sec. The mean firing rate of LC neurons recorded in the present studies was
approximately 3 spikes/sec. This low level of spontaneous activity, and consequently the low rate of
spontaneous NE release, may partially account for the low levels of extraceliular NE. We found that
increasing the mean spontaneous discharge of LC neurons five-fold (3 spikes/sec to 15 spikes/sec) by
intracoerulear NE infusion caused a rapid and pronounced increase in NE levels in the olfactory bulb.
NE levels were increased by nearly 1.5-fold (250% of baseline levels). While the increase in NE levels
determined by microdialysis was not proportional to the increase in LC discharge, there are several
factors that limit the accuracy of this comparison. ACh injections were made into the center of LC and
neurons distant from the injection site may not have been as robustly activated as those near the

infusion site. The spread of ACh through LC was not instantaneous; therefore, there was some delay

before LC neurons were firing at peak rates.
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The present finding that LC activation produces rapid increases in forebrain NE levels, taken
together with findings described earlier in this report, is consistent with our hypothesis that depletion
of forebrain NE following systemic soman administration is due to prolonged activation of LC neurons
that causes sustained release, leading rapidly to depletion to terminal pools of NE. Systemic injections
of soman that induce convulsions cause a rapid and profound reduction of NE in the olfactory bulb
and forebrain within 1 hr (Chapter 5 this report). As NE was depleted only in convulsing animals, it is
conceivable that generalized brain seizures, and not cholinergic stimulation, cause activation of LC
neurons. However, we found that seizures are not the cause of the increased firing rates of LC neurons
in anesthetized animals, as both systemic and intracoerulear microinjections of soman robustly and
tonically activate LC neurons in the zbsence of seizures. Thus, it is reasonable to argue that the
reduction of olfactory bulb and forebrain NE caused by sysiemic soman administration is due to a tonic
cholinergic stimulation of LC neurons and sustained release of NE which in turn leads to depletion of
NE in LC terminals. In support of this hypethesis, we found that ACh-induced activation of LC neurons
causing incieased firing rates comparable with those caused by systemic soman produced a large
(250%), rapid (10 min) increase in NE release in the olfactory bulb. We predict that longer periods of
LC stimulation will lead to a progressive, but rapid decline, and ultimately to exhaustion of synaptic
release of NE. Experiments to test this prediction using soman 1o tonically activate LC neurons are in
progress.

The present experiments suggest that presynaptic cholinergic receptors also exert significant
regulatory actions of terminal NE release. We found that local infusion of cholirergic receptor agonists
substantially modified extracellular NE levels in the olfactory bulb. Local infusion of ACh, soman, and
in preliminary experiments, nicotine, increased NE levels. 1In contrast, the selective muscarinic agonist
pilocarpine reduced NE levels. These overall findings are in excellent agreement with studies
conducted in the peripheral nervous system and in brain slices demonstrating that nicotinic receptors
facilitate, and muscarinic receptors reduce, terminal NE release (7'04'20(’).

Soman, by increasing ACh levels, should cause dual stimulation of both muscarinic and nicotinic
receptors present on LC terminals. Given the opposing actions of these cholinergic receptor subtypes
on NE releasc, it is reasonable to speculate that combined stimulation of hoth nicotinic and muscarinic
presynaptic receptors produced by soman may have had no net influence of NE levels. However, the
present microdialysis results obtained with local infusion of soman indicate that nicotinic receptor-
mediated facilitation of NE release predominates in 57% of the cases over the inhibitory influence of
muscarinic receptors. The present microdialysis results, taken together with findings presented earlier
in this report, indicate that increased forebrain NE levels after systemic soman are mediated by two
distinct sites of action: (1) a direct excitatory action on LC cell bodies mediated by muscarinic receptor
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st' nulation, and (2) a presynaptic, nicotinic receptor-mediated facilitation of NE release.

While presynaptic cholinergic receptors may presynaptically modulate LC terminals, additional
findings reported herein indicate that caution must be exercised in estimating the relative influence of
these receptors. We found that systemic administration of the muscarinic agonist, pilocarpine, causes
increases in LC neuronal discharge activity that are identical to those caused by soman. Based on the
preceding observations, it is reasonable to speculate that presynaptic muscarinic reduction of NE
release caused by pilocarpine would cause less NE release than seen with soman. However, pilocarpine
also caused forebrain NE reductions of the same magnitude and time course as those produced by
soman. This indicates that any reducticn in NE release attributable to presynaptic muscarinic
stimulation is insufficient to offset the increase in release of NE due to the sustained increase of LC
neuronal activity. Finally, it should be noted that locally infused substances may modify NE release by
actions that do not involve presynaptic receptors on LC terminals. For example, infusion of nicotine
may increase the activity of local neurons in the vicinity of the probe. Release of EAAs or increased
extracellular potassium levels following such activity may cause depolarization of LC terminals, and
hence, increased NE release.
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9. IN VITRO WHOLE-CELL PATCH CLAMP RECORDING OF RAT OLFACTORY BULB
MITRAL CELLS: BIOPHYSICAL AND SYNAPTIC PROPERTIES

INTRODUCTION

The responses of primary olfactory neurons to odors are conveyed to the central nervous system
by thin unmyelinated primary olfactory axons that terminate in the glomerular layer of the olfactory
bulb. The major synaptic targets of these axons are the apical dendrites of the mitral and tufted cells,
the output neurons of the olfactory bulb. Axons of mitral and tufted cells project to the primary
olfactory cortex. The activation of mitral and tufted cells by primary olfactory nerves is the first stage of
synapiic integration in the olfactory pathway.

Although both mitral and tufted cells provide important outputs of the oifactory bulb, the mitral
cell has received most attention in studies of olfactory bulb physiology. The mitral cells are unusual
neurons. Their cell bodies lie in a narrow band in the interior of the olfactory bulb. Five or six
secondary or lateral dendrites extend from each mitral cell somu; these dendrites travel as far as 2 mm
through the external plexiform layer (132 154 These secondary dendrites make reciprocal contacts
with dendrites of inhibitory interneurons, the granule cells. The connections between mitral and
granule cells comprise a feedback system in which increased activity of mitral cells results in self- and
lateral inhibition of mitrai cell activity. Each mitral cell also extends a singie unbranched primary
dendrite through the external plexiform layer to the glomerular layer. The olfactory nerve synapses onto
the distal ends of this apical dendrite which are located 300-400 um from the cell body. These apical
dendritic tufts also have extensive synaptic interactions with interneurons of the glomerular layer.

