
CopyTight 0 1997 by the  Genetics  Society of America 

A Genetic  and  Mosaic  Analysis of a Locus  Involved in the  Anesthesia  Response 
of Drosophila melamgaster 

Bashir Mir," Sharada Iyer,* Mani Rama.swamit and K S .  Krishnan" 

*Molecular Biology Unit,  Tata  Institute of Fundamental Research,  Bombay 400 005, India and 
tMolecular and Cell Biology, University of Arizona,  Tucson,  Arizona 85721 

Manuscript received February 6, 1997 
Accepted for publication June 26, 1997 

ABSTRACT 
We describe  a  genetic and behavioral analysis of several alleles of har38, a mutant with altered sensitivity 

to  the  general anesthetic halothane. We obtained a  P-element-induced allele of har38 and  generated 
several excision alleles by remobilizing the P element.  The  mutants narrOu abdomen (nu) and ha785 are 
confirmed  to be allelic to har38. Besides a  decreased sensitivity to halothane, all mutant alleles of this 
locus cause  a  characteristic walking behavior in the absence of anesthetics. We have quantified this 
behavior  using  a geotaxis apparatus. Responses of the  mutant alleles to different  inhalational  anesthetics 
were tested. The results strongly favor a multipathway model for  the  onset of anesthesia. Mosaic  flies 
were tested for  their response to halothane  and checked for their  abnormal walking behavior. The 
analysis suggests that  both  the behaviors are exhibited only by such mosaics as have the  entire head of 
mutant origin.  It is likely that this focus represents an  element of a common pathway in the anesthetic 
response to several inhalational  anesthetics but  not all. This  result is the first demonstration of regional 
specificity in the CNS of any animal for general anesthetic  action. 

G ENERAL anesthetics comprise a diverse  class of 
chemical compounds, from elemental gases  like 

nitrogen and argon to complex halocarbons like halo- 
thane. They cause a state of reversible unconsciousness 
in humans  and  other animals. How these volatile anes- 
thetics act has been  the subject of intense speculation 
for well over a hundred years. The Meyer-Overton rule 
postulates that  the potency of a  general  anesthetic is 
directly related to its lipid/water  partition coefficient 
(MEYER 1899; OVERTON 1901).  Thus,  for all anesthetics, 
the same number of lipid-associated molecules elicits 
the same level  of response. This rule has stood its 
ground in the face of a host of  newly discovered anes- 
thetics. In its simplest interpretation,  the Meyer- 
Overton rule implies that all anesthetics first dissolve in 
neural plasma membranes and  then act on a  common 
cellular substrate. This interpretation is embodied in 
the "unitary target hypothesis" according to which  all 
general  anesthetics act by the same cellular mechanism 
(GILMAN et al. 1991).  A large body of  biophysical and 
medical experimentation has supported  the idea that 
general anesthetics act primarily by dissolving in lipid 
membranes. However, an  understanding of molecular 
mechanisms and cellular substrates of anesthesia con- 
tinues to be a challenge. 

Genetics has proven to be  an ideal tool in the study 
of complex processes that involve the response of the 
animal as a whole. Although  in its infancy, genetic analy- 
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sis  of the  anesthetic response has already provided 
unique  contributions  to  the study of mechanisms of 
anesthetic action (MIR and KRISHNAN 1995). Mutants 
showing altered response to anesthetics have been ob- 
tained  in Caenorhabditis ekgans and in Drosophila  melano- 
gaster (SEDENSKY and MENEELY 1987; KRISHNAN and 
NMH 1990; MORGAN and SEDENSKY 1994; LEIBOVITCH 
et al. 1995).  These studies argue against a nonspecific 
action of anesthetics and  hint  at  the possibility of more 
than one target or pathway for  general anesthetic ac- 
tion. An inconvenient aspect of the C. elegans studies is 
that  the state of anesthesia in this animal is poorly de- 
fined. The worms  take up to several hours to show the 
full response, and  the required  anesthetic  concentra- 
tions are very high compared to those of other animal 
models used in anesthesiology (SEDENSKY and MENEELY 
1987; MIR and KRISHNAN 1995). On  the  other  hand, 
in Drosophila, the  other model organism for genetic 
studies of the nervous system, characteristics of re- 
sponse to anesthetics are very similar to those of higher 
animals (KRISHNAN and NASH 1990; MIR and KRISHNAN 

