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Quiescent T Lymphocytes as an Inducible Virus 
Reservoir in HIV- 1 Infection 

To better understand the basis for human immunodeficiency virus type 1 ( H N - 1 )  
persistence and latency, the form in which viral DNA exists in the peripheral T 
lymphocyte reservoir of infected individuals was investigated. In asymptomatic indi- 
viduals, H N - 1  was harbored predominantly as full-length, unintegrated complemen- 
tary DNA. These extrachromosomal DNA forms retained the ability to integrate upon 
T cell activation in vitro. In patients with acquired immunodeficiency syndrome 
(AIDS), there was an increase in integrated relative to extrachromosomal DNA forms. 
By analysis of DNA from patient lymphocyte subpopulations depleted of human 
lymphocyte antigen-Dr receptor-positive cells, quiescent T cells were identified as the 
source of extrachromosomal H N - 1  DNA. Thus quiescent T lymphocytes may be a 
major and inducible H N - 1  reservoir in infected individuals. 

T HE MAJOR RESERVOIR FOR HIV-1 (0.01 to 0.001%) that express viral RNA at 
in the peripheral blood compartment levels detectable by in situ hybridization (3). 
of infected individuals is the CD4+ T In addition, the gradual depletion of CD4+ 

lymphocyte (1, 2). The high percentage of T lymphocytes during disease .progression 
cells (1 to 0.01%) within this reservoir that (4) contrasts with the acute cytocidal nature 
contain viral DNA (2) is difficult to recon- of HIV-1 infection of permissive T lympho- 
cile with low percentage of infected cells cytes in vitro (5 ) .  These features suggest that 

a small population of infected cells is per- 
missive for virus replication, whereas the 

M. 1. Buhinsk~, T. L. Stanwick, M. P. Defnpsey, majority of host harbor HIV-1 in a 
Department of Pathology and Microbiology, University 
of Nebraska Medical Center, Omaha, NE 68198. minimally replicative yet inducible state. 
M. Stevenson, Department of Pathology and Microbiol- ~ h ,  life cycle of retroviruses can be sepa- 
ogy, University of Nebraska Medical Center, Omaha, 
NE 68198, and Division of Virology, National Institute rated into pre- and postintegration stages. 
for Medical Research, The Ridgeway, Mill Hill, London, Integration of HIV-1 DNA with the host 
X T T X , ?  7 A A 
1Y Y Y  / L M .  

cell genome, which depends on the activated 
*To whom correspondence should be addressed. state of the host cell ( 6 ) ,  must occur for a 
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productive vin~s infection (6, 7). Thus, al- 
though HIV-l  retains the capacity to bind 
and infect quiescent T lymphocytes in vitro 
(6-8), inefficient reverse transcription (7) 
and a block to integration of filll-length 
HIV-1 DNA (6) restrict the viral life cycle in 
these cells to preintegration events. 

Current in vitro models for HIV-1 ~ersis-  
tence and latency have focused on agents 
that activate HIV-1 gene expression in cells 
harboring latent integrated provirus (9) 
However, initial integration requires T cell 
activation (6, 7), and, because the number of 
activated T cells in asymptomatic individuals 
is low, it has been hypothesized that quies- 
cent T cells form a latent and inducible 
reservoir for HIV-1 in vivo (6, 7). 

To identifir molecular events during 
HIV-1 replication in vivo, we analyzed the 
arrangement of proviral DNA in single in- 

fected cells. This approach allowed us to 
determine whether the presence of extra- 
chromosomal HIV-1 DNA within patient 
lymphocytes is due to restricted integration 
in quiescent cells or to ~u~erinfectidn (10, 
11) of permissive cells by HIV-1. By initially 
determining HIV-1 proviral DNA copy 
number and the percentage of cells harbor- 
ing HIV-1 within each infected individual 
included in this study (Table l ) ,  we could 
analyze multiple (10. to 40) cell fractions, 
each containing not more than one HIV-1- 
infected cell (12). DNA was extracted from 
multiple replicate cell fractions and separat- 
ed into high molecular weight DNA (con- 
taining integrated provirus) and low molec- 
ular weight DNA (containing exxrachromo- 
somal HIV-1 DNA forms) by agarose gel 
electrophoresis, and HW-1 DNA was identi- 
fied in high and low moleadar weight fractions 

by polymerase chain reaction (PCR) (12). 
Application of our protocol to 8E5 cells 