The long distance between the synaptic input to the apical dendrite in the glomerular layer and
the presumed spike generation site at the mitral soma leads to the suggestion that there are two distinct
levels of synaptic integration in the mitral cell (124 171,172y, (i) Several classes of juxtaglomerular
interneurons modulate transmission from the terminals of the olfactory nerve to the mitral cell apical
dendrite; (ii) these synaptic interactions are distinct from those between the secondary dendrites of the
mitral cells and the apical dendrites of the granule cells located in the external plexiform layer.
However, the degree of coupling between these two levels of synaptic regulation of mitral cell
excitability is not clear. Depending upon the membranc properties of the apical and the secondary
dendrites, membrane currents in the apical tuft might be closely or weakly coupled to the soma. Thus,
improved understanding of synaptic integration in the mitral cell requires more detailed information
about the biophysical properties of these neurons than is presently available.
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Previous in wivo intracellular studies of mammalian olfactory bu!b neurons have been limited by
the technical difficulties of recording from relatively small cells in istact animals (133 138, 139, 201203y
Detailed in vitro studics of olfactory bulb physiology and pharmacology have been mainly limited to
amphibian and reptilian preparations, most notably the isolated turtle olfactory bulb (3% 131, 134, 136,
137, 146-149, 198y 404 salamander (3 84). However, there may be substantial differences between the
olfactory bulbs of mammals and non-mammalian vertebrates, Thus, there is a need for high-quality
intracellular recordings from mammalian mitral cells during their synaptic activation by the olfactory
nerve.

Although the mammalian brain slice has been a standard preparation for more than 20 years,
there have been few reports of #n vitro recordings from mammalian olfactory bulbs. Several workers
have used culture systems to study the pharmacology of olfactory bulb neurons (69 190-193y apd whole-
cell patch clamp recordings from mitral and periglomerular cells in thin (150 - 200 pm) slices of
neonatal rabbit olfactory bulbs (3! 3% 42y and from mitral and geonule cells in thin slices of rat
olfactory bulb have been reported. None of these studies, however, have reported synaptic activation of
mitral cells by stimulation of the olfactory nerve. Activation of mitral cells in thin slice preparations may
not have been possible either because the plane of section was not optimized to preserve olfactory
nerve-to-mitral dendrite synapses, or because few mitral cells retained their long apical dendrite in such
thin slices (3!). The present experiments were designed to overcome these limitations.

In order to study synaptic integration in the mitral cell in more detail, we wished to obtain whole
cell patch recordings of the synaptic responses of mitral cells to stimulation of the olfactory nerve layer
in mature rat olfactory bulb slices of conventional (400 pm) thickness. Several considerations shaped
these objectives. First, the effect of synaptic activity in the glomerular layer upon the firing of action
potentials by mitral cells may depeid critically upon membrane properties of mitral cells. For this
reason, we chose to use whole cell patch techniques, which provide superior recordings to those
obtained with conventional sharp electrodes. Second, conventional 400 pum thick sections were
deemed optimal in order to preserve the mitral cell body, its 300-400 mm long apical dendrite and the
olfactory nerve axons synapsing on the dendrite in the slice. Thus, although whole-cell patch
recordings are more easily obtained in thin slices, thick slices would significantly enhance the chances
of synaptically activating mitral cells. Finally, functionally mature olfactory bulbs were used so that
results could be compared with the extensive in vivo literature and because there may be significant
differences in the synaptic and membrane properties of cells in mature and immature olfactory bulbs.
Here we report. (1) the development of the olfactory bulb slice preparation, (2) the membrane
properties of mitral cells in the slice, and (3) the first whole-cell patch recordings of the synaptic
responses of mitral cells to olfactory nerve stimulation.
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A preliminary account of these studies has appeared 1Y,

 METHODS

Slice Preparation. Juvenile and young adult Sprague-Dawley rats weighing 65 to 250 grams were used.
This weight range corresponds to ages of 4 to 7 weeks postnatal. The olfactory bulb continues to
_develop postnatally, but is substantially mature by 4 weeks '

Rats were deeply anesthetized with chloral hydrate and both olfactory bulbs were exposed by
‘removing the dorsal and lateral portions of the skull between the lambda suture and the cribiform plate
while the brain was still perfused by normal circulation, The dura was removed with forceps. Next, the
bulbs were washed with ice-cold Kreb's solution (composition, mM:; NaCl = 124; KCl = 5; CaCl} = 2.5;
MgS04 = 1.3; KH2PO4 = 1.24; NaHCO3 = 26). The olfactory bulbs were repeatedly washed with cold
oxygenated Kreb's solution while remaining bone was dissected from the lateral sides of the olfactory
bulbs. The olfactory nerves were then severed by carefully passing a thin probe, cut from a sheet of
mylar drawing fiim, between the rostral-ventral olfactory bulb surface and the cribiform plate. A cut was
then made through the caudal forebrain and most of the forebrain, including the two olfactory bulbs,
was removed from the skull by lifting the forebrain from the rear. The forebrain and olfactory bulbs
were left in cold oxygenated Kreb's solution for 1 to 3 min. At the end of this period, the brain was
placed, ventral side down, on moistened filter paper and a cut was made with a razor blade through the
forebrain at an angle approximately parallel to the rostral-ventral surface of the olfactory bulbs. The cut
surface of the forebrain was then mounted on the stage of a Vibratome using cyanoacrylate adhesive. A
small piece of “gelfoam” was also placed on the Vibratome stage beneath the two olfactory bulbs, The
gelfoam absorbed Kreb's solution, swelled, and supported the two olfactory bulbs during sectioning.
The forebrain and olfactory bulbs were covered with cold oxygenated Kreb's solution, and the olfactorv
bulbs were cut in 400 pm sections. As a result of the angle of the blocking cut through the forebrain,
the piane of the sections of the olfactory bulb was approximately horizontal, corresponding 1o the
trajectory of the olfactory nerve fibers (292,

The olfactory bulb slices were incubated at room temperature in oxygerated Kreb's solution for at
least 1 hr. After this incubation period individual slices werc transferred to a submerged-slice
recording chamber as needed. In the recording chamber, slices were supported upon a nylon mesh
and held. in place by nylon strings attached to a platinum frame; The temperature of the solution
continuously perfusing the slice chamber (1 ml/min) was maintained at 32 0C,

Stimulation and Recording. We used the technique of Blanton et al. (*2) to obtain whole cell paich
m

G716, 117,122, 123,181,183y




recordings from mitral cells in the 400 pm olfactory bulb slices. Patch pipettes of approximately 1 pum
tip diameter and resistance of 5-10 MQ were pulled using a Brown and Flaming type electrode puller.
In all recordings described here, pipettes were filled with low-chloride medium (composition:
- potassium gluconate, 140 mM; EGTA, 10 mM; HEPES, 10 mM; MgCi2, 1 mM; CaCl2, 1 mM; MgATP, 2
mM). With a small positive pressure applied to the pipette to maintain a slow outward flow, the
electrode tip was guided into the mitral cell layer. Pipette resistance was monitored by passage of a 100
- pA current pulse. With the amplifier bridge (Axoclamp 24, Axon Instruments, Inc.) balanced, approach
of the pipette tip to a cell membrane was indicated by voltage deflections proportional to the increase
in resistance and by an increase in background noise. After contact with a celi membrane, the pipette
was carefully advanced until there was no further increase in resistance. The positive pressure was then
released and suction was applied to aid the formation of a gigaohm seal. If a gigaohm scal formed, we
attempted to break the membrane patch separating the cell interior from the pipette by additional
suction or by current pulses to permit whole-cell recording.

