
of ectopic activity in these neurons andlor other 
contributory mechanisms. 

The nerve damage that precipitates neuro- 
pathic pain leads to many changes in sensory 
neurons, including alterations in putative 
neurotransmitters/modulators, receptors, ion 
channels, structural proteins, and anatomic 
terminations (21). The relative contributions 
of these reactive changes are currently un-
known, especially the role of small-caliber 
nociceptive neurons or large-caliber mech- 
anosensitive afferents (22). There is conflict- 
ing evidence regarding the role of nocicep- 
tors. Antisense treatment against SNS (nor-
mally expressed in nociceptors) reduces neu- 
ropathic pain behavior (23). However, few 
unmyelinated afferents discharge ectopically in 
neuropathic models (24), and mechanical hy- 
peralgesia is unaffected by the C fiber toxin 
RTX (25). We have also found that the devel- 
opment of neuropathic pain behavior is unaf- 
fected in null mutant mice lacking the SNS 
channel (26). In contrast, the data here and in 
the literature support a pivotal role for myelin- 
ated afferents in the generation of neuropathic 
pain: animal models show that an essential 
drive for abnormal pain sensitivity is the gen- 
eration of ectopic activity in damaged sensory 
neurons (1 2, 27), arising almost exclusively in 
myelinated neurons; in human neuropathic pain 
states, activation of large A@ afferents is capa- 
ble of inducing pain (28); selective lesions of 
large myelinated afferents reduce neuropathic 
pa& behavior in animals (29). 

The ectopic activity that arises in neuropath- 
ic conditions is TTX-sensitive. Only the expres- 
sion of the TTX-sensitive type I11 u subunit is 
known to increase following nerve injury (20), 
and we show here that GDNF prevents this. It is 
unclear whether GDNF acts tonically to repress 
type I11 expression under normal circumstanc- 
es. As GDNF treatment does not affect pain- 
related behavior in normal animals, the analge- 
sic actions reported here are unlikely to repre- 
sent general effects on pain signaling systems. 
However, as GDNF regulates the expression of 
a variety of genes in both large- and small- 
caliber sensory neurons, including some func- 
tionally relevant for nociceptive behavior 
[P2X3 and VR1 (6, 7)], effects other than those 
on the type I11 sodium channel may contribute 
to its analgesic actions. This question can only 
be definitively addressed with specific, type I11 
channel blockers, which have yet to be devel- 
oped. However, the data presented here provide 
a rational basis for, and demonstrate the effica- 
cy of, GDNF in the treatment of neuropathic 
pain. 
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Long-Term Survival But 
Impaired Homeostatic 

Proliferation of Naive T Cells in 
the Absence of p56 LC k 
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Interactions between the T cell receptor (TCR) and major histocompatibility 
complex antigens are essential for the survival and homeostasis of peripheral 
T lymphocytes. However, l itt le is known about the TCR signaling events that 
result from these interactions. The peripheral T cell pool of p56Ick (1ck)-defi- 
cient mice was reconstituted by the expression of an inducible lck transgene. 
Continued survival of peripheral naive T cells was observed for long periods after 
switching off the transgene. Adoptive transfer of T cells from these mice into 
T lymphopoienic hosts confirmed that T cell survival was independent of lck but 
revealed i ts  essential role i n  TCR-driven homeostatic proliferation of naive T 
cells in  response t o  the T cell-deficient host environment. These data suggest 
that survival and homeostatic expansion depend on different signals. 

Despite environmental antigenic stimulation and 
thymic production, the size of the peripheral T 
cell pool is maintained at a remarkably constant 
level (I). In common with cells of other tissues, 
T cells require specific signals in order to sur- 
vive. In contrast to memory T cells ( 2 4 ) ,naive 
T cells require interactions of the TCR with self 
major histocompatibility complex O\?HC) anti- 

'Division of Molecular Immunology, National Insti- 
tute for Medical Research, The Ridgeway, Mill Hill, 
London NW7 lAA, UK. Zlnstitute for Neurodegenera- 
tive Diseases, University of California-San Francisco. 
San Francisco, CA 94143, USA. 

'To whom correspondence should be addressed. E-
mail: rzamoys@nimr.mrc.ac.uk 

gens for their prolonged survival (5-10). Fur-
thermore, T cells also have the capacity to pro- 
liferate under T lymphopoienic conditions, and 
for naYve T cells ths  too requires recognition of 
self MHC antigens (8,11-13). However, less is 
known about the TCR signals that govern these 
processes. The src family protein tyrosine kinase 
p56Ick (lck) is involved in the most proximal 
phosphorylation events during TCR signaling 
and plays crucial roles at multiple points in T 
cell development (14, 15). It seemed likely, 
therefore, that lck would play a critical role in 
the transduction of survival and homeostatic 
signals through the TCR. 