1995). 
We have earlier described the identification of single 

gene  mutations  in Drosophila that cause altered re- 
sponse to the anesthetic effects  of halothane (KRISHNAN 
and NMH 1990). The  four mutants we isolated, har38, 
har56, Har63 and har85 (har  for  halothane anesthesia 
- resistance), show differential resistance to various inha- 
lational anesthetics. While har38 and har85 mutants 
show resistance to halothane, methoxyfluralle, chloro- 
form and trichloroethylene,  their responses to diethyl 
ether, isoflurane and  enflurane  are  comparable to wild 
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type. On the other  hand, while Har63 is similar to har38 
in response to halothane  and  methoxyflurane,  the two 
mutants differ dramatically in  their responses to chloro- 
form, trichlorethylene and enflurane. Yet another spec- 
trum of sensitivities is displayed by har56 (NASH et al. 
1991; CAMPBELL. and NASH 1994). 

Here we report  the first characterization of multiple 
mutant alleles of an anesthesia response locus in Dro- 
sophila previously defined by the  mutation har38 (re- 
named na”“T3x). We chose for investigation as 
these mutants have exceptionally strong and completely 
recessive phenotypes. In addition to their previously 
described halothane-resistant behavior, mutants 
show two additional phenotypes that  are genetically in- 
separable. First, they  show a peculiar saccadic walking 
behavior: they  take a few steps, stop abruptly, and then 
start again. Second, they  have abnormally elongated 
and cylindrical abdomens. All three phenotypes are 
shown to varying degrees by the new mutants described 
in this study. The abnormal walking behavior shown by 
na mutants shows that genes involved in the anesthesia 
response play additional roles in  normal  motor  control 
in the wild-type animal. Although mutations in different 
genes result in differing responses to distinct anesthe- 
tics, EMS-, X-ray- and transposon-induced alleles of na 
result in a very similar spectrum of behavioral responses 
to a variety  of general anesthetics. This suggests that 
distinct pathways exist for  the  onset of general anes- 
thesia. 

Mutants affected in anesthesia response could be af- 
fected in any of three  general functions: (1) the delivery 
of anesthetic to the  target, (2) the  reception of the 
anesthetic signal, and (3) molecular or cellular ele- 
ments  that  transduce  the  anesthetic signal into behav- 
ioral unconsciousness. To try to distinguish among 
these possibilities, we performed blastoderm fate map- 
ping  experiments to determine  the focus for  the 
phenotype. Our results show that all behavioral pheno- 
types of nahor3* result from the action of the  mutation 
in the cephalic ganglion. A major question in anesthesi- 
ology relates to a possible aesthesis center, which might 
be the target of anesthetic  action. A formal possibility 
that  the focus, defined by the behavior of mosaic mu- 
tants, is itself the aesthesis center is discussed. 

MATERIAL,S  AND METHODS 

Fly stocks and culture: Flies were grown at 22” on standard 
corn meal  agar. Fly stocks, nu (narrow abdomen) and Horka 
(with the genotype + / Y ;  +/+; mwh Horka e /TM3 Sb and 
+/+; +/+; T(1;3) ORGO/TM3 Sb) ,  were obtained  from  the 
Drosophila Stock Center  at  Bloomington,  Indiana.  The nu 
mutation maps  to the same  location as har38 and results in 
an anatomical phenotype similar to  that caused by har38. It 
was isolated in 1934 (MILLER 1934).  Other  than its anatomical 
features  no specific phenotype  or characterization is available. 
X-ray-induced deficiencies Df(1) COI (12C6;12E5) and Df(1) 
GO, (12AB; 12E3-E6), and  the P-element-containing line 
GR871 were obtained  from CHARLES OH (University of  Cali- 

fornia, Berkeley). Other strains  used in the  experiments were 
from  the TIFR stock collection. Halothane was obtained from 
Industrial Solvents, India as  well  as from Anaquest. Enflurane 
and isoflurane were obtained  from  Ohmeda Pharmaceutical 
Products Inc., NJ. Ether,  chloroform  and trichloroethyl- 
ene were analytical grade reagents from Glaxo India Ltd., 
Bombay. 