The continuous bridge mode of the amplifier was used for both voltage and current clamp of the
cell membrane. Current-voltage curves were determined under voltage clamp using a commercial
software package (pClamp, Axon Instruments, Inc.). Passive membrane currents were subtracted using
the leak subtraction procedure provided in the pClamp software. In some cells, fast sodium currents
were blocked by addition of 2 uM tetrodotoxin (TTX) to the bathing solution.

Voltage and current signals were recorded digitally on a modified video tape recorder at 16 bit
resolution. Selected segments of these signals were later played back and digitized at 12 bit resolution
using an MS-DOS compatible computer and the pClamp software package. These data were stored on
floppy disks as MS-DOS files. These files were later analyzed using a second commercial program
(Asograph, Axon Instruments, Inc.) running on an Apple Macintosh computer.

The geometry of the mitral cell is poorly suited to voltage clamp analysis. Although the high
membrane resistances measured with whole-cell patch recording (Results) suggest that the length
constants of the primary and secondary dendrites are less than previously supposed, it cannot be
assumed that the apical dendrite in the glomerular layer and the distal parts of the secondary dendrites
are under voltage control from the soma, particularly for fast events, For this reason, “current clamp”
recording was primarily used in the present experiments.

Patch electrodes proved effective for obtaining high quality extracellular recordings. Pipette seals
of 100 MQ or greater were often obtained; with these seals, high-amplitude extracellular spikes could
be recorded for several hours. These extracellular recordings were used to characterize the
spontaneous activity and response to ONL stimulation of a substantial number of mitral cells in the slice.
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The olfactory nerve layer (ONL) of the slice was stimulated using a bipolar electrode constructed
by gluing together a pair of 50 pim diameter stainless steel wires. The wires were insulated except at the
tips, which were separated by 400 pum. Stimulus currents of 200 pA and 50 psec duration were
delivered by a photo-isolated constant current source. After isolation of a mitral cell by the recording
electrode, the forward tip of the stimulating electrode was placed against the nerve layer slightly rostral
to the estimated location of the apical dendrite of the patched mitral cell. In those cases in which the
mitral cell responded weakly or not at all to stimulation at the initial placement, the stimulating
- clectrode was repositioned in an attempt to obtain a larger response.

Biocytin fills of mitral cells. In some experiments, 1% biccytin was added to the contents of the
recording electrode. Cells were filled after prolonged extracellular contact with the biocytin-containing
pipette. Slices were fixed overnight in formalin and filled cells were made visible using the avidin biotin
reaction (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, Califorpia). Selected filled mitral
cells were traced 2t 20X magnification using an image analysis system.

RESULTS

Identification of Mitral Cells, The mitral cell layer (Mi) was visible under the dissecting microscope as
4 narrow translucent band. The tip of the recording electrode was visually guided into this layer.
Because of the predominance of mitral cell soma in the Mi, it was probable that most neurons isolated
in this layer would be mitral cells. To confirm that recorded neurons were mitral cells and to assess the
morphology of mitral cells in the slice, a small number of neurons were filled with biocytin. Cells that
responded to ONL stimulation were filled by 1 hr of recording through the biocytin-containing
electrode.

Five neurons at the Miwere filled in this manner. Although the degrcc' of filling varied, all were
clearly identifiable as mitral cells. Camera lucida drawings of three well-filled mitral cells are presented
in Figure 31. ‘These mitr2' ¢lls retained their primary dendrite and its arborization in the glomerular
layer, The extent of the secondary dendrites is probably reduced in all three cells, although in two of
the three, secondary dendrites extend for more than 500 um from the soma,

Mitral cell Membrane Properties.. Whole-cell patch recordings were obtained from 53 neurons.
Membrane potentials measured immediately after break of the membrane patch ranged from -40 10 -77
my. Cells with resting potentlals fiore positive than -50 VY were stabilized by injection of current,
Cells that required more than 10 pA to block spontaneous action potentials were not tested further,

Successfully patched mitral cells were held for periods ranging from 10 min to 2 hr.
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Membrane resistances, measured by injection of a 0.1 nA hyperpolarizing current of 100 to 500
msec duration, ranged from 100 to 600 MQ (mean 272 + 123 SD) (Figure 32A). These membrane
resistances are 10 to 20 times higher than those (10-20 MQ) previously measured in rats in vivo using
sharp electrodes (13% 138, 139, 202, 203) - Mitra) cell membrane resistances in isolated turtle olfactory
bulb (30-100 MQ; 1%8) were higher than those measured in mammals én vivo, but still much lower
than those measured in the present experiments. Very high (1008 + 566[SD] Mf2) membrane
resistances were recently reported in mitral cells of salamander olfactory bulb using whole cell patch

recording (200, in press).

In all but two cells in the present study, the response to a hyperpelarizing current injection
decayed to half amplitude in less than 10 msec (Figure 32A). These membrane time constants were
shorter than those measured in isolated turtle bulb (24 to 93, mean 52 msec; !3%). A probable cause
for the shorter membrane time constant in the slice preparation is partial transection of secondary
dendrites during preparation of the slice.

Spontaneous action potentials were seen in some mitral cells. As shown in Figure 32C,
spontaneous spikes were usually followed by a brief hyperpolarization, but never by a long-duration
afterhyperpolarization (AHP). Morcover, there was no apparent accommodation of spike discharge
during a prolonged depolarization produced by current injection (Figure 32B). Thus, it appears that,
unlike many other large-projection neurons, mitral cells do not have calcium-activated conductances

114







IZO mvy

50 msec

l15mv

25 msec

10 mv

100 msec

’ w. .
'Flguro 32, Mitral cell ﬁombrano bropomn. A. Membrane voliage responss 1o 200 mse,

depolarizing currénts. B. Multiple spikes in response to a 75 meec, 100 pA, depolarizing current
during the depolarizing current. C. Spontaneously occurring action potentials, j

100 pA, hyperpolarizing and
. Spike frequency is constant

e




Yu s'0

25 msec

B 2.0

Current {nA)

-100 -50 50

]

Membrane Potential (mV)
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Leak currents are subtracied. A. Curment responses to voitage steps between -100 and +50 mV. B, Current-voltage curve
derived frorp data in A, The current values are means of current over the final 1/3 of the voltage step.