(13), which contain one noninfectious pro- 
virus per cell and completely lack uninte- 
grated viral DNA, demonstrated that, if 
there were fewer than eight infected cells in 
each sample analyzed, mechanical shearing 
did not lead to separation of detectable 
amounts of integrated viral DNA in the low 
molecular weight fraction (Fig. 1A). Be- 
cause our protocol (12) ensured that there 
was one infected cell in each fraction, we 
were able to distinguish integrated and un- 
integrated forms of HIV-1 DNA. Analysis 
of DNA isolated from cells infected with an 
HIV-1 mutant which, because of deletions 
in the HIV-1 intergrase coding region, is 
unable to associate with host-cell DNA (6, 
14), demonstrated that trapping of low mo- 
lecular weight extrachromosomal HIV-1 

Table 1. Integrated and extrachromosomal viral DNA in total and purified of fractions containing exclusively integrated viral DNPL, exclusively unintegrated 
lymphoc).te populations of HIV-1-seropositive individuals. After determina- viral DNPL, or both DNA forms, were calculated as a percentage of the total 
tlon of the percentage of HIV-1-infected cells for each patlent (12), a series number of replicates harboring Lira1 DNA. Fractions not containing viral DNA 
of replicate (10 to 40) lymphocyte fractions was prepared. Each replicate were excluded from the analysis. For examination of viral DNA in punfied 
fraction contained suEciently few cells so that there was not more than one I y n l p h q ~ e  populations, the percentages of HLA-Dr-positive cells was deter- 
infected cell per fraction. The number of replicates containing HIV-1 DNA mined by flow cq~ofl~lorirnetry after f i t y  cell sorting with HLA-Dr antibody- 
and the number of fractions andyzed are listed for each patient. The number coated magnetic beads (27). (As?., asymptomatic; ND, not done.) 

(A) Total lymphocyte populations 

HIV-1- 
Inte- Extra- 

~nfected chromo- Both 

Patient Status CD4/ Lymphocytes Infected/ 
lympho- grated 

somal forms 
CD8 per fraction analyzed 

cytes DNA DNA DNA 

(%I (%) (%) (%) 

E32 AIDS 0.15 250 17/21 0.40 59 3 5 6 
B3 AIDS <0.03 250 17/20 0.40 66 17 17 
B5 AIDS 0.08 250 25/30 0.40 60 12 28 
B10 AIDS 0.39 100 8/20 1.00 75 12.5 12.5 
B12 AIDS 0.28 250 20120 1 .OO 40 20 40 
B12 100 16/20 62.5 18.75 18.75 
B12 50 5/10 80 20 0 
B1 Asym. 0.68 250 10120 0.40 30 50 20 
B4 Asym. 0.76 250 19/30 0.40 2 1 58 21 
B7 Asym. 0.52 250 6/10 0.12 3 3 67 0 
B9 Asym. 0.09 400 21/40 0.15 14 86 0 
B11 Asym. 0.12 400 12/20 0.10 25 50 25 
B20 Asym. 0.25 250 5/20 0.25 20 80 0 
B23 Asym. 0.87 250 7/20 0.20 29 71 0 
B24 Asym. 0.30 400 11/20 0.21 18 5 5 27 
B25 Asym. 1.79 400 17/20 0.15 0 88 12 
B34 Asym. 0.97 400 6/20 0.20 33 50 17 
B35 Asyn~. 0.17 400 5/20 0.07 0 80 20 