To evaluate the role of lck in T cell ho- 
meostasis, we produced mice that express lck in 
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an inducible manner. This was achieved by 
generating mice on an endogenous lck knock-
out background, containing transgenes for the 
reverse tetracycline transactivator (rtTA-C) un-
der the control of human CD2-regulatory ele-
ments, ensuring T cell-specific expression. A 
second Ick transgene (Lckl) was coexpressed 
in these mice under the control of the tetracy-
cline response element (16). Lck transgene ex-
pression could thus be specifically controlled 
by,the administration of the tetracyclinederiv-
ative doxycycline (dox), which was required for 
transcriptional activity of the rtTA. We have 

previously reported that induction of transgene 
expression successllly overcomes the lack of 
endogenous lck and restores normal thymopoi-
esis (16). The periphery of dox-fed LcklIrtTA-
C/lcknegmice is populated with nearly normal 
T cell numbers, although there is an increase in 
the ratio of CD4+ to CD8+ T cells relative to 
that in wild-type (WT) mice (17). 

In the first series of experiments, Lckll 
rtTA-C/lcknegmice were fed dox (1 mglml in 
drinking water) from before birth, allowing 
population of the peripheral T cell pool. Be-
tween 3 and 6 weeks of age, cohorts of mice 

A Thymic cellularity B Thymic Lck expression 

Bi 0 IckW LcklIt'tTA-C/Icknq 
-- (Day OFF) 

B'o LcklIrtTA-Cllck" 'Ickneg 
(Day OFF) 

C Peripheral T cell phenotype 

. . . . . 
TCR ap -

D in vitroT cell responses 
Proliferation 

IckneQ 

LckIItTTA-CI -
Ickneg + Dox 

0 50 100 150 200 
CPM (x 103) 

CD69 expression MFI 

Fig. 1. Abrogation of lck function and protein expression after cessation of dox feeding to 
LcklIrtTA-C/lcknegmice. (A) Lcklhet/rtTA-Chet/l~knegmice were bred by crossing Lcklhom/l~kneg 
mice with rtTA-Chom/lcknegmice. Pregnant females were maintained on dox in drinking water (1 
mg/ml, sucrose 0.4%), and offspring were fed dox in drinking water after weaning. At 6 weeks of 
age, LcklIrtTA-C/lcknegoffspring were removed from dox, and thymic cellularity was determined 
at days 0, 1.2.3.4, and 7 after dox withdrawal (circles, total cell number; squares, DP cell number; 
diamonds, DN cell number). (B) Cell lysates of thymocytes from the mice in (A)were separated on 
10% SDSIpolyacrylamidegel electrophoresis (5 X lo6 cells per lane), blotted onto Immobilon-P 
membrane, and probed for Ick protein and actin as control with specific rabbit antisera essentially 
as described (76). (C) The phenotype of lymph node cells from LcklIrtTA-C/lcknegmice 14 days 
after withdrawal of dox and of age-matched B10 WT controls was determined by stainingcells for 
CD4, CD8, and TCRaP expression and analyzing on a FacsCalibre (FACS, Becton Dickinson). CD4 
versus CD8 dot plots were generated with a live cell gate on the basis of forward and side scatter, 
and TCRaP histograms are for a combined CD4+ and CD8+ cell gate. (D) The capacity of peripheral 
T cells to respond to CD3 ligation was determined by purifying T cells from lymph nodes and 
culturing cells in vitro (106/ml)with anti-CD3 monoclonal antibody (mAb) (2C11, 1 pg/ml) and 
irradiated B10 splenocytes as accessory cells. Proliferation was determined by incorporation of 
[3H]thymidineadded to cultures (0.5 yCi per well) at 42 hours for 6 hours. CD69 expression was 
determined at 24 houn by staining cultures with CD4-, CD8-, and CD69-specific mAbs and 
analyzing cells by FACS. The percentage of CD4+ (open bars) or CD8+ (filled bars) blasts staining 
positive for CD69 expression is shown, and numbers next to ban indicate the mean fluorescence 
intensity (MFI) of positive cells. Data are representative of three or more experiments. 
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were withdrawn from dox, and the fate of 
peripheral T cells was monitored in the ab-
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lckneg 

sence of continued Lckl transgene expres-
sion, as compared with littermate controls 