17



Current-voltage (I-V) curves for voltage-clamped mitral cells were generated by stepping the
command potential from -100 to +50 mV from a holding potential of -60 mV. I1-V curves were
determined for 10 mitral cells. In four additional cells, the slice was treated with 2 uM TTX to block
fast sodium currents. In neither normal nor TTX-treated mitral cells were there any detectable active
currents for voltage jumps between -100 and -60 mV (Fig. 33). In the non-TTX-treated cells, voltage
steps to membrane potentials below -50 mV resulted in repetitive spikes. In the TTX-treated cells,
voltage steps to membrane potentials less negative than -40 mV resulted in large outward currents (Fig.
33).

Spontaneous Depolarizing Potentials. In zbout a third of the mitral cells studied, small spontaneous
depolarizing potentials were present. The polarity of these potentials did not reverse at any potential
between -50 and -100 mV, confirming their excitatery nature. Figure 34 illustrates several
characteristics of these potentials in a cell for which the spontaneous depolarizations were especially
distinct. A raster scan showing a typical epoch from this recording is shown in Figure 34A. The
amplitude and duration of a 10 second sample from this record were measured using a commercial
program (4xoGraph, Axon Instruments, Inc.). The mean amplitude of 44 spontaneous potentials in this
interval was 2.95 + 0.91 mV (mean & SD). The largest depolarization was 5.8 mV. The membrane
resistance of this cell was 300 MQ; therefore, a 1 mV depolarization corresponds to a synaplic current
of approximately 3 pA. Thus, the mean synaptic current was approximately 8.9 £ 2.7 pA, and the
largest deflection corresponds to a synaptic current of 17.4 pA. Spontaneous currents of similar
amplitude were measured under voltage clamp. The amplitude of these spontaneous potentials is
within the range of currents expected of miniature excitatory postsynaptic potentials (3.

The half-amplitude duration of these depolarizing potentials was 10 + 2.2 msec (mean + SD).
The frequency distribution of the durations of these . ‘tentials is shown in Figure 34C; a histogram
plotting the frequency of spontaneous potentials as 4 action of their amplitude is shown in Figure
34B. The number of potentials is greatest for the . 4.0to 2.5 mvV; the number of events decreases
for larger amplitudes. Events smaller than 2 mV could not be reliably distinguished from the
background noise and were not included in the statistics; thus, below 2 mV the frequency of potentials
may continue to increase. The observed distribution of amplitudes could arise if quantal currents of
similar amplitude are distributed over the entire apical dendrite. Synaptic conductances in distal parts
of the dendrite presumably produce smaller depolarization ai the soma than synaptic events in more

proximal parts of the apical dendrite.
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Figure 35. Extraceilularly recorded responses of cells in the mitral cell layer to stimulation of the ofactory nerve layer. (ONL). A,
Exracellulary recorded response to stimulation of offactory nerve layer. B. Superposition of 8 responses 1o ONL stimulation. Note
nearly constant latency of first spike, C.-E. Paristimulus time histogram (PSTH) records of typical extracelivlarly recorded mitral cell
activity following single ONL shocks . In each PSTH record the stimulus occurs at the upward arrow. Time axis scales in C and D are
in msec; in E and F the time scale is in seconds, PSTH are the accumulated responses to 50 shocks given every 4 sec.

{20







Synaptic Response to ON" Stiinl  on,

Extracellular Recordings. The approach of the efectrode tip to a cell membrane was signified by
increased electrode resistance. At this point positive pressure was terminated and negative pressure was
applied in order to form a gigaseal. As the seal resistance increased, about 20% of the neurons began
to fire spontaneous action potentials. Frequently, the seal resistance could not be increased beyond a
few hundred MQ; thus, whole-cell recording was not possible. However, these low-resistance seals did
allow stable high-amplitude extracellular recordings of spike activity. The extracellular activity of 85
cells thus recorded was analyzed,

Most mitral cells could be recorded for long periods of time (> 20 min). These cells fired at low
spontaneous rates, between 1 and 4 Hz. The firing of some mitral cells (~20%) oscillated with 4
period of several minutes from near silence to a spike discharge rate of severa) 1-5Hz. Similar patterns
are observed in extracellular recordings from mitral cells #n vivo in this laboratory (Jiang et al.,
unpublished observations). Persistence of similar spontaneous patterns of oscillation in the slice
suggests that they are generated within the olfactory bulb.

We attempted to obtain synaptic responses to stimulation of the ONL in 75 extracellularly
recorded neurons, Excitatory responses were obtained in 39 (52%) of these cells. Mitral cells in the
slice typically responded to the ONL shock with a single constant-latency spike followed by a 20-30
msec period of inhibition. Most (85%) of these cells also exhibited a prolonged (0.5 to 2 sec) period
of weaker excltation following the period of inhibition. The range of latencies of the initial spike was
3-10 msec, Perfusion of the slice with high-magnesium (10 mM), low-calcium solution to block
synaptic activity, eliminated both the synaptic response and tae spontaneous activity (n=5). This
suggests that in the absence of synaptic input, mitral cells have little or no intrinsic spontaneous activity.

Extracellular responses of several mitral cells to ONL stiraulation are illustrated in Figure 35. The
mitral cell illustrated in Figure 35A responded to a single ONL shock with a period of excitation lasting
several seconds. In Figure 35B eight responses of another cell to ONL stimulation are superimposed at a
higher sweep rate. The initial spike has 2 neariy constant latency of approximately 8 msec. The second
snd third spikes follow at 15 msec intervals,

tigures 35C-F show peristimulus time histogram (PSTH) records of the responses of other mitral
cells 10 ONL stimulation, In each PSTH record, « single ONL shock was applied at the upward arrow. In
Figure 35C the ONL shock is followed by a single, nearly constant latency spike, and 1 period of
inhibition. In this cell, there was little additional activity following the period of inhibition, Figures
35D and 35F illustrate the responses of another mitral cell at two different ime scales. In this cell, 43
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of 46 initial responses to 50 ONL shocks fall into one of two 2 msec bins, thus indicating constant
latency (6 msec) of the initial spike. The duration of the post-excitatory inhibition is 28 msec.
Following this period of inhibition the cell fired at a discharge rate higher than its spontaneous rate for
a period longer than the 1.2 sec duration of the PSTH record (Figure 35F). Figure 35E illustrates the
response of another cell; this cell responded to ONL stimulation with an oscillatory response similar to
that seen in Figure 35B. The first spike occurs at a short constant latency; the second and third spikes
following ONL stimulation occur at relatively constant intervals, resulting in secondary peaks. These
repetitive peaks are similar to the oscillatory responses that follow weak stimulation of the olfactory
nerve in vivo (67 69),

The patterns of spikes that follow ONL stimulation provide some information concerning the
underlying excitatory synaptic conductance. The initial short-latency spike requires a rapid
depolarization; the long-duration excitation may require a long duration excitatory process. These
conclusions were confirmed with intracellular recordings.