Behavioral assays: Anesthetic rrsistanre: Flies were grown at 
22” and collected 24-36 hr after eclosion and tested for anes- 
thetic resistance as described previously (KRISHNAN and N l \ w  
1990). We used  a device called an “inebriometer,” which 
consists of a 5-foot cylindrical glass column of -3 inches  inner 
diameter.  The  column is interrupted by  20 hemicone-shaped 
baffles of nylon mesh  (Figure 1).  Anesthetics at specified con- 
centrations  in air were passed through  the  column with the 
aid of a standard hospital kettle (Fluotec-Mark 3, Ohrneda 
Pharmaceutical  Products Inc., New Jersey).  The hospital ket- 
tle is essentially a  large heat-capacity metal chamber in which 
the  anesthetic liquid is allowed to  evaporate at room  tempera- 
ture. Air flowing through  the vaporizing chamber carries the 
anesthetic  vapor and this is mixed with pure air at a defined 
proportion.  The  proportions  are  preset  for  halothane by the 
manufacturer  and  are  controlled by a  marked knob to obtain 
the  desired  concentration. A Riken model 18 gas meter was 
used to measure  anesthetic  concentrations.  The  concentra- 
tions were calculated  using the tables provided by the nlanu- 
facturers.  For  convenience, all flows were adjusted to obtain 
a reading of 0.50% on  the gas meter. This corresponded  to 
0.50% for  halothane  and 0.40% for trichloroethylene. Anes- 
thetics enflurane,  chloroform  and isoflurane were used at 
0.54, 0.52 and 0.52%, respectively. 

The  experimental paradigm is as  follows. The  column is 
equilibrated with a given concentration of anesthetic  for  10 
min. Flies are  loaded  at  the  top ofthe column  and a  constant 
anesthetic  concentration is confirmed using the Riken gas 
meter. Flies that  are anesthetized tumble down through  the 
multiple baffles (“elute”)  and  are collected in a vial kept at 
the  bottom of the  column. Vials are replaced every 2 min. 
Anesthetic flow  is stopped  after 30 min and  remaining flies are 
eluted  from  the  column by exposing them hriefly to carbon 
dioxide.  The “anesthesia  response index” is calculated as the 
ratio of flies eluted by anesthetics in the first 30 min t o  the 
total number of flies. In the case of wild-type flies this index 
is nearly 1 .OO, and  an  index of zero indicates complete resis- 
tance.  In the case  of excisions and  their various combinations, 
where the  background was 7y5 ‘” ,  the anesthetic was stopped 
after 20 min and response was calculated as the ratio of flies 
eluted in the first 20 min to  the total number of flies. Before 
switching to a  different anesthetic,  the kettle was cleaned 
three times with acetone  and thoroughly dried  in a  stream of 
air.  The  cleaning was continued until the Riken gas meter 
read zero, on a maximal setting of the concentration-dial on 
the kettle. 

Walking behavior: We measured geotaxis using a counter 
current  apparatus similar to the  one originally described by 
Benzer (1967).  The  apparatus consisted of six tubes 9.2 cm 
long  and 2.4 cm in  diameter. Approximately 25 flies were 
loaded  into  the  bottom of the first tube. Flies were then al- 
lowed to walk against gravity for 7 sec after which the tubes 
were shuffled. The flies that have reached  the  top  of  the first 
tube  are now ready to walk up  the second tube, while the 
flies that have not  reached  the  top  are knocked back to the 
bottom.  The process is repeated giving each fly five chances 
to cross from  one  tube to the  other. Wild-type flies in this 
interval of time always manage to go  to the  other side of the 
tube array. At the  end of the assay,  all the wild-type flies were 
found in the last tube. In the case of nu’“”3K almost all of the 
flies remained in the first tube.  Weaker alleles resulted i n  



Genetics of An 

FIGCKF. I.-The "incbriometer" used for quantitativc anal- 
ysis  of anesthetic behavior. The column is a modified version 
of the  one originally designed by &.IT14 M'ERER ( \ h R E R  1988). 
Two hundred to 300 flies are loaded into  the space on  top 
of the column that has been previously equilibrated with the 
desired  anesthetic concentration. Flies are  eluted with the 
same concentration of anesthetic  for 30 min and  are collected 
as they fall through the baffles in  vials kept at  the bottom of 
the column. Flies remaining in the column at  the  end of the 
run  are  eluted with a flow of COP. 

some dispersion. Most  of the flies remained in the first tube 
but a few reached further tubes. Geotaxis response index was 
calculated as C ( T  - l ) n / 5 N  where Tis  the  tube  number, n 
the  number of flies  in a particular tube  and N is the total 
number of  flies. The summation is over values of T ranging 
from one to six. Thus, an index of 0.0 resuh from all the 
flies staying in tube one  and an  index of 1.0 corresponds to 
all flies reaching  tube number six. Intermediate values reflect 
different dispersion patterns. 

