
RaplA under similar conditions (21). Rac 
1, a protein closely related to Rac 2 (92% 
identity) may also have oxidase regulatory 
activity. Although Rac 1 mRNA is ex- 
pressed in a large number of different cell 
types, Rac 2 mRNA is expressed only in 
cells of myeloid origin (16). In HL-60 cells 
induced to differentiate with dibutyryl cyclic 
adenosine monophosphate, expression of 
Rac 2 mRNA, but not Rac 1 mRNA, 
increased by seven- to ninefold. This may 
indicate a specialized action of Rac 2 in 
neutrophil function or differentiation. Also 
of interest in this regard are the isoelectric 
points of the Rac proteins. On the basis of 
their amino acid sequences, the isoelectric 
point (PI) of Rac 2 is calculated to be 7.56 
and that for Rac 1 is 8.53 (16). The four 
cytosolic oxidase components have been re- 
solved by preparative isoelectric focusing 
and have approximate pIs of 3.1, 6.0, 7.1, 
and 9.5. Two of these components (PI 6.0 
and 9.5) are p67Ephoxl and ~ 4 7 [ ~ ~ ~ ~ ~ ,  respec- 
tively. The pI of 7.1 reported for one of the 
unidentified factors is similar to that predict- 
ed for Rac 2. 

The mechanism by which Rac 2 acts to 
enhance activity of the NADPH oxidase and 
its exact function in the assembly and trans- 
location of the other cytosolic components 
to form an active complex at the membrane 
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should be amenable to investigation. Addi- 
tionally, the availability of a cell-free assay 

NMDA Antagonist Neurotoxicity: 
for the activie of this member of the Ras Mechanism and Prevention 
superfamily w h  enhance our ability to deter- 
mine regulatory features of the low molecular 
weight GTP-binding proteins in general. 

Note added in proof: It has recently been 
reported that Rac 1 also has oxidase regula- 
tory capability (22). 
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Antagonists of the N-methyl-D-aspartate (NMDA) subtype of glutamate receptor, 
hcluding phencyclidine (PCP) and ketamine, protect against brain damage in neuro- 
logical disorders such as stroke. However, these agents have psychotomimetic prop- 
erties in humans and morphologically damage neurons in the cerebral cortex of rats. It 
is now shown that the morphological damage can be prevented by certain anticholin- 
ergic drugs or by diazepam and barbiturates, which act at the y-aminobutyric acid 
(GABA) receptor-channel complex and are known to suppress the psychotomimetic 
symptoms caused by ketamine. Thus, it may be possible to prevent the unwanted side 
effects of NMDA antagonists, thereby enhancing their utility as neuroprotective drugs. 

A NTAGONISTS OF THE NMDA SUB- 

type of glutamate receptor are po- 
tentidy useful for preventing neu- 

ronal degeneration in neurological disorders 
such as stroke (1). However, treatment of 
adult rats with noncompetitive (phencycli- 
dine, MK-801, tiletamine, ketamine) or 
competitive [D-2-amino-5-phosphonopen- 
tanoate (D-APS)] NMDA antagonists 
causes neurotoxic side effects consisting of 
pathomorphological changes in neurons of 

J. W. Olney, J. Labmyere, G. Wang, D. F. Wozniak, M. 
T. Price, Department of Psychiatry, Washington Univer- 
sity School of Medicine, St. Louis, MO 63110. 
M. A. Sesma, School of Optometry, University of Mis- 
souriSt. Louis, St. Louis, MO 63110. 

the cingulate and retrosplenial cerebral cor- 
tices (2, 3). After low doses these changes 
may be reversible, but higher doses can 
cause irreversible neuronal necrosis (4). 
Therefore, it has been questioned whether 
NMDA antagonist therapy can be applied 
without incurring serious side effects. How- 
ever, we now report that certain anticholin- 
ergic or GABAergic agents protect cerebro- 
cortical neurons against the adverse side 
effects of NMDA antagonists. 