Whole-Cell Patch Recordings of Synaptic Responscs. Whole-cell patch clamp recordings of
synaptic responses to ONL stimulation were obtained from 15 neurons. One cell responded to an ONL
shock with a single spike followed by an apparent IPSP, three cells responded with a slow EPSP that
lacked an initial rapid rise, and four responded with short duration (30 msec) EPSPs. The synaptic
responses of the remaining seven neurons were consistent with the predominant pattern of extracellular
responses. These responses are illustrated in Figures 36 and 37. In Figurc 36A, ONL stimulation
produces a train of action potentials lasting 600 msec. Figure 36B shows the same responsc with the
time scale expanded 10 times, Hyperpolarization of the membrane to -65 mV blocked all spikes except
the first and revealed the underlying EPSP (Figure 36C and 36D). The EPSP reaches its peak in about
20 mscec; the depolarization persists for more than 800 msec,

The response of another cell to ONL stimulation is shown in Figure 37, With the membrance
potential at -55 mV, 4 single shock to the ONL produces a longduration depolarization and a train of
spikes (Figure 37A). As with the cell in Figure 36, a 10 mV hyperpolarization of the membrance
soma to -120 mV caused only occasional failure of this initial spike (Figures 37C and 37D). This
difficulty in blocking the initial spike was characieristic of all mitral cells tested. Blockade of this spike
always required hyperpolarization to a potential significantly more negative than that required to block
all subsequent spikes.  The least hyperpolarization required to blocked the inftial spike was -80 mV in
one cell; for all other cells greater hyperpolarization was needed.
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Figure 37. Spike generation in the miiral cell apical dendrite. A, At the resting membrane polential, offaciory nerve
stimulation causes a burst of action potentials and a long duration depolarization. B. Hyperpolarization to 85 mV biocks all
but the first spike. C. and D. Hyperpolarization of the soma to -120 mV causes oocasional fullures of the initial spike.
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Figure 38. Voitage clamp record of mitral osll response 1o offactory nerve layer tﬁmuhﬂon. Oftactory nerve layer
stimulation results in fast inward currents even though the soma membrane s clamped at -70 mV.,
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Figure 39. Vollage division between axial resistance of the apical dendrite and the membrane resistance of the milral cell.
Voltage changes Eg in the apical dendrite generaled by synaplic currents or regenerative spikes are coupled to the soma
through the axial resistance of the primary dendrite, Rq. Rg is estimated at about 25 M. The impedance of the soma, Zm,
is represenied by the parallel combination of the membrane resisiance, Rm. and the membrane capacitance, Cyp. The
friciion of a depolarization in the apical tult that appears al the soma Is determined by vollage division between Ra and Zm.




The amplitude of the ONL-evoked EPSPs did not increase linearly with membrane potential, as
would be expected if the EPSP is caused by the opening of a single ohmic conductance in the apical
dendrite. This is illustrated in Figure 37, where the amplitude of the EPSP is increased only 20% when
the membrane potential of the soma is increased from -65 to -120 mV, Also in Figure 37, the time-to-
peak amplitude and the duration of the EPSP are markedly shortened by hyperpolarization. Similar
effects of membrane potential on the time course of the EPSP were seen in other cells. These
observations might be explained by a single voltage-sensitive ionic channel or by multiple channels
kaving different time courses and ionic selectivities, but further experiments are required to determine
the kinds of ionic channels activated by olfactory nerve stimulation.

The excitatory postsynaptic current (EPSC) produced by ONL stimulation was recorded during
voltage clamp of the soma in two cells. The current record for one oi these cells is illustrated in Figure
38 (holding potential, -70 mV). The time course of this current was similar to the time course of the
depolarization recorded under current clamp conditions. In this record, small spontaneous inward
currents are superimposed on the evoked EPSC. Two spikes (fast inward currents) occur after ONL
stimulation. The occurrence of these spikes during voltage clamp of the soma is further evidence that
the membrane potential in parts of the apical dendrite receiving synaptic input from the olfactory nerve
is not controlled by voltage clamp of the soma.

DISCUSSION

As the length of the primary dendrite is comparable to thickness of the 400 pm slice, a large
fraction of mitral cells might have been disconnected from the glomerular layer during preparation of
the stice. Thus, the relatively high percentage (50%) of mitral cells that responded to ONL stimulation
in the present experiments is somewhat surprising. This indicates that use of conventional (400 pm)
thickness slices and an approximately horizontal plane of section that corresponds to the trajectory of
axons in the ONL are probably optimal for obtaining synaptic responses of mitral cells to ONL
stimulation in the slice. In thin (150 - 200 wm) olfactory bulb slices, many more primary dendrites
would be severed (3!). Primary dendrites tilt in a rosteal direction (33). A coronal stction through the
bulb might, therefore, sever substantially more primary dendrites than a horizont-! section of equal
thickness. Activation of olfactory nerve to mitrai cell synapses also requires continuity of the nerve
fibers from the ONL to the terminals in the glomeruli. Since these fibers run with an approximately
horizontal trajectory in the ONL (%92, their continuity in the slice is also optimized when the slice is cut
in the horizontal plane.
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There are a number of important similarities between the characteristics of mitral cells in the slice
and in the intact olfactory bulb. Although many mitral cells in the slice were not spontareously active,
others fired action potentials at rates comparable to those observed in vivo., Mitral cells in the slice
responded robustly to stimulation of the ONL. The initial portion of the in witro response (a single
spike followed by a period of inhibition) is similar to that observed {n vivo. The long period of weak
excitation following the excitatory-inhibitory response to ONL stimulation seen in many cells in the slice
was not reported in most earlier in vivo studies. However, a similar long duration excitation was seen
in the isolated turtle olfactory bulb following block of GABAx-mediated inhibition ('47). The
alternating periods of inhibition and excitation seen in some mitral cells in the slice following ONL
stimulation (Figures 35B and 35E) are similar to the damped oscillations following peri-threshold
olfactory nerve stimulation 1 vivo (67' 68).

ONL stimulation in the rat olfactory bulb slice did not produce the large IPSPs that follow
activation of the entire turtle olfactory nerve or the lateral olfactory tract (LOT) in the intact bulb.
Electrical stimulation of the turtle olfactory nerve or of the rat LOT probably activates nearly all mitral
cells, resulting in nearly maximal activation of the mitral/granule inhibitory system. In contrast, the focal
electrical stimulation of the ONL in the present experiments activated only a small number of olfactory
nerve axons. Thus, the responses of mitral cells in the slice may resemble the response to restricted
orthodromic or antidromic stimulation of the intact bulb. Near-threshold stimulation of LOT or of the
olfactory nerve generates only weak inhibition (or even facilitation) of the responses to succeeding
shocks (°1 169, 187y Thys, the responses of mitral cells in the slice to olfactory nerve activation are
similar to those seen in vfvo under comparable conditions of stimulation.