Pelement-induced  mutagenesis: We had  earlier mapped 
mutation  to polytene bands 12E2-EI 1. To obtain 

Pelement insertions into na ,  we mobilized a Pelement GR871 
at 12E-F and screened progeny for failure to complement  the 
nu""' ;x phenotype. In brief, the crosses were as follows. IJ( y*) 
GR871/Y; +/+; S I )  (A2-3 ly+) T- /T -  males were picked and 
crossed to nul"'r'X/nuh"'3X; +/+; 7y-/y" virgins. From the prog- 
eny, P*/nuA"r3x/; +/+; T- /T-  virgin females were picked and 
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tested for anesthetic resistance in the inebriometer. Virgin 
females that stayed back in the  inebriometer after 30 min 
ex  osure to 0.5% halothane were mated to n e 3 * / Y ;  +/+; 
7y /T~"~. Lines were set  up  and tested again in homozygous 
condition  and also heterozygous with nu""'3X. From nearly 
30,000 P*/nn""'"~s; +/+; q l - / ~ -  animals, we set up lines from 
about a thousand potential resistant females and finally  se- 
lected nine lines that failed to complement  the resistance of 
nuAnr3" to halothane in the  inebriometer assay. A  line desig- 
nated as P890 was selected  for further analysis because of i ts  
robust and completely recessive behavior. P890/P890flies are 
viable and show a measurable resistance to halothane. Defi- 
ciency mapping  and  complementation analysis confirmed  it 
to be an allele of nu. This  insertional allele also causes the 
characteristic walking behavior of nu'""" mutant. 
In situ hybridization: Procedures used for chromosomal in 

situs were as previously described (PAIJANCK rl al. 1995). In 
brief, wandering third instar larvae grown at 18" were used 
to  obtain salivary glands, which were "squashed" onto glass 
slides to provide spread out polytene chromosomes.  A frag- 
ment of P-element DNA labeled with biotinylated dUTP was 
used to  probe polytene  chromosomes and streptavidin-HRP 
complex was used to visualize hybridization. After the peroxi- 
dase  reaction,  chromosomes were stained with 5% Giemsa for 
3 min and observed under phase  contrast. 

Excision analysis: The P element from the P890 chromo- 
some was mobilized using a transposase source,  and X-chro- 
mosomal lines from which the transposon had  been excised 
were isolated and analyzed. In brief, P890(7y+)/FM7; +/+; 
?-/?virgins were crossed to +/ U; +/+; S6- (AZ-3 7y+) 9-/ 
Ubx (A2-3 9') 9- males. The  jump  starter males from the 
progeny bearing  the genotype P890(7y+)/U; +/+; Sb- (A2-3 
7y+) y-/y- were crossed to FM7a/FM7a; +/+; 7y-/q- vir- 
gins, and +/FM7; +/+; 7y-/S6' 9- females were picked and 
lines were set up with  FM7/ U; +/+; ~y-/7y- males. The appro- 
priate  progeny were test crossed to  either nu'"'r3'Y and tested 
as transheterozygote females or males, for both  halothane 
resistance and walking behavior. 