The neurotoxic action of MK-801 in the 
adult rat cingulate cortex is potentiated by 
pretreatment with the cholinergic agonist 
pilocarpine (5 ) .  This potentiating effect was 
abolished by coadministration of scopola- 
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mine, a cholinergic muscarinic antagonist. 
These results suggested that activation of 
muscarinic receptors might be involved in 
the process by which MK-801 causes neu- 
rotoxic side effm. To explore this possibil- 
ity, we administered scopo1amine inaaperi- 
toneally (ip) in various doses (0.01 to 5 mg 
per kilogram of body weight) 10 min after a 
subcutaneous (sc) dose of MK-801 (0.4 
mglkg) that reliably causes neurotoxic side 
&m in 100% of treated rats. We examined 
the brains after 4 hours and found that 
scopolamine completely prevented MK-801 
neurotoxiaty at doses 20.25 m@g. Dose- 
response studies revealed that the ED,, 
(dose of scopolamine that prevented MK- 
801 neurotoxicity in 50% of treated ani- 
mals) was 0.13 mg/kg. Additional anticho- 
linergic compounds were also effective 
(Table l), with an order of potencies corre- 
lating with their biding &ties for M1 
muscarinic receptors (6). 

To determine whether anticholinergic 

Tabk 1. Prevention of MK-801 newomxicity 
by anticholinagics and barbiilas. A total of 
376 adult SpagucDawky rats were ueated 
with MK-801 (0.4 mgFg sc); conaols received 
only MK-801, and aperimmtals received an ip 
injection of an anticholinergic or barbiturate 
drug in various doses 10 min afta MK-801 
injection. We tested each expehmtal drug at 
four or more doses, using at least four rats, per 
dose. Ten or more rats that received only MK- 
801 were included as internal controls for each 
expehem permnkg to a given drug. Four 
hours a k r  treatment all rats wae killed for 
histological evaluation of their brains (2). Two 
&ced histo~atholoeists who were blind to 
th; trrament coIditioL evaluated histo~ogica~ 
sections from the ungulate and rraosplenial 
corticcs of each animal fbr evidence of 
intracytoplasmic vacuole fotmation. All of the 
control rats (n = 164) were scored strongly 
positive for vacuole formation. An ED5, was 
calculated by linear rcgrcssion analysis with the 
25th and 75th perantila ( p a r e n b )  defining 
the confidence limits. For each last compound, 
we identified an EDo and EDloo, doses that 
promxed 0 and 100% of treated rats, 
rcs@vely, and found that the latter 
cons~tently was approximately two to three 
tima higher than the former. 

Test compound EDSO. 
(m?i'k IP) 

AnticholinergicJ 
Scopohnine 0.13 
&nzwpine 1.29 
Trihexyphenidyl 2.41 
Atmpiie 2.67 
Biperiden 3.70 
Procydidine 4.52 
Benactyzine 7.53 
Diphenhydramine 17.54 

Earbituratcs 
Pantobarbital 13.07 
Sccobarbital 15.28 
Thiopental 27.38 
Thiamylal 29.86 

agents can protect against the neurotoxic 
effkcts of noncompetitive NMDA antagonists 
other than MK-801, we treated six rats with a 
neurotoxic dose (5 mglkg sc) of PCP and six 
rats with this dose of PCP plus scopolamine 
(0.5 mglkg ip) and killed the animals 4 hours 
later. All of the rats treated with PCP alone 
had conspicuous vacuolar changes in cingu- 
late and retrosplenial cortical neurons, where- 
as none of the rats treated with PCP plus 
scopolamine had such changes. 

In order for NMDA antagonists to be 
optimally useful as neuroprotective agents in 
conditions such as stroke, it may be neces- 
sary to use relatively large doses. Thmfore, 
we conducted experiments to determine 
whether the dose of anticholinergic agent 
required to prevent neurotoxic side effects of 
a low dose of NMDA antagonist would also 

protect against a high dose. It rtquircd 0.25 
mgflrg ipsmpoh&e to preventhe neuro- 
toxic side e f k t s  in 100% of treated rats (n = 
6) after a relatively low dose ofMK-801 (0.4 
mgflrg sc); theretbre, we treated adult rats 
with this dose of scopolamine plus a high 
dose of MK-801(5 mgkg sc) and found that 
it prevented the neu6m&c side effea in all 
animals (n = 6), whereas all controls (n = 6) 
that received the hi* dose of MK-801 by 
it& had a severe v&uole reaction in c i k -  " 
late-remsplenial cortical neurons. 