Electrical Properties of Mitral Cell Membranes.

Mcmbranc Resistance. Membrane resistances of mitral cells (100-600 M) in the present
investigation were substantially higher than those measured in previous studies with sharp electrodes.
The membrane resistance of rat mitral cells in vivo was 10 to 20 MQ (]58' 139, 203). The membrane
resistance of mitral cells in isolated turtle bulb (mean 60 M) was higher than in the rat, but stil
substantially lower than was measured in the present experiments (13%). Thus, the 270 M mean
resistance of rat mitral cells in the present experiments is about 4 times the mean resistance of mitral
cells in the isolated turtle olfactory bulb and at least 10 times the resistance of previous in vivo
measurements of rat mitral cell membrane resistance. The high membrane resistances measured in the
present study are, however, comparable to valies recently obtained in salamander olfactory bulb mitral
cells using the whole-cell patch technique (209,

One factor that contributes to higher mitral cell membrane resistances in wvitro is transection of
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some mitral cell secondary dendrites during preparation of the slice. Since the conductance of these
secondary dendrites is in parallel with the soma, truncation of the secondary dendrites will increase
membrane resistance measured at the soma.

A larger proportion of increased resistance, however, is probably due to the use of whole-cell
patch rather than sharp electrode recording techniques, Previous whole cell patch clamp studies in
other preparations have generally reported higher membrane resisiances than were measured in similar
~ experiments that used sharp-electrodes. This difference was investgated systematically for granule cells
of the dentate gyrus ('8%). For these neurons, the average membrane resistance measured with the
whole cell patch technique was 4.2 times higher than the average resistance cof similar cells measured
with sharp electrodes. Thus, it is reasonable to suggest that the major reason for the higher membrane
trimming of the secondary dendrites. This would imply that the resting membrane resistance of mitral
cells in the intact bulb is several times higher than previously supposed. It follows that the length
constant of mitral cell processes is much less than previously estimated (100,

Active Currents, Mitral cells may he considered analogous to the pyramidal cells of the
hippocampus, piriform cortex, and neocortex: Mitral cells are highly integrative neurons that have
extensive synaptic contacts with interneurons. Some pyramidal cells exhibit a Ca* *-activated K+
conductance that causes the slow afterhyperpolarization (AHP) following action potentials. These slow
potentials cause accommodation of spike discharge to a sustained depolarization. Spikes in mitral cells
were not followed by a slow AHP, and there was no apparent accommodation of spike discharge during
prolonged depolarization. Further, there was no evidence of outward currents following depolarization
under voltage clamp. These observations are consistent with previous reports in isolated turtle bulb
('98) and in thin olfactory bulb slices 3h3 i appears, therefore, that the mitral cell lacks some of
the modulatory currents present in some hippocampal, piriform cortex, and neocortical pyramidal cells.

Long-Duration Synaptic Excitation.

ONL stimulation produced a long-duration excitation of mitral cells, This prolonged excitation in
the slice is similar 1o the long-duration excitation produced by olfactory nerve stimulation in isolated
turtle bulb after blockade of Cl- mediated inhibition by bicuculline or low Cl- solution (148). In the
intact bulb, GABAA-mediated inhibitory conductances may be large enough to prevent detection of the
long-duration excitation. It appears that the inhibitory conductances are more weakly activated by ONL
stimulation in the slice than by olfactory nerve stimulation in the intact olfactory bulb, allowing the long
duration excitation to be observed without blockade of GABAA-mediated inhibition. However, as noted
earlier, the present experiments involved only restricted stimulation of the nerve 'ayer. With similarly
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restricted stimulation #n vfvo, intrabulbar inhibitory mechanisms are not activated to the same degree as
with stimulation of larger numbers of olfactory nerve axons. Other factors may also be involved in the
relatively reduced inhibition seen in the slice. Truncation of secondary dendrites would reduce
excitatory inputs to granule cell dendrites thus reducing granule cell inhibitory feedback. In addition,
the lack of anesthetic in the slice may also account for lower inhibition. Most of the in vivo studies of
the mammalian olfactory bulb have used anesthetics that considerably enhance GABA-mediated
inhibition ('43). Thus, the relative lack of ONL-activated post-excitatory inhibition seen in the present
studies may be closer to the situation of odor-evoked activation of mitral cells in unanesthetized animals
than that seen in anesthetized preparations in response to strong shocks applied to the ONL.

A consistent feature of mitral cell responses to ONL stimulation was the long duration of the EPSP.
At least two mechanisms may be involved in generation of the prolonged EPSP. The long duration (1
sec or greater) of the depolarization suggests that it involves a second-messenger coupled mechanism.
On the other hand, the rapid risetime (10 - 20 msec) of the EPSP, suggests that the potential is
mediated by a ligand gated ion channel. One system that exhibits somewhat similar characteristics is the
sympathetic ganglion, where one transmitter (ACh) activates both fast (micotinic) and slow
(muscarinic) responses (Msl). Alternatively, there may be two different olfactory nerve transmitters
acting upon two different receptors. There are now numerous examples of synapses that release both a
conventional transmitter and a neuropeptide.

Although the long duraticn of the EPSP could be explained exclusively by transmitters(s) released
from olfactory nerve terminals, at least three other plausible explanations have been suggested (148):
(1) Olfactory nerve terminals might release transmitter for an extended period, or the transmitter might
be slowly removed or inactivated. (2) Peri- or juxtaglomerular neurons activated by ONL stimulation
might form excitatory synapses with mitral cell apical dendrites. This synapse might release a second,
slowly acting, excitatory transmitter. (3) Peri- or juxtaglomerular neurons might participate in
reverberating circuits that maintain activity for an extended period after an ONL shock.

At present, the transmitter(s) released by primary oifactory nerve terminals are not known. The
dipeptide carnosine is present in olfactory nerve terminals and meets some of the classical criteria for a

(87 88, 163’), but carnosine does not have clear excitatory effects on initral cells (74' nzy

transmitter
Thus, at the present time there are several hypotheses that could account for the rapid onset and long
duration of the ONL-evoked EPSP in mitral cells. To distinguish among these possibilities, additional

information is needed, in particular the identity of the transmitter(s) used at this synapse.

Spike Generation in Mitral Cell Apical Dendrites.