677 

1371
+ Dox 

1006 

maintained on dox. The success of this ap-
proach, however, was dependent on the com-

0% 50% 100% 

plete cessation of Ick expression after with-
drawal of dox. Analysis of thymic cellularity 
revealed a rapid atrophyafter removal of dox, 
caused largely by a loss of double-positive 
(DP) thymocytes. By day 7, thymi from these 
mice were comparable to those of age-
matched Ickneg controls (Fig. 1A). Thymic 
atrophy was shortly preceded by the down-
regulation of lck expression, and by day 7 no 
Ick protein was detectable in the thymus (Fig. 
1B). To confirm the functional absence of 
Ick, we compared responses to TCR ligation 
by peripheral T cells from LcklIrtTA-CI 
lcknegmice, withdrawnfrom dox for 2 weeks, 
with those of Icknegand WT mice. Although 
frequencies of T cells observed in lymph 
nodes of LcklIrtTA-C/lcknegmice were un-
changed at this time (Fig. lC), proliferation 
and CD69 up-regulation in response to CD3 
ligation were severely compromised, resem-
bling those of T cells from lcknegmice (Fig. 
1D) (18). However, responsesof these T cells 
were restored by addition of dox to in vitro 
cultures, which reinduced Ick expression. 

Having determined that lck transgene ex-
pression was completely switched off after 
removal of dox from the diets of adult Lckll 
rtTA-C/lcknegmice (hereafter referred to as 
Lckl OFF mice), we compared the fate of 
peripheral T cells in these mice with that of 
littermates maintained on dox (Lckl ON 
mice) as well as aged-matched WT B10 con-
trols. Although expression of lck was essen-
tial for full activationof T cells in responseto 
TCR signals (Fig. ID), continued expression 
of lck was not required for their prolonged 
survival (Fig. 2A). Both CD4+ and CD8+ T 
cells were readily detectable in peripheral 
blood at time points throughout the experi-
ment and in lymph nodes and spleen of Lckl 
OFF mice more than 9 weeks after withdraw-
al of dox (Fig. 2A). Some decline was ob-
served in the absolute numbers of T cells 
recovered at the end of the experiment, par-
ticularly in the spleen. This is in part due to 
the functional thymectomy that results in 
Lckl OFF mice after abrogation of Lck ex-
pression (Fig. 1A). However, analysis of 
CD44 expression revealed that the frequency 
of CD44-1'0w naive T cells, whose survival is 
critically dependent on an MHC-derived 
TCR signal, was largely unchanged during 
the course of the experiment and between 
groups. The half-life of nayve T cells in the 
absence of MHC-dependent TCR signals has 
been estimated to be less than 3 weeks (lo), 
and T cells transferred into hosts lacking 
appropriate MHC ligands were shown to be 
completely lost by 2 to 7 weeks (19, 20). 
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T cells in Lckl OFF mice were next exam-
ined to confirm that they were still receiving 
survival signals in the absence of lck expres-
sion. Expression of the anti-apoptotic factor 
Bcl-2 is reduced or lost in na'ive T cells not 
receiving sufficient survival signals (6,21). In-
tracellular staining showed equivalent expres-
sion of Bcl-2 by T cells from Lckl OFF mice 
withdrawn fromdox for 9 weeks, and by T cells 
from Lckl ON mice and age-matched wild-
type controls (Fig. 2C). In further experiments, 
the CD35 chain phosphorylation state was de-
termined. In resting naive T cells, immunopre-
cipitation of the TCR complex indicatesthat the 
5 chain of the CD3 complex is constitutively 
phosphorylated, revealed as a p21 band on a 
phosphotyrosineblot. It has been suggestedthat 
this represents a state indicative of survival 
signal transduction. Significantly, <-chainphos-
phorylation is lost within 2 weeks of MHC 
deprivation in vivo (10). Analyses of T cells 
from Lckl OFF mice at 9 weeks after dox 
withdrawal by immunoprecipitation of cell ly-
sates with CD3e antibody showed <-chainphos-
phorylation to be identical to that of T cells 
from Lckl ON mice and WT controls (Fig. 
2D). These data strongly indicate that lck is not 
required for maintenance of CD35-chain phos-
phorylation in resting T cells. Finally, we con-
firmed total loss of lck in Lckl OFF mice by 
Western blot analysis of thymus and peripheral 
T cell lysates and by the absence of Lckl 
transgene mRNA transcripts in peripheral T 
cells by reverse transcriptas~polymerasechain 
reaction (RT-PCR) (Fig. 2E). 