Generation of mosaics: External  cuticular  markers yell070 
(y) and 7uhite apn'cot (7d') were 5enetically recombined  onto 
the  chromosome  bearing n e  y mutation. To  do this, we 
crossed the homozygous na""'38 virgins to marked Xchromo- 
some-bearing males. FI female progeny of this cross were fur- 
ther crossed to FM7males and  the F2 population was tested  for 
halothane resistance. Males marked y and rd', which showed 
anesthetic resistance, were selected and lines  established. 
These were further tested and finally a true  recombinant was 
selected. y 7d' n~""~"/y 7u" naB"r3X or y 7d' na""3X/ FM7; + / + ; + / 
+ virgins were crossed to Hmka males bearing  the genotype 
+ /X  +/+; Hmka e/TM3, and in the  FI potential  female  prog- 
eny were scored  for mosaics (SZARAD et al. 1995). Mosaic flies 
were mixed with a large number of identifiable na"""x and 
wild-type  flies before  loading on the  inebriometer.  The exter- 
nal cuticular  markers on  eluted flies were scored after each 
run. For each class of mosaic, data were pooled  and behavior 
indices calculated as previously described. 

To confirm that  external cuticular  markers were good indi- 
cators for  the genotype of underlying tissue, we directly exam- 
ined this issue  in -30 mosaic animals that we recovered. An 
X-chromosome P(?+lac-Z) line ETX 28 (ANASD rl nl. 1990) 
showing ubiquitous &galactosidase expression in the brain 
and in thoracic muscles provided an  internal marker  for brain 
and thoracic tissue. P-y+ ETX28/ Y; +/+; Horka r/TM3,  which 
had internally marked  X chromosome, were crossed to y 7d' 
nnhrrr3x virgins to generate identifiable mosaic progeny. The 
external cuticular  markers (yellow cuticle and white apricot 
eyes) were scored for  the  extent of mutant tissue and  the 
internal marker was followed by staining frozen sections for 

$6 
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/?-galactosidase. In all cases, there was an excellent correspon- 
dence between the /?-galactosidase  expression in internal tis- 
sues and the  absence of yellow cuticle (or white  eyes) in the 
overlying ectoderm. 

RESULTS 

Phenotypes of nahnr38: The anesthetic response: We 
have renamed  the  mutant har38 as nuhnr3' to indicate 
its designation as an allele of the nu locus. The index 
of response to halothane calculated from inebriometer 
elution profiles of  is compared  to  that for wild- 
type  flies in Table 1. The indices reflect a  strong resis- 
tance to halothane-induced anesthesia in the  mutants. 
In 30 min,  during which the flies are continuously ex- 
posed to halothane  in  the  inebriometer, all the wild- 
type  flies are  anesthetized whereas almost all the nuhnr3' 
flies withstand this lengthy anesthetic  exposure. The 
response index for wild  type (CS as  well  as Oregon-R) is 
nearly unity. The nuhnr3* mutant flies thus seem to show 
an almost complete resistance to halothane. This phe- 
notype is completely recessive and is uncovered by de- 
ficiencies Df{l)RK,   Df( l )CO, and Df{l)CO,. The com- 
plementation  data with these deficiencies narrows  down 
the chromosomal location of nuhrrr3* to 12E2-E5 region 
from 12E2-Ell  reported  earlier (KRISHNAN and NASH 
1990). 

Saccadic walking behavior of nuhar3': We observed a pe- 
culiar walking behavior of nuhur3' flies; their walk  was 
interrupted by pauses. We calculated that these pauses 
led to relatively longer run times in a geotaxis appara- 
tus. We found  that in our  counter  current  apparatus if 
the time interval was kept to 7 sec, nuhar3* flies failed to 
cross from one tube to another  and therefore  remained 
confined to the first tube. However,  all the wild-type 
flies crossed from one  tube to the other in this interval. 
The geotaxis response calculated as a  summed  index is 
shown in Table 1. The nuhn"xmutants showed a  reduced 
response indicative of their inability to cross the first 
tube in the interval of time. The heterozygotes of 
with the  three deficiencies Df{l)COI, Df{l)C02 and 
Df(l)RK2 showed an identical response. The response 
index for both CS and Oregon-R wild-type  flies is close 
to unity. Heterozygotes of nuhnT3' with deficiencies in 
regions away from this locus exhibit behavior indistin- 
guishable from wild  type (data  not  shown). This pheno- 
type,  like the  halothane resistance, was completely re- 
cessive. It is important to observe that this geotaxis re- 
sponse index does not  indicate  a slow constant climbing 
velocity for nuhrrr3* flies but reflects the  frequent halts 
made  during  the saccadian walking pattern of nuhur3' 
mutants.  This observation suggests that  gene  products 
required  for anesthesia response play additional im- 
portant roles in nervous system function, specifically in 
motor  control pathways. 