The initial spike response to ONL stimulation appears to arise in distal parts of the apical dendrite
of the mitral cell. Hyperpolarization of the soma had no effect on this initial spike, but blocked all
subsequent spikes. Therefore, these later spikes appear to be generated at the soma. The apical
dendrite branches extensively in the glomerulus; disial parts of this dendrite are thus electrotonically
distant from the soma. These distal processes would be less affected by hyperpolarization of the soma,
and thus they might be brought to spike threshold by a strong local synaptic current even when the
soma is hyperpolarized. The initial spike, therefore, appears to arise in the apical dendrite. Several
previous studies also concluded that the mitral cell apical dendrite supports spikes. In in pivo rabbit
olfactory bulb (158), isolated turtle olfactory bulb (133), and salamander olfactory bulb (8%,
stimulation of the olfactory nerve produced both a full-amplitude spike and a small "fast pre-potential.”
Hyperpolarization of the soma by injection of current (100 - 500 pA) blocked the full-amplitude spike,
leaving only the “fast pre-potential.” The “fast pre-potential” was interpreted as evidence of
regenerative spikes in the apical dendrite.

There are important differences between the present results and earlier descriptions of the “fast
pre-potential.” In the earlier studies, the amplitude of the “fast pre-potential” was only a small fraction
of the amplitude of the action potential in the soma and did not propagate through the soma to the
mitral cell axon. In contrast, in the present whole-cell patch recordings, the action potential in the
apical dendrite almost always produced a full-amplitude all-or-nothing spike in the soma even when the
soma was hyperpolarized to very high potentials. Thus, the apical dendrite appears to be electrically
more tightly coupled to the apical dendrite than was the case in earlier studies that used sharp
electrode recordings in intact olfactory bulb.

This tighter coupling is most easily explained by the higher membrane resistances measured with
whole-cell patch recordings in the slice. A reasonable estimate of the axial resistance, Rg, of the mitral
cell primary dendrite is about 25 MS2 (assuming a diameter of 6 jum, a length of 500 pm, and a specific
resistance of 100 Q-cm for the internal medium). 1If, as was the case in the present experiments, the
mitral cell membrane resistance ,Rp, is 200 MQ, the axial resistance of the primary dendrite is
negligible and the apical tuft is effectively short-circuited to the soma. However, in previous recordings
with sharp electredes, the measured cell membrane resistance Ry was similar to the estimated 25 MQ
axial resistance of the primary dendrite (Ra). In that case, the axial resistance of the primary dendrite
and the membrane resistance of the mitral cell form a voltage divider that would reduce the voltage
change in the soma caused by a depolarization in the apical dendrite (Figure 39).

The present findings reveal new mechanisms that contribute to the regulation of mitral cell
excitation. First, the magnitude of the currents generated by the initial spike indicates that the entire
apical dendrite, not just the distal portions, is invaded by the spike. Second, unlike the “fast pre-
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potential” the initial spike invades the soma even when the soma is hyperpolarized by external current.
A spike in the soma almost certainly propagates to the axon and, thus, to piriform cortex and other
central olfactory structures. K* conductances evidently would have little efficacy in controlling
propagation of these spikes through the soma, since hyperpolarization past the K+ equilibrium
potential is unable to block spike invasion of the soma. Shunting conductances in the secondary
dendrites, however, might block propagation of the spike. When the peripheral and centrifugal afferent
inputs to the olfactory bulb are present and active, GABA-activated Cl* conductances in the secondary
dendrites might reach the same magnitude as the axial resistance of the primary dendrite. In that
situation, the voltage-division between the combined conductance o1 the soma and secondary dendrites
and the axial resistance of the primary dendrite could reduce the amplitude of the apical dendritic
spike sufficiently to block its propagation through the soma (Figure 39). Thus, one function of the
mitral-granule inhibitory system located on the secondary dendrites may be to regulate the propagation
of spikes originating in the apical dendrite through the soma to the piriform cortex.

These considerations emphasize the pivotal role of the apical dendrite in the function of the
miiral cell. The anatomy of this dendrite suggests its specialization for conduction of current from the
dendritic arborization in the glomerular layer to the soma. The apical dendrite is of unusually large
diameter. In the rat the primary dendrite is unbranched and appears to be surrounded by a loose glial
sheath (157> 158); in the monkey olfactory bulb the apical dendrite of some mitral cells is myelinated
(1%8). Using the Golgi EM technique, Shipley and Zahm reported the presence of a unique glial sheath
over virtually the entire length of the dendrite and found only rare synaptic specializations onto the

primary dendrite (189).

These features of the primary dendrite are similar to the morphological
specializations of axons that reduce their membrane capacitance and increase their electrotonic length.
These morphelogical specializations, taken with the presently observed biophysical characteristics,
suggest that the apical dendrite of the mitral cell is ideally suited for effective conductance of currents
from the apical dendrite to the soma. In view of the relatively long distance between the olfactory nerve
synapses onto the distal branches of the apical dendrite and the cell body located 300 - 400 mm away,

these characteristics of the mitral cell are probably required for efficient transmission of sensory

information.




Conclusions

These experiments demonstrate that conventional slices of mature rat olfactory bulb are viable
and retain response characteristics typical of mitral cells in the intact olfactory bulb. Mitral cells in the
slice are spontaneously active and exhibit firing characteristics similar to those seen in mitral cells in
vivo. The membrane resistance of mitral cells recorded with the whole cell patch technique is higher
than in previous experiments that used conventional sharp-electrode recording methods. This higher
measured impedance indicates that the length constant of mitral cell dendritic processes is significantly
longer than previously estimated. Stimulation of the ONL in the slice produces a long-duration
excitation of mitral cells. The apical dendrite sustains regenerative spikes during synaptic activation.
These spikes can propagate through the mitral cell soma to the axon even when the soma is significantly
hyperpolarized by injected current. Thus, spikes arising in the glomerular layer may propagate to the

piriform cortex.




10. CONCLUSION: A TWO-STAGE MECHANISM FOR SOMAN-INDUCED SEIZURES

The results presented above provide a new picture of the events leading to induction of seizures
by organophiosphates. The sensitive probe for cellular stress, FOS, is generated in two structures very
soon after soman intoxication. The first of these, PC, receives a very heavy cholinergic innervation from
the basal forebrain and is the structure most susceptible to gross damage after soman exposure.
Stimulation of the known source of the cholinergic input to the PC, the horizontal limb of the diagonal
band, resulted in the same pattern of FOS expression in the ipsilateral PC as that caused by systemic
soman. Thus, it appears that FOS may be an early marker for seizure-induced injury and that
cholinergic hyperstimulation is causal to seizures.

The second structure expressing FOS soon after soman intoxication is the LC, the source of
noradrenergic innervation of the forebrain. Studies from other laboratories had demonstrated that
cholinergic agonists stimulate LC neurons. Thus, it was probable that the FOS in LC following soman
intoxication reflected excessive activity of LC neurons caused by build up of ACh after destruction of the
degradative enzyme AChE by soman. We tested this hypothesis directly by microinjecting soman into LC
while recording from single-locus cells. As predicied, injection of soman caused LC neurons to
increase their firing rate far above their normal physiological range. This increased activity was
sustained for as long as 2 hr, the longest period examined. This increased firing probably accounts for
the earlier observation that NE levels in forebrain are decreased by soman intoxication.