(B) Purified lymphocyte populations 

HIV-1- Inte- Extra- 
Chromo- Both 

Patient Lymphocyte Cells per HLA-Dr+ infected grated 
son1d forms 

population fraction cells (%) lymphocytes DNA 
DNA 

DNA 
(%) (%) ("/.) (%) 

B28* Total 400 25 0.30 65 3 5 0 
B28 HLA-Dr+ 400 ND 80 20 0 
B28 HLA-Dr+ 400 6 0 80 20 
B30X Total 400 32 0.125 60 20 20 
B30 HLA-Drf 400 < 1 0 100 0 
B4 Total in vitro 250 0.40 0.40 20 60 20 
B4 activated 250 100 0 0 

'AIDS patient. 
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DNA forms in the genomic DNA fraction 
during gel electrophoresis did not lead to 
detectable amounts of unintegrated HIV-1 
DNA in the high molecular weight genomic 
fraction (Fig. 1B). 

The PCR protocol we used could detect a 
single HIV-1 provirus. Four HIV-1-infect- 
ed cells (containing one provirus per cell) 
were mixed with 2 x lo3 uninfected lym- 
phocytes and distributed into five fractions 
to be analyzed by PCR. Four of five frac- 
tions gave positive amplifications with prim- 
ers specific for HIV-1 pol, whereas primers 
to the a-tubulin gene indicated the presence 
of equivalent amounts of genomic DNA in 

Tubulin 
-288 

Fig. 1. D i t i o n  between exuaduomo- 
soma1 and integrated HIV-1 DNA forms. (A) 
Doubling dilutions (from 128 to 2) of 8E5 ceUs 
(containing one defxtive provirus per cell) were 
mixed with 400 u n i n t i i  lymphocytes. Afm 
isolation of total cellular DNA, fractionated high 
(H) and low (L) molecular weight DNA (12) 
were analyzed by PCR with primers specific for 
HIV-1 pol (25). (B) HW-1 PCR analysis of high 
and low molecular weight DNA fractions from 
2000 MT-4 cells (human CD4+ T cell line) 
infected with an integration minus HIV-1 mutant 
(6, 14). (C) Four 8E5 lymphocytes were mixed 
with 2000 uninfected T lymphocytes and dismb- 
uted in five replicate fractions (1 to 5). Total 
cellular DNA was isolated, and HIV-1 and mbu- 
lin DNA were amplified by 30 and 20 cycles of 
PCR, rcs@vely. PCR product sizes are in base 
pairs. 

Fig. 2. Arrangement of HIV-1 
DNA before and after T cell activa- 
tion in vim. Replicate macro- 
phage-depleted cell samples (400 
cells per sample) were prepared 
from lymphocyte c u l ~ t r ~  of pa- 
tient B4 (asymptomatic) before (A) 
and after (B) activation of the cul- 
ture in viao with PHA. Presence of 
HIV-1 DNA in high and low mo- 
lecular weight fractions was deter- 
mined by PCR with primers s@- 
ic for HIV-1 pol or primers directed 
to a region spanning the 5' LTR- 
gag terminus (25). The separation 
of genomic DNA in high and low 
molecular weight fractions was 
confinned using a-tubulin-spcafic 
primers. 

each fraction (Fig. 1C). 
Table 1 s u m m k  the results of our 

analysis on the arrangement of HIV-1 DNA 
within individual infected T lymphocytes 
from eleven asymptomatic and seven AIDS/ 
ARC (AIDS-related complex) patients. The 
number of peripheral blood lymphocytes 
(PBL) harboring HIV-1 genome (Table 1) 
varied among individuals within asympto- 
matic and AIDS groups; however, the in- 
creased virus DNA load in AIDS patients is 
in agreement with other studies (2, 15). The 
HIV-1 pol primers detect both complete and 
incomplete products of reverse transcrip- 
tion. However, use of primers [long tenni- 
nal repeat (LTR)-gag] spanning the primer 
binding site and 5' LTR-gag junction- 
synthesized after both template switching 
events (16)-identified late products in re- 
verse transcription and gave identical results 
to those with the pol primers (Fig. 2). 