The anatomical mutant phenotype of nuhnr3': We noticed 
that  the  mutants  had  abdomens  that were more 
cylindrical and narrower than wild type. Although a 

TABLE 1 

Halothane and  geotactic  response of wild-type 
and ndulr;'8 flies 

Halothane  Geotactic 
Genotype  response  response 

cs/ Y 0.89 2 0.09 0.93 IfI 0.02 
Oregon R/ Y 0.85 t- 0.07 0.89 t- 0.03 
nahaT3*/Y 0.10 t- 0.06 0.0 t- 0.0 
cs/ cs 0.85 2 0.09 0.89 t- 0.01 
Oregon R/Oregon R 0.81 t- 0.06 0.88 t- 0.02 

naliodd / cs 0.85 t- 0.08 0.87 t- 0.01 
c~/DjT1)CO1 0.84 2 0.08 0.87 -+ 0.01 
na""'3R/Df(l)COI 0.14 t- 0.04 0.0 t- 0.0 
cS/Df( l )C@ 0.86 IfI 0.09 0.85 t 0.01 
na""r38/Df(l)C02 0.20 t- 0.06 0.01 t- 0.01 
cS/Dffl)RK2 0.88 2 0.07 0.89 2 0.02 

/Df(l)f& 0.18 i 0.08 0.01 t- 0.01 

nahor38/ nahnr38 0.04 2 0.03 0.0 ? 0.0 

nahar38 

GO1 = Df(1)12C6; 12E5;  CO, = Df(1)lZAB; 1ZE3-E6; RK2 = 
Df(1)IZDZ-EI;  I3AZ-A5. 

clear and distinguishing phenotype in flies  (Fig- 
ure 2), this phenotype was not as pronounced in flies 
carrying other alleles. This phenotype maps to nu as 
evidenced by subsequent  experiments described in this 
report. All of these features caused by nahar38, i.e., anes- 
thetic resistance, walking behavior and narrow abdo- 
men were uncovered by the same set of deficiencies. 

New alleles of dm;'*: narrow  abdomen: nu mutants 
showed an anesthetic response index of  0.47 -+ 0.17 
for  halothane, significantly lower than wild type. This 
anesthesia-resistant phenotype suggested to us that it 
may be an allele of nuhar3*. We confirmed allelism  to 

by complementation tests that showed that  the 
narrow abdomen,  anesthetic resistant and walking phe- 
notypes were not complemented by nu. This result has 
also been  confirmed by D. B. CAMPBELL and H. A. NASH 
(personal  communication). Interestingly nu mutants 
show somewhat weaker anesthetic resistance and geo- 
tactic (walking) defects than nuhrrr3'. However, the com- 
plementation  data  (Table 3)  and the  additional obser- 
vation that na phenotypes are uncovered by the same 
set of deficiencies that uncover na"073X unequivocally 
prove that nah'lrjr8 allelic to nu. Although nu was discov- 
ered  quite sometime ago (MILLER 1934),  the only de- 
scription available is scanty.  However in keeping with 
the  tradition of Drosophila nomenclature,  the  mutant 
har38 will be  referred to as nuhoB8. 

har85: The har85 mutant (now designated as nab""') 
was isolated in the same screen as nahnr3' for  halothane 
anesthesia resistance (KRISHNAN and NASH 1990).  It has 
an identical spectrum of resistance to different volatile 
anesthetics as (NASH et al. 1991; CAMPBELL and 
NASH 1994).  It also  shows the saccadic walking behavior 
in the  absence of exposure to anesthetics and abdomi- 
nal morphology like nah"r3X. Our earlier studies indi- 
cated nuhmX5 may be allelic to nuhnr3' (KRISHNAN and 

nahrrr3H 
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FIGL'RE 2.-The abdominal  phenotype  of nd"'r3d. R and 
D show  the wild-type abdomen  (female  and  male), while 
A and C are  abdomens of nnA"riS female  and  male flies, 
respectivelv. 

NASH 1990). Our suggestion, however, was tentative and 
based only on two deficiencies that  uncovered  the  phe- 
notype  associated with both  these  mutations.  The re- 
sults presented in Tables 3 and 4 are  more conclusive 
in this regard and show that n,nbnr'"  fails to complement 

and all n,n alleles for both  halothane resistance 
and geotactic  response  phenotypes. 