Using a chick embryo retina assay, we 
conducted emeriments to determine wheth- 
er anticholin&ic drugs interfere with the 
neuroprotective actions of NMDA antago- 
nists. We have shown that the neurotoxic 
action of NMDA (120 @4) in the chick 
retina is prevented by adding 200 nM MK- 

Fig. 1. (A) Neurons in layer 111 of the posterior cmgdate cortex of a rat 4 hours after intravenous 
adminkation of CPP (50 mgFg). Arrows indicate vacuola. Hilogical methods have been 
described (2). By e b n  microscopy (not shown), the vacuolar reaction and mitochondrid changcs 
were identical to those induced by MK-801 and PCP. ($) Neurons in layer III of the posterior cingdate 
corm displaying selective immunoreactive staining to an antibody of HSP70 (10, 11). This rat was 
treated with MK-801 (0.4 mgikg sc) 24 hours earlier. (C) Light microscopic section h m  the same 
postmior cingulate cortical area as in (B), but fium an animal that received MK-801 (0.4 mgikg sc) 
followed 10 min later by scopolamine (0.5 mglkg ip). [(A) ~ 3 2 0 ;  (B and C) ~280) l .  
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Fig. 2. Effects of diazepam on vacuole formation. 
Adult Sprague-Dawley rats were treated with MK-801 
(0.4 mg/kg sc); controls (n = 18) received only MK- g = 8 0  

801 and experimentals (n = 36) received an ip injection !!g 
of diazepam 10 min after MK-801 injection. Four 
hours after treatment, all rats were killed and their 
brains prepared for histological evaluation as described 

;:'::p 
$ & 4 0  

(2) .  We quantitated the neurotoxic response as follows: s 2 0  

A histological section cut through the posterior cingu- 
late cortex at a specific stereotaxic coordinate (5.3 mm 1 2 3 4 5 6 7  

posterior to bregma) (18) was selected from each brain, DO= (mglkg sc) 
and the number of cingulate neurons containing vacu- 
oles was counted. The mean number of vacuolated neurons for each experimental group was divided by 
the control mean to permit expressing the severity of the reaction in experimental brains as a percentage 
of controls. 

801 to the incubation medium. Therefore, 
we incubated the chick retina in medium 
containing NMDA (120 pM) and MK-801 
(200 nM) and added scopolamine in various 
concentrations from 10 to 50 pM. Scopola- 
mine did not interfere with the ability of 
MK-801 to prevent NMDA neurotoxicity. 
Thus, a tissue concentration of scopolamine 
250 times higher than that of MK-801 does 
not interfere with the neuroprotective prop- 
erties of MK-801, whereas a dose of scopo- 
lamine only 1/20 as high as the MK-801 
dose prevented the neurotoxic side effects of 
MK-801 in rodent cortex. 

The competitive NMDA antagonist 
D-AP5, when injected into the cingulate 
cortex, causes a neurotoxic reaction identical 
to that caused by systemic MK-801 or PCP 
(3). In the present study, we extended these 
experiments to include systemic administra- 
tion of 3-[(+)-2-carboxypiperazin-4-yl]- 
propyl-1-phosphonic acid (CPP), a compet- 
itive NMDA antagonist that is more potent 
than D-AP5. Intravenous (iv) administra- 
tion of CPP in a dose of 50 mg/kg caused a 
vacuole reaction in six of six rats (Fig. 1A) 
that was identical to the reaction in s& of six 
positive controls that received MK-80 1 (0.4 
mg/kg sc) and was not present in six of six 
controls treated with normal saline. Admin- 
istration of scopolamine (0.5 mg/kg ip) 10 
min after CPP (50 mglkg iv) prevented this 

- -  . 

reaction in six of six rats. 
The psychotomimetic effects of PCP in- 

clude hallucinations, agitation, and disorien- 

tation. Ketamine, a PCP receptor ligand, 
when used in humans as an anesthetic, 
causes similar psychotomimetic effects 
termed an "emergence" reaction (7). Be- 
cause diazepam reduces the severity of the 
psychotomimetic side effects of ketamine 
and is used widely in human anesthesia for 
this purpose (8), we studied the effects of 
diazepam on NMDA antagonist neurotox- 
icity. Because barbiturates, such as diaze- 
pam, act at GABA, receptors, we also tested 
several barbiturates. At a dose of 1 mg/kg ip, 
diazepam provided up to 50% protection; 
this effect could not be exceeded by increas- 
ing the dose sevenfold (Fig. 2). However, 
each of four barbiturates completely protect- 
ed against NMDA antagonist neurotoxicity 
with a steep dose-response curve (Table 1). 
The protection conferred by barbiturates 
cannot be attributed to general anesthesia 
properties because the nonbarbiturate anes- 
thetic halothane did not suppress NMDA 
antagonist neurotoxicity (9). 