Potentially, the reduced numbers of T cells 
in lymphoid organs of Lckl OFF mice (Fig. 
2A) could have resulted from cessation of thy-
mic output. Under normal circumstances, this 
would be compensated for by expansion of the 
T cell pool (22). We next examined whether 
naive T cells failed to undergo homeostatic 
expansion in the absence of lck. Peripheral T 
cells were purified from dox-fed LckllrtTA-
CAckne6donors, labeled with the cell dye car-
boxfluorescein diacetate succinimidyl ester 
(CFSE), and transferred either into lckne6recip-
ients fed dox, thereby maintaining lck expres-
sion in donor T cells, or into dox-free lckne6 
recipient mice. B10 lymph node T cells were 
similarly labeled with CFSE and transferred 
into B10 recipients as controls. To confirm 
that T cells from LcklIrtTA-C/lcknegdonors 
could indeed survive in the absence of Lckl 
transgene expression, we monitored frequen-
cies of CFSE-positive T cells in the blood of 
recipient mice over the next 6 weeks. No 
difference was observed in the decay rate 'of 
T cells from dox-fed and dox-free recipients, 
and CFSE-positive T cells were still readily 
detectable 6 weeks after transfer (Fig. 3, A 
and B). Specific survival of nalve cells was 
confirmed first by monitoring CD44 expres-
sion, which was unchanged relative to the 
donor cell expression before transfer (23), 
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Fig. 2. Prolonged survival of T cells after abrogation of Ick expression. (A) Croups of 6-week-old 
LcklIrtTA-C/lcknegmice, fed dox from conception, were either withdrawn from dox (Lckl OFF, n = 
9) (0)or maintained on dox drinking water as control (Lckl ON, n = 7) (A). These mice and 
age-matched B10 WT controls (n = 4) (e)were bled weekly, and the frequency of CD4+ and 
CD8+ T cells was determined by staining cells for CD4, CD8, TCRccP, and CD44 expression and 
analyzing by FACS. At the end point of the experiment, defined lymph nodes (superficial 
cervical, brachial, and inguinal) and spleen were removed from mice, and mean numbers of 
CD4+ (m) and CD8+ (0)cells were determined for lymph node (lower left) and spleen (lower 
right). (B) CD44 expression by CD4+ and CD8+ peripheral blood T cells from different groups 
of mice was determined at day 0 after dox withdrawal (open bars) and at the end point of the 
experiment (d63,filled bars) by FACS analysis. The histogram of CD44 expression by B10 CD8+ 
T cells indicates the gates used to define CD44-"Ow and CD44highsubsets. (C) Bcl-2 expression 
by CD44-"OW lymph node T cells of Lckl ON, Lckl OFF, or B10 mice was determined at  the 
experimental end point. Cells were surface-labeled for CD4, CD8, and CD44 expression; fixed 
(3% paraformaldehyde for 1 hour); and stained with either Bcl-2-specific mAb or isotype 
control in 0.03% saponin-phosphate-buffered saline. (D) TCRC chain phosphorylation was 
determined by lysing lo8 lymph node and spleen T cells from Lckl ON, Lckl OFF, and B10 mice 
at the end point (d63).Lysates were immunoprecipitatedwith CD3e-coupled protein A-Sepha-
rose beads overnight. Precipitates were separated on 12.5% SDS-PACE, blotted onto Immo-
bilon-P membrane, and sequentially probed for phosphotyrosine and CD35 as described (31). 
(Upper panel) p21 PO4 CD35 bands; (lower panel) total CD35. Ratio of PO4 CD35: Total CD35 
was determined by band density analysis with NIH Image V1.6 software. (E) Loss of Lck 
expression in Lckl OFF mice removed from dox for more than 10 weeks was confirmed by 
analyzing thymus and splenic T cell lysates (5 x lo6 T cells per lane) by Western blot as 
described in Fig. 1B. RNA was extracted from purified splenic T cells, and expression of Lckl 
transgene mRNA transcripts was determined by RT-PCR (32) in the presence or absence of 
reverse transcriptase (RT) as indicated (bottom panels). Data are representative of three 
independent experiments. 
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with most cells remaining CD44-/'Ow. Sec- hosts were fed dox or not (Fig. 3, C and D). 
ond, CFSE-labeled single-positive (SP) thy- These cells also remained CD44-/'Ow b y  the 