P-nlldp (nd""): To obtain  insertional alleles of nn, 
we mobilized a Pelement (GR871) inserted  at 12E-F, 
close to nn. Chromosomes  bearing  the P element  at 
potentially new locations were screened  for  their inabil- 
i t y  to  complement nn""". Halothane-resistant  females 
heterozygous for  n~"""~were selected and single  female 
lines  set  up. Of these, nine lines bred  true  and were 
stable for several generations. The  line  designated P890 
showed strong resistance in trans with nn"""" and itself 
showed appreciable  resistance in homozygous and 
hemizygous conditions. The presence of a single P ele- 
ment  at 12EF position in this line was confirmed by in 
situ hybridization.  This  line was then selected for fur- 
ther  characterization.  The behavior of ndWw1 is shown 
in Table 2.  M%en hemizygous, nn'"''flies show a weaker 
halothane resistance index  compared to nnh"r3S. The 
transhetero7ygote of nn''r'r34y and nn''cv'nl shows an  inter- 

nnhnrid 

mediate  response. n,d'Xw'also has a strong geotaxis  phe- 
notype and  the geotaxis index is close to that  for no""r3". 

Exci.sions: To confirm  that  the halothane-resistant 
phenotype of nn'"" was caused by a P insertion  into 
nn, we remobilized the P element  in nd"""l flies and 
looked  to  revert  the anesthesia-resistant  phenotype. M'e 
screened a total of 100 Pexcision  lines  for  complemen- 
tation of nn""r3x. Of  these  hundred, a set of 17 lines 
showing varying degrees of halothane resistance when 
hemizygous were characterized. M'e chose  four lines 
for  more  detailed analysis. The two lines  designated as 
n p '  and n p '  behaved like wild  type and showed very 
little halothane resistance,  whereas two other lines, 

showed a considerable  resistance. Even 
though these  excision alleles do  not cause resistance 
comparable  to  that caused by d X w 1 ,  the  phenotypes 
are  stronger in flies heterozygous for  either excision 
allele and  or  other nn alleles. The excision lines 
nn"'" and nn'"" showed the saccadic walking reflected 
in a poor geotaxis  response like the nn"""3" mutant.  This 
phenotype when  manifested  in the excision lines was 
again not as pronounced as that caused by  nn1'"'3x and 
other  na alleles. The phenotypes of the excision lines 
were uncovered by the  same  set of deficiencies that 
uncovered  the  na behavior. na'"." and nn'"." therefore 
represent excision alleles. On  the  other  hand, n p 3  
and n p 4  behave like precise excisions. Both the halo- 
thane  and geotactic  response of nn/'rr3 and n P 4  lines 
are  comparable  to wild type in all combinations. All 
the alleles resulted  in  similar  phenotypes  and failed 
to  complement  the  same  set of deficiencies. Thus  the 
mutants  represent  an allelic series with respect  to halo- 
thane resistance and walking behavior: nn""r'X > n0h''r'~5 
> n p n l  > nn > nn/)cr l  > n,n''6=x*. 

Response of na alleles  to  different  anesthetics: The 
availability of multiple  mutant alleles of an anesthesia- 
response  locus allowed us to  address  an  important ques- 
tion in anesthesiology: are  there distinct pathways to 
general  anesthesia? To address  this  question, we tested 
all n.n alleles for  their  response to several different anes- 
thetics. The responses shown in  Figure 3 suggest that 
nu mutations specifically affect a pathway to general 
anesthesia  induced by a subset of anesthetics. All no 