Although the neurotoxic reaction appears 
to be confined to specific neurons within the 
cingulate and retrosplenial cortices, the 
pathological action of NMDA antagonists 
may not be limited to these neuronal popu- 
lations. These agents induce heat shock pro- 
tein (HSP) not only in the specific neurons 
that undergo pathomorphological changes 
but also in several other types of forebrain 
neurons (10, 11). This HSP response is 
blocked by scopolamine (Fig. 1, B and C) or 
GABAergic agents. Thus, the HSP response 

Fig. 3. A proposed wiring diagram to explain NMDA 
antagonist neurotoxicity. The cingulate neuron is gluta- 
matergic with an axon collateral feeding back to an NMDA 
receptor on a GABAergic neuron to maintain tonic inhibi- 
tory control over the release of acetylcholine (ACh) at an M1 
muscarinic receptor on the cingulate neuron's surface. Block- 
ade of the NMDA receptor abolishes the inhibitory control 
over ACh release and subjects the cingulate neuron to a state 
of persistent cholinergic hyperstimulation, which we pro- 
pose is the proximate cause of the pathomorphological and 
HSP reactions in the cingulate neuron. These reactions can 
be prevented either by restoring GABAergic inhibitory tone 
(for example, with barbiturates) or by blocking M1 cholin- 
ergic receptors. Diazepam is only partially effective in restor- 
ing GABAergic tone because its efficacy depends on the presence of GABA at the GABA, receptor and 
the NMDA antagonist has inactivated the GABAergic neuron, thereby abolishing its release of GABA. 

may be triggered by the same toxic mecha- 
nism that causes vacuolization of cerebro- 
cortical neurons and may serve as an alter- 
nate marker of neuronal susceptibility to this 
type of injury. 

Our evidence that either competitive or 
noncompetitive NMDA antagonists cause 
identical neurotoxic side effects, and either 
muscarinic cholinergic antagonists or 
GABAergic agents block these side effects, 
suggests that the effect is triggered by sup- 
pression of NMDA receptor function but 
also involves muscarinic and GABAergic 
receptors. Figure 3 schematically depicts a 
set of neural connections that can explain 
these findings. 

The difference in efficacy between diaze- 
pam and barbiturates may relate to their 
different modes of action at the GABA 
receptor. Barbiturates act directly to open 
the chloride channel, even in the absence of 
GABA (12), whereas diazepam acts only to 
potentiate the action of GABA (13). Be- 
cause blockade of the NMDA receptor (Fig. 
3) would result in cessation of GABA re- 
lease, there would be very little GABA in the 
synaptic cleft for diazepam to potentiate. 
Therefore, consistent with our findings, di- 
azepam should have only a partial effect in 
contrast to barbiturates which, like anti- 
cholinergics, should provide complete pro- 
tection against the pathomorphological ef- 
fects of the NMDA antagonist. 

Typically, diazepam has been found to be 
partially but not completely effective in elim- 
inating emergence symptoms associated 
with ketamine anesthesia (8). We found no 
studies pertaining to the use of anticholin- 
ergics for this purpose, and only a single 
study (14) pertaining to barbiturates. In this 
study, a single dose of thiopental (2 to 3 
mg/kg) provided more complete protection 
against ketamine emergence reactions than 
has been reported for diazepam (8, 14). 

Because GABAergic agents can prevent 
both the morphopathological and psycho- 
pathological side effects of NMDA antago- 
nists, a common mechanism may underlie 
both effects (15). If so, it is possible that 
either GABAergic or anticholinergic drugs 
may provide a simple and safe (16) method 
of preventing both psychotomimetic and 
neurotoxic side effects of NMDA antago- 
nists without interfering (1 7) with the neu- 
roprotective properties of these compounds. 
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Functional Contribution of Neuronal AChR Subunits 
Revealed by Antisense Oligonucleotides 

Although multiple related genes encoding nicotinic acetylcholine receptor (AChR) 
subunits have been identified, how each of these subunits contributes to AChRs in 
neurons is not known. Sympathetic neurons express four classes of AChR channels and 
six AChR subunit genes (d, a 4 , a 5 ,  a7,  82, and 84). The contribution of individual 
subunits to AChR channel subtypes in these neurons was examined by selective 
deletion with antisense oligonucleotides. An cu3 antisense oligonucleotide decreased 
the number and altered the properties of the normally expressed ACh-activated 
channels. The remaining AChR channels have distinct biophysical and pharmacolog- 
ical properties that indicate an important functional contribution of the a 7  subunit. 