' mocytes f iom dox-fed LcklIrtTA-C/lckneg end point (23). 
and W T  mice exhibited an almost identical WT T cells transferred into ''lll" syngeneic 
pattern o f  survival, regardless o f  whether B10 recipients do not divide (23), whereas 

Fig. 3. Survival of T cells 
from LcklIrtTA-C/lckneg 
mice upon adoptive trans- 
fer in the absence of con- 
tinued Ick expression. (A 
and B) Lymph node T cells 
from Dox-fed LcklIrtTA- 

-+- 010 - LcklIrtAT-C/lckneg Dox fed lckneg 

LcklIrtAT-C/lckneg Water fed lckneg 

C/lckneg mice were labeled 
with CFSE and transferred cellS; CD4+ cells CD8' cells 

1 .OO% 
(5 x lo6 cells per recipient) 1 A IB 
into groups of'lckneg ;ecipil 
ents either administered 
dox in their drinking water 
(A) or maintained on water 
alone (0). Lymph node T 
cells from B10 mice were 

Lymph Node 
T cells 

similarly labeled with CFSE -I 

and transferred into B10 re- ".oo% 

cipients as controls (a). Re- E 
cipient mice were bled 
weekly, and peripheral 
blood was stained for ex- Thymocytes %-.-*- 
pression of CD4 and CD8 
and anal zed by FACS Y 0.01% 
(>2 X 10 events per sam- 
ple) to  determine the fre- 
quency of CFSE-positive 
CD4+ fAl and CD8+ (BI T 
cells p'rkent. (C and 'D) Time (d) 

Thymocytes from the same 
donor LcklIrtTA-C/lckneg mice were also labeled with CFSE and transferred ( lo8 cells per recipient) 
into groups of dox-fed Ickneg (A) or water-fed lckneg recipient mice (0). B10 thymocytes were 
labeled with CFSE and transferred into B10 recipients ( lo8 cells per recipient) as control (a). The 
blood of recipient mice was analyzed to  determine the frequency of CFSE-positive SP CD4 (C) and 
SP CD8 (D) T cells present. Results are the mean 2 SD of groups of four mice and are representative 
of three independent experiments. 

T cell donor: BlO control + B10 control + 

those transferred into congenitally T cell-defi- 
cient lckneg recipients underwent several divi- 
sions during this. 6 week period (Fig. 4, left 
columns). T cells from dox-fed LcklIrtTA-C/ 
Ickneg mice transferred into lckneg hosts main- 
tained on dox also underwent several divisions 
(Fig 4, middle columns), although not as many 
as WT cells (24). Analysis o f  CD44 expression 
by  dividing CD4+ T cells confirmed that pro- 
liferation was occurring among the naive 
CD44-"Ow population for both B10 and Lck l /  
rtTA-CAckneg-derived T cells (Fig. 4A). CD4+ 
T cells from the same LcklIrtTA-CAckneg do- 
nors transferred into lckneg hosts on a dox-free 
diet failed to undergo any homeostatic prolifer- 
ation (Fig. 4A, right column), indicating that 
sustained Ick expression is required for the ho- 
meostatic proliferation observed in dox-fed re- 
cipients. Examination o f  the CD8+ compart- 
ment revealed similar results. In contrast to 
mice maintained on dox (Fig. 4B, middle col- 
umn), CD8+ T cells from the same LcklIrtTA- 
CAckneg donors transferred to water-fed recipi- 
ents failed to proliferate in response to the T 
lymphopoenic environment (Fig. 4B, right col- 
umn). The cycling CD8+ T cells from dox-fed 
recipients were largely CDMhigh, unlike the 
CD4+ cells, and it is not possible to determine 
whether these cells were derived from 
C W k g h  precursors or whether they up-regu- 
lated CD44 expression as a consequence o f  
proliferation. Whichever is the case, their ex- 
pansion is strictly Ick-dependent. 
Our present findings show that Lck expres- 

sion is not required for prolonged survival o f  
naive peripheral T cells. Recent studies exam- 
ining the MHC-peptide ligands that promote T 

Recipient: Ick"e9 Ickneg, Dox fed lckW, No Dox lckneg Icknq, Dox led IckW, No Dox 