In all patients analyzed, the presence of 
integrated and unintegrated HIV-1 DNA 
forms within the same fraction was rarely 
observed. When both forms were detected 
in the same fraction, this was due to the 
presence of more than one infected cell in 
that fraction, and preparation of a second 
dilution series containing fewer cells in each 
fraction resolved this. For example, in AIDS 
patient B12, analysis of replicate cell frac- 
tions in aliqum of 250 cells per fraction 
revealed integrated and unintegrated HIV-1 
DNA in 40% of the replicate samples (Table 
1). Repeat analyses of the same lymphocyte 
preparation with 100 or 50 cells per fraction 
resulted in the presence of both DNA forms 
in 18.75% and 0% of the replicates, respec- 
tively (Table 1). Limiting dilution and dis- 
crimination of integrated and extrachromo- 
somal HIV-1 DNA in all patients in this 
study demonstrated that superinfiion did 
not appear widespread in lymphocytes of 
individuals infected with HIV-1. This is not 
surprising because infected quiescent cells 
are not productive for virions and thus do 
not provide the conditions for superinfec- 

tion. On the other hand, superinfection of a 

B H L H L H L H L H L H L H L H L H L H L  

permissive (activated) T lymphocyte may be 
restricted because of receptor interference 
(10, 11, 17) or may be a rare and rapid 
event, difficult to detect in vivo. In any 
event, because of the low numbers of infect- 
ed cells within patients ( ~ l % ) ,  superinfec- 
tion is statistically unlikely. 

Monodona1 antibody to the major histo- 
compatibility complex class 11 human lym- 
phocyte antigen (HLA)-Dr, which is ex- 

Tubulin- 

pressed on macrophages and activated T 
lymphocytes, but not quiescent T lympho- 

(18), was used to deplete patient lym- 
phocyte populations of activated T cells. 
After depletion of activated T cells, the 
proportion of cells harboring exdusively un- 
integrated viral DNA increased from 35 to 
80% for patient B28 and from 20 to 100% 
for patient B30 (Table 1). Depletion of 
interleukin-2 receptor-positive lymphocytes 
of asymptomatic patient B24 demonstrated 
a similar striking predominance of e m -  
chromosomal HIV-1 DNA forms in quies- 

P O I - r - m 0 m . m  

a m o m O * m  
- 

cent lymphocytes (19). 
The biological activity of extrachromo- 

somal HIV-1 DNA forms in infected indi- 
viduals was assessed after T cell activation in 
vitro. Lymphocytes fiom patient B4 (HIV- 
1-positive, asymptomatic) were isolated; 
half of these were activated with phytohe- 
magglutinin (PHA) and half of these were 
untreated. After 24 hours, 20 replicate cell 
fractions were prepared from the quiescent 
and activated cultures, and each replicate 
fraction was then analyzcd for the presence 
of integrated and extrachromosomal viral 
DNA (12). High concentrations (7 p.g/ml) 
of soluble CD4 (sCD4), which has been 
shown to completely inhibit HIV-1 binding 
and infection (20), were incorporated in the 
culture medium to prevent new rounds of 
infection by virus released from permissively 
infected (activated) lymphxytes. Of ten in- 
fected replicate cell aliquots (400 cells per 
fraction) from patient B4, six had exclusively 
extrachromosomal HIV-1 DNA forms (Fig. 
2 and Table l) ,  as detected with the use of 
HIV-1 pol primers or HIV-1 LTR-gag 
primers that detect late products in reverse 
transcription. Two cell aliquots displayed 
exclusively integrated provirus, and two ali- 
quots had both DNA forms (Fig. 2 and 
Table 1). After T cell activation in vitro and 
fractionation, all replicate cell samples con- 
taining HIV-1 genome displayed exdusively 
integrated provirus (Fig. 2 and Table 1). 
Thus, a large proportion of HIV-1 genome 
in asymptomatic individuals exists as full- 
length, extrachromosomal DNA, which re- 
tains the ability to integrate upon activation 
of the host cell. 