L IGAND-GATED ION CHANNELS ARE 

multimeric protein complexes with 
component subunits encoded by ho- 

mologous genes (1 ) . The neuronal nicotinic 
AChRs that mediate neurotransmission at 
many central and peripheral synapses com- 
prise two subunit types ( a  and P) encoded 
by at least 11 related genes (2). Expression 
of particular combinations of the subunit 
RNAs in oocytes yields biophysically and 
pharmacologically distinct channels (4, 
reminiscent of the multiple AChR channel 
types detected in embryonic sympathetic 
neurons (4). However, neither the identity 
nor the functional contribution of the indi- 
vidual a and B subunits in native AChR 
channel subtypes is known. 

To determine which AChR subunit genes 
are expressed by sympathetic neurons, we 
used the polymerase chain reaction (PCR) 
(5) .  Primers to the nonconserved regions of 
.the a and p subunit genes were chosen to 
amplify specific CDNA target sequences 
(Fig. 1 ~ )  . - ~ ~ ~ r o ~ r i a t e - s i z e d  were 
generated in the a3, a4, 015, a7, and P 
reactions, but not in the a 2  reacrion (Fig. 
1B) (6). Restriction enzyme digestion of the 
amplified products confirmed their identity. 
RNA blots of polyadenylated [poly(A) + ] 
RNA from sympathetic ganglia under strin- 
gent hybridization and washing conditions 
revealed hybridization to a3, a4, a5, a7, P2 
(n-a), and p$ (n-a3) probes but not to the 
a 2  probe (Fig. 1C) (7). AChR gene expres- 
sion ranged from undetectable (a2) and low 
(a4, a5, P2) to relatively high (013,137, P4). 

Because sympathetic neurons express 
multiple types of a and P subunit genes, the 
AChR channel subtypes observed (4) might 
result from different subunit combinations. 

To determine the role of individual AChR 
subunits in sympathetic neurons, we exam- 
ined changes in the properties of AChR 
channels after functional deletion of a par- 
ticular subunit with antisense oligonucleo- 
tides. 

The contribution of preexistent surface 
AChRs was removed by treatment with 
bromoacetylcholine (BAC), which covalent- 
ly binds to and inactivates AChRs (8). BAC- 
treated neurons regain ACh sensitivity 
through synthesis of new AChRs (9). ACh 
sensitivity was < 15% of control at 3 hours 
and completely restored within 48 hours of 
BAC treatment (9). Sympathetic neurons 
were incubated with ~ l ~ ~ o ~ u c l e o t i d e  imme- 
diately after BAC treatment, and the ACh- 
activated single channel currents were mea- 
sured after 48 hours (10). Analysis of the 
number of channel openings and the aver- 
aged single channel current from all patches 
in a 3  antisense-oligonucleotide treated neu- 
rons indicates a >90% decrease from the 
control levels of AChR channel activity typ- 
ically evoked by 2.5 FM ACh (Fig. 2) (1 1). 
Although the number of AChR channel 
openings under these conditions was too 
low for slope conductance determinations, 
the residual activity included openings at 
amplitudes consistent with the characterized 
AChR subtypes (designated S, M, L, and 
XL) (4). An a 4  antisense (Fig. 2) as well as 
several control oligonucleotides (1 0) did not 
affect AChR channel opening frequency, 
mean current, conductance, or desensitiza- 
tion kinetics. In view of these results and the 
lack of effect on other ligand or voltage- 
gated channels (lo), it seems likely that a 3  
antisense reduces AChR channel activity by 
a specific functional deletion of the a 3  sub- 
unit. 

The observed decrease in AChR channel 
De~arunents of Anatomy and Cell Biology, Pathology, activity gated by 2.5 ACh is apparently and the Center for Neurobiology and Behavior, Colum- 
bia College of Physicians and Surgeons, New York, NY due to both an increase in the ACh concen- 
10032. tration required for channel activation and a 
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