A CD4+ T cells B CD8+ T cells 

Wk 6 
LNC 

Wk 6 
LNC 

CFSE CFSE C 

Fig. 4. T cells from LcklIrtTA-C/lckneg mice require continued Ick 
expression in order t o  undergo homeostatic proliferation in T lym- 
phopoenic Ickneg hosts. Homeostatic proliferation of CD4+ (A) and 
CD8+ (B) T cells was determined with the same mice as described in 
Fig. 3A and an additional group of Ickneg mice injected with CFSE- 
labeled T cells from B10 mice. B10-derived T cells injected into B10 
recipients did not undergo any cell divisions during the period of 
analysis, and all data shown are from CFSE-labeled T cells transferred 
into Ickneg recipient mice. CFSE profiles of transferred B10 T cells (left 

columns), LcklIrtTA-C/lckneg T cells transferred into dox-fed recipi- 
ents (middle columns), and the same cells transferred into water-fed 
recipients (right columns) were examined in peripheral blood at 3 
weeks and by analysis of lymph node cells (LNC) at 6 weeks after 
transfer by staining for CD4, CD8, and CD44 expression. Dot plots of 
CD44 expression (y axis) versus CFSE label (x axis) are of lymph node 
at 6 weeks after transfer and electronically gated on either live CD4+ 
(A) or live CD8+ cells (B). Data are representative of three indepen- 
dent experiments. 
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cell survival and homeostatic proliferation have 
suggested that low-affinity or antagonist pep- 
tides are responsible (11-13). It is intriguing, 
therefore, that homeostatic proliferation of T 
cells is more lck-sensitive than T cell survival. 
Although it has previously been assumed that 
the same signals mehate survival and ho- 
meostasis, the data fkom this study suggest oth- 
erwise. We found that T cells survived without 
Ick expression, but that homeostatic prolifera- 
tion of naive T cells in T cell-deficient hosts 
occurred only when lck transgene expression 
was maintained. This suggests that different 
signals are required for survival and prolifera- 
tion, perhaps requiring distinct ligands or dif- 
ferent growth and survival factors. 

In conclusion, our data suggest that a hier- 
archy of signals govern T cell behavior. Acti- 
vation of T cells in response to strong agonist 
signals is highly Ick-dependent, as indicated by 
the poor T cell responses to CD3 stimulation in 
the absence of lck (Fig. 2D) and the phenotype 
of lck-deficient mice (15). Homeostatic prolif- 
eration may be dnven by weak or partial ago- 
nist signals that continue to depend on lck 
activity but that differ from strong agonist sig- 
nals in that they do not necessarily result in 
progression of cells to the memory pool (25, 
26). In contrast, T cell survival signals can be 
provided by antagonist signals alone that are 
relatively Ick-insensitive (16, 27) and may in- 
stead depend on other src family members such 
as fyn (28, 29). Although all of these signals 
may promote survival, only those that activate 
Ick mediate proliferative responses. 
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Molecular and Neuronal 
Substrate for the Selective 

Attenuation of Anxiety 
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Benzodiazepine tranquilizers are used in the treatment of anxiety disorders. To 
identify the molecular and neuronal target mediating the anxiolytic action of 
benzodiazepines, we generated and analyzed two mouse lines in which the a2 
or a3 CABA, (y-aminobutyric acid type A) receptors, respectively, were ren- 
dered insensitive to diazepam by a knock-in point mutation. The anxiolytic 
action of diazepam was absent in mice with the a2(HlOlR) point mutation but 
present in mice with the a3(H126R) point mutation. These findings indicate 
that the anxiolytic effect of benzodiazepine drugs is mediated by a2 CABA, 
receptors, which are largely expressed in the limbic system, but not by a3 
CABA, receptors, which predominate in the reticular activating system. 

Excessive or inappropriate anxiety can be con- 
trolled by enhancing inhibitory synaptic neuro- 
transmission mediated by GABA (GABAergic 
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inhibitory neurotransmission) using clinically 
effective benzodiazepine drugs (1). However, 
to date it has not been possible to identify the 
one or more GABA, receptor subtypes that 
mediate the attenuation of anxiety. Four types 
of diazepam-sensitive GABA, receptors can be 
distinguished on the basis of the presence of a1, 
a2, a3, or a5 subunits. These receptors can be 
rendered insensitive to diazepam in vitro by 
replacing a conserved histidine residue by argi- 
nine in the drug binding site (2, 3).Introduction 
of the respective point mutation into mouse 
lines enables the pharmacological profile of 
benzodiazepine drugs to be attributed to defmed 
receptor subtypes. Using this approach, we 
have attributed the sedative and amnesic prop- 
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