Taken together, these findings support a new hypothesis for the generation and maintenance of
seizures by soman (!77). This hypothesis postulates that there are two stages in the generation of
seizures by soman intoxication. In the first stage, cortical neurons, most important in the PC, are
subjected to excess ACh as a result of ACKE blockade. But, this direct effect of soman intoxication is
accompanied by an excess of NE, which is secondary to accumulation of ACh in LC. Studies in other
central neurons, primarily the hippocampal pyramidal cell, have shown that both NE and ACh can act
through similar mechanisms to reduce the effectiveness of inhibitory conductances which would
otherwise prevent the neuron from sustaining long trains of discharges. These conductances are
activated by membrane depolarization or by the calcium ions which enter the cell after an action
potential and block further depolarization and spiking. Both NE aud ACh modulate the strength of
these inhibitory currents through similar second-messenger systems ("), The coupling of the two
transmitters to the same effector systems suggests the possibility that there could be a synergistic (more
than additive) interaction when both transmitters are present (177). Even without this postulated
synergism, however, it is clear that simultaneous excess of NE and ACh could lead to greater excitation
than is possible with either transmitter alone, and that this simultaneous excess of NE and ACh could he

a necessary condition for generation of seizures in the target cortex.
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NE levels drop rapidly in seizing but not in nonseizing, soman-intoxicated rats, This observation
Is compatible with at least two scenarios for the involvernent of NE in the generation of convulsions:

1. Depletion of NE depends on the degree of AChE inhibition in LC. In those animals in which
AChE Inhibition exceeds some threshold, LC neurons may fire at a rate which results in release of NE
beyond the ability of the cell to synthesize the transmitier. The rapid release of NE might be the trigger
necessary for gencration of convulsions in these animals. In animals with slightly more residual AChE
actizity, regulatory processes within LC night maintain LC ncuron firing rates at a physiologically
sustainable level; this lower rate of NE release might be insufficient to drive target neurons into
convulsive activily. The Atfference be ~vulsing and nonconvulsing rats might then reflect the
amount of AChE in onc .citical region of v, _.ain,

2. NE might be decreased in scizing but not nonseizing rats because of secondary cffects of the
convulsions such as anoxia or buildup of toxic substances (). In this case, NE might by rapidly
released in both convulsive and nonconvulsive rats. NE might be essential 1o the gcncrauon of sclzures,
but differences In NF release ..ould not be th, trigger.

Two observations suggest that NE decrenses are not the result of general effccts of seizures,  First,
NE levels in guines ply, cortex and hippocampus are decreased at 15 and 30 min alier soman
intoxication, before the beginning of convulsions ((’(’) Sccond, other monoamines are not changed or
have increased turnover following OP intoxication, suggesting that monoamine synthetic pathways are
not impalred (.72,

The present data provide no direct measure of she rate of release of NE. However, the rapid
decline of N levels in convulsing animaly strongly suggests rapld releane of the transminter.  The
decrease in total NE presumably reflects exhaustion of stored NE hy rapld release.  Afier exhaustion of
stored transmitier, release would be limited by the maximum rate of neosynthests. Thus, it is prebable
that soman intoxication results in &n initlal surge in NE release.  There I8 no avallable evidence on the
raie ¢f releasc after this Inltal surge,

Once serzates are triggered, however, both NE wnd ACh might become unnccessary for their
maintenance. It has long been known that prolonged electrical or chemical stimulation of cortical
inputs cui: cause permanent convulsive activity.  One possible explanation for these observasions s the
phenomenon of long-term potentlation (LTP), in which tetanic  stimulation of excltatory amino acid
(EAA) inputs to @ cortical structure resulis in permanent strengthening of synaptic connections, A
particulur cluss of EAA receptor 7 DA receptors) I8 required for generation of LTP, and

pharmucological blorkade of this receptor can block Loth LTP and sclzures (25 128 129,151, 174, 189,
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Thus, there may be two stages in the generation of soman-induced seizures ('7%).

1. Initial induction. In the first stage, excess ACh and (us argued here) NE result in removal of
normal regulalory processes from neurons in PC. As a result, cortical neurons increase their firing rate,
therefore increasing the amount of EAA they themselves release onto other cortical neurons. Mutually
excitatory reciprocal interactions between cortical neurons then lead to positive feedback of
stimulation, activation of NMDA receptors, and seizures.

2. Maintained expression. Once initiated, the rapid firing of these nenrons associated with
convulsions might cause sirengthening of synaptic connections; eventually, relatively litlle excess ACh

and NE might be needed to sustain the convulsions. Thus, in the second stage, seizures might become
Indcpendent of cholinergic or adrenergic mechanisms,

These hypotheses have important therapeutic implications:

L_lnvolvement of NE in generation of seizures. If excesr NE is necessary for soman-induced
seizures, then the well-developed pharmacology of adrenergic receptors may provide promising
therapeutic approaches. 1t has already been shown that the ap-agonist clonidine provides significant
protection against som. wn-induced convulsions (28-30),  Adams and Footc have shown that clonidine
blocks the excitatory actun of carbachol on LC neurons (%). A likely basis of this effect is the ability of
this agonist to inhibit firing of LC neurons by stimulation of autoreceptors on LC neurons ("3' 18 s
probable that hy combining clonidine with antagonists of postsynaptic adrenergic receptors and
cholinergic antagonists, soman-generated seizures could be prevented without the use of barbiturates of
excitatory amino acid antagonists,

The use of adrenergic agents which have been in clinical use for many years to prevent selzures
and resulting brain damage might have significant advantages over the use of NMDA antagonists to
suppress seizurcs, The NMDA antagonists are relatively untesied clinically, may increase brain injury
(1%%), and, at doses necessary to prevent seizures, may cause psychological disturbances. Thus, if
effective, adrenergic agents such as clonidine offer an attractive alternative therapy.

Z._independence of seizures and ACh after induction of convulsions. The possibility that, after

some threshold is passed, convulsions may become independent of cholinergic or adrenergic
mechanisms, suggests that timing of treatment is critical. During induction of seizures, treatment with
cholinerglc blockers and adrenergic drmgs may block selzures; however, once these sefzures have been
maintained for some undetermined time, these agents may be ineffective, and sedatives or FAA
antagonists may be necessary.
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administration may suggest that some damage is occurring to brain structures even before the onset ol
behavioral convulsions and long before gross brain damage would be visible in histological sections.
Thus, immediate treatment of exposed personnel is imperative,

3. Importance of early treatment. Our finding of FOS expression at very short times after soman 1
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