To provide .additional verification for the 
presence of full-length, extrachromosomal 
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HIV-1 DNA with quiescent PBh, we iso- 
lated total cellular DNA from HLA-Dr- 
depleted lymphocytes of AIDS patients B28 
and B29 and analyzed this DNA with a 
ligation-mediated PCR protocol (21 ) . The 
method was adopted so that free blunt 3' 
LTR termini could be identified within en- 
riched quiescent T lymphocytes of HIV-1- 
infected individuals. The blunt 3' LTR ter- 
minus, which comprises full-length (-) 
strand (complementary to genomic viral 
RNA) and (+) strand (same polarity as 
genomic viral RNA) viral DNA, exists only 
after completion of reverse transcription 
(22). The presence of free HIV-1 DNA 
termini in cells infected with an integration- 
defective HIV-1 mutant (HIV-1 AIN) was 
evident (Fig. 3C, upper panel), whereas no 
amplification products, even afier two 
rounds of amplification (Fig. 3C, lower pan- 
el), were detectable in DNA isolated from 
8E5 cells, which contain one integrated 
provirus per cell and completely lack extra- 
chromosomal HIV-1 DNA (13). Integrated 

provirus and cirmlar forms of unintegrated 
HIV-1 DNA (containing one or two LTRs) 
(23) are not detected by this approach be- 
cause these viral DNA forms do not provide 
free 3' LTR termini for attachment of the 
common linker that is required for subse- 
quent PCR amplification (Fig. 3). Applica- 
tion of this ligation-mediated PCR method 
to DNA from HLA-Dr-depleted lympho- 
cytes from patients B28 and B29 con6cmed 
the presence of complete HIV- 1 ( - ) strand 
cDNA terminating at nudeotide 9718 (Fig. 
3 4  step l),  as evidenced by the amplifica- 
tion of a 155-base pair (bp), HIV-1 LTR 
terminusspecific product (Fig. 3D). Use of 
HIV-l-spedc primers directed to the 5' 
LTR-gag junction demonstrated the abun- 
dance of HIV-1 DNA in each sample ana- 
lyzed (Fig. 3B, upper panei). Sequence anal- 
ysis of ligation-mediated PCR products 
(two rounds of amplification) by means of 
the nested LTR R primer (Fig. 3A, step 4) 
con6cmed the amplification of complete 3' 
LTR ends containing a GCAGT terminus 

flg. 3. Ligation-mediated PCR analysis of 3' A 9540 9633 971 8 
LTR termini in enriched quiescent lymphocyte V3 HIV-13 LTR 
populations. (A) The ligation PCR protocol was 
essentially as described (21). A representation of 
the HIV-1 3' LTR and locations of the U3-R, 

I 
3' 
S 

and R-U5 junctions (26) are shown at the top of 
the figure. Total cellular DNA from HLA-Dr- 'IV-' Rp"mer 

depleted quiescent lymphocytes of HIV-1-infe- \ - 1 ------------------ S 
ed individuals is denatured by allCali (1) and 
annealed to an HIV-1 R-spea6c LTR primer (2) 1 Universal linker 

complementary to the (-) strand of the HIV-1 3' s i -- 
LTR. DNA polymerase extension from the R 
primer (2) results in formation of double-strand- ~ested R pdmer 1 
ed blunt-end 3' LTR terminus, the end of which 3 

1- - - - - - - - - - - - - - - - - - - 
S 

is defined by the U5 terminus. The newly created 
blunt-end 3' U5 LTR terminus provides a sub- 
strate for ligation of a universal linker (3). The s 

I 
- - - - - - - - - -  - - 3' - - - - - - - - - - - - 

composition ofthe universal linker is as described s s 
(21). Annealing and extension from the R-spxfic B C , D 
LTR primer results in a blunt-end LTR terminus 

h k  : h h  
only in linear extrachromosomal HIV-1 DNA ! 2 p E $  o z  R E~O", g 

forms. A second polymerase extension step (4) 
from a nested (-) strand R-spxfic primer results 

mentary to the LTR (-) s a d  and that incor- 

- r! r j - 1 5  in formation of a new (+) strand that is comple- LTR -- 
prates the sequence of the longer oligomer com- 
ponent of the universal linker. The resultant 
double-stranded products provide suitable sub- TUbU'iL 

strates for PCR (5) by means of the nested 
R-specific LTR primer and the longer ohgomer 

u--~- 
component of the universal linker. The expected PCR product size of 155 bp indudes 130 bp of HIV-1 
LTR [extending from ndeotide 9591 (26) at the HIV-1 R-speafic primer binding site to the 3' 
GCAGT terminus of U5 at nudeotide 97201 and 25 bp of incorporated common linker sequence. (B 
through D) PBLs from two HIV-1-infeed individuals with ARC (B28 and B29) were depleted of 
macrophages and activated T cells by magnetic a6nity sorting with HLA-Dr antibody-conjugated 
magnetic pactides (27). Total cellular DNA from the HLA-Dr- lymphocyte population was subject to 
direct PCR (B) with primers to the HIV-1 5' LTRgag junction (upper panel) and to the human 
a-tubulin gene (lower panel) or to a ligation-mediated PCR approach (C and D), as outlined in (A), 
using a single round (upper panel) or double round (lower panel) of PCR. In (D), samples were 
processed exactly as outlined in (A), in that the substrate for ligation of the universal linker was provided 
after DNA denaturation and polymerase extension from an annealed HIV-1 R-spccfic primer. In a 
second series of reactions (C), 1ymphocyt.e DNA was ligated directly to the universal linker, essentially 
bypassing the DNA denaturation and pnmcr extension steps [steps 1 and 2 in (A)]. 8E5 is a human 
CD4+ T cell line that contains one integrated noninfectious HIV-1 provirus pa cell and completely 
lacks extrachromosomal HIV-1 DNA (13). AIN represents DNA from CD4 lymphocytes infected 
with an integration minus mutant of HIV-1 (6, 14). 

(19). In a second series of PCR reactions, 
double-stranded DNA extracted from HLA- 
Dr-depleted lymphocytes from patients 
B28 and B29 was ligated directly to the 
common linker as in Fig. 3A, step 3 (essen- 
tidy bypassing DNA denaturation and 
primer extension steps in Fig. 3A, steps 1 
and 2). PCR amplification with the nested R 
primer and longer oligomer of the common 
linker resulted in amplification of a 155-bp 
product for DNA from both patients' lym- 
phocytes and from CD4+ cells infected with 
the HIV-1 integcase mutant, but not for 8E5 
cell DNA (Fig. 3C). This evidence points to 
the presence of full-length (+) strand in 
extrachromosomal HIV-1 DNA in quiescent 
T lymphocytes of i n f d  individuals. 
Our results demonstrate the existence of a 

quiescent T cell reservoir where HIV-1 in- 
tegration is restricted and HIV-1 DNA is 
harbored in an extrachromosomal state. The 
demonstration that a large fraction of 
HIV-1 DNA can exist in an extrachromo- 
somal state in infected individuals is in 
agreement with other reports (24). Howev- 
er, the results presented in this study at- 
tribute the extrachromosomal DNA pool in 
HIV-1-infected individuals to infection of 
quiescent T cells, restricted integration, and 
establishment of a latent and inducible 
HIV-1 reservoir. Because T cell activation is 
a prerequisite for viral DNA integration, the 
conaibution of factors affecting T cell activa- 
tion (mitogenic agents, opportunistic infec- 
tion) to reactivation of extrachromosomal 
HIV-1 DNA forms thus becomes apparent. 
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Stereospecific Effects of Inhalational General 
Anesthetic Optical Isomers on Nerve Ion Channels 

Although it is generally agreed that general anesthetics ultimately act on neuronal ion 
channels, there is considerable controversy over whether this occurs by direct binding 
to protein or secondarily by nonspecific perturbation of lipids. Very pure optical 
isomers of the inhalational general anesthetic isoflurane exhibited clear stereoselectiv- 
ity in their effects on particularly sensitive ion channels in identified molluscan central 
nervous system neurons. At the human median effect dose (EDso) for general 
anesthesia, the (+)-isomer was about twofold more effective than the (-)-isomer both 
in eliciting the anesthetic-activated potassium current I,(,, and in inhibiting a current 
mediated by neuronal nicotinic acetylcholine receptors. For inhibiting the much less 
sensitive transient potassium current I,, the (-)-isomer was marginally more potent 
than the (+)-isomer. Both isomers were equally effective at disrupting lipid bilayers. 

T HE POSSIBILITY THAT OPTICAL ISO- 

mers of inhalational general anes- 
thetics might display differential bio- 

logical activities has generally been 
discounted because of the traditional view 
that general anesthetics act by nonspecific 
perturbation of lipid membranes (1-3). 
However, accumulating evidence (1, 3) sug- 
gests that these "nonspecific" agents may act 
by binding directly to particularly sensitive 
protein targets in the central nervous system 
(CNS). We have observed stereoselective 
effects of the optical isomers of the widely 
used inhalational general anesthetic isoflu- 
rane on neuronal ion channels, which are 
generally accepted as the most likely targets 
for these agents. 

Very recently, extremely pure optical iso- 
mers of isoflurane (Fig. 1A) were prepared, 
and the enantiomers of halothane, enflu- 
rane, and isoflurane were resolved with the 
use of capillary columns (4). We found 
differential effects of the two isomers of 
isoflurane in activating the anesthetic-acti- 
vated potassium current I,(,,, in a previ- 
ously described (5) anesthetic-sensitive neu- 
ron in the right parietal ganglion ofLywlnaea 
stapalis (Fig. 1B). This neuron was impaled 
with two electrodes and then completely 
removed from the ganglion ( 6 ) ,  which facil- 
itated rapid exchange of solutions and en- 
sured that the effects of anesthetic were on 
the neuron itself rather than on the sur- 
rounding nerve network. The data in Fig. 

1B show that when the cell was voltage- 
clamped, the I,(,, current induced by bath 
application of (+)-isoflurane was about 
twofold greater than that induced by ( - ) -  
isoflurane (7). This effect was invariably 
observed and appeared to be independent of 
anesthetic concentration in the range of 
isoflurane partial pressures from 0.006 to 
0.031 atm, which corresponds to 0.5 to 2.4 
times the human minimum alveolar concen- 
tration (MAC) of 0.013 atm ( 8 ) .  The ratio 
I+/I- of currents induced by the (+)-isomer 
and the (-)-isomer, respectively, averaged 
2.01 ? 0.04 (mean ? SEM, n = 34). The 
current induced by the racemic mixture was 
intermediate between those induced by the 
individual isomers. The current-voltage (I- 
I/) curves for the current activated by each 
of the enantiomers at a partial press;re of 
0.025 atm are shown in Fig. 1C. These 
curves demonstrate that the differential ef- 
fects are essentially independent of mem- 
brane potential. 

The (+)-isomer of isoflurane is also more 
effective than the (-)-isomer at inhibiting 
currents (Fig. 2A) induced by the bath 
application of 200 nM acetylcholine (ACh). 
For these experiments, we used isolated 
identified neurons ( 9 )  from the right parietal 
ganglion that were very sensitive to k h  but 
relativelv insensitive to isoflurane alone. The 
neurons were nonetheless clamped at a po- 
tential in the range from -70 to -80 mV 
(near the K +  reversal potential), which min- 
imized the effect of anesthetic-activation of 
I,, ...,. and a low concentration of ACh was 
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used to reduce desensitization. This ACh- 
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