TABLE 2 

Halothane  and  geotactic  response of n p  in  comparison 
to wild-type and n e 3 *  flies 

n p l  and nd"l", 

Halothane Geotactic 
Genotype  response  response 

c.y/ y; 95/16/v5/16 0.93 2 0.07 0.89 2 0.04 

cs/ cs; 95rjfi /  95 /16  0.90 2 0.06 0.88 2 0.03 

n n k n r ~ x /  nn/ror3cv; 9506/9506 0.06 2 0.04 0.0 2 0.0 

n#Y'X/  n#s'Kl; 95/16/ 95rfi 0.31 2 0.13 0.06 2 0.02 

nahm3av/ y,. 95/16/9F/fi 0.08 2 0.04  0.0 2 0.0 

n#Y'x'/ y,, v5/16/9506 0.29 2 0.12 0.06 2 0.01 

nJXWl/nnhnr9X,. 9506/95/1~ 0.14 2 0.09 0.03 2 0.01 
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mutants without exception are indistinguishable from 
wild  type in their responsiveness to enflurane  and 
isoflurane. However,  they  show different degrees of  re- 
sistance to anesthesia by halothane and chloroform. 
The alleles nu"""', n p l  and n p P  alone show appre- 
ciable resistance to trichloroethylene-induced anesthe- 
sia. The small differences in the response index be- 
tween nu and  other strains in the case  of enflurane and 
isoflurane, although significant by statistical  tests,  were 
in the range of variations due  to background differ- 
ences between strains. This was also the case for the 
response of some nu mutants to trichloroethylene. This 
conclusion was arrived at after plotting  a frequency dis- 
tribution of the range of response indices, which was 
bimodal. Excision  alleles n p '  and n p 2 ,  which caused L3 
weaker responses to halothane and chloroform, caused j 
resistance to trichloroethylene comparable to that 
caused by nuhar3*. Two excisions, naPer" and n P 4 ,  proba- 
bly precise, resulted in responses indistinguishable 8 
from wild  type for all the anesthetics. The profile of .! 
resistance follows the  order nuhnr3' > nuharR5 > nd8" > 
nu > nuPex1 > na'"2 in the case  of halothane.  The resis- 
tance to chloroform follows a very similar pattern.  In 
the case of trichloroethylene naP"', naP"' and nuhar3* * 
alone caused appreciable resistance. The salient feature 8 
of  this  analysis is the normal response to enflurane  and - z 
isoflurane exhibited by all nu mutants. 4 

Mosaic analysis: The complex anatomical, motor * r  

and anesthesia phenotype of nu mutants made it espe- 
cially important for us to study the anatomical focus for b 3  
the anesthesia-resistance phenotype. For instance, we 
specifically  wished to know whether narrow abdomen *r 
inhibited delivery  of anesthetics to their target site. To p" 
investigate  this  issue we generated mosaic animals. Mo- ; 
saic patches of mutant tissue  were produced in an essen- a 
tially  wild-type background by Horlza (SZABAD et ul. 
1995), a  third chromosome dominant  mutation  that 

0 
8 

results in the preferential loss  of paternal  chromo- 9 
somes. Loss of the  paternal  X chromosome gives rise e 
to male  tissue in heterozygous female background. The B 

mutation in a marked Xchromosome is derived 9 
from the  maternal  parent and therefore  the  mutant .ra 

E 
patch is  easily identified by the  external markers and by 
change in structures like  sex comb, wings and genitalia. 
Since the chromosome loss occurs predominantly in 
early  cell  divisions the mosaic patches are large and 
contiguous. A total of 132 mosaics  were obtained  after 
scoring nearly 20,000 potential flies.  Of these mosaics, 
102 were obtained starting with the allele nuhar3* and 30 
such mosaics  were derived from the allele nuhar8'. The 
paternal X chromosome was marked with the lacZ  re- 
porter  gene in a few mosaics;  however  in  most  cases the 
paternal X chromosome was  wild  type. The mosaics so 
generated were tested for both  halothane resistance 
and walking behavior along with other flies that in- 
cluded both anesthetic-resistant and  normal flies to act 
as internal positive and negative controls. The pattern 
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of mutant tissue in all the individual mosaic  flies and 
their behavior in the  inebriometer and geotaxis appara- 
tus was as  shown  in  Figures 4 and 5. In this analysis, 
only those flies that  remained in the column after 30 
min, which  would translate to a response index of  0.0, 
were considered resistant. Similarly for geotaxis we con- 
sidered phenotypically mutant only those flies that re- 
mained in the first tube. We also  analyzed the behavior 
of the mosaics in another  manner. We pooled together 
flies that  had all  of the  head of mutant origin to assess 
the behavior of this lot as a  group. This group gave an 
index nearly the same as that  obtained for the  mutant 
fly. Grouping flies that have  only the right side of the 
head  mutant  or  just  the left side mutant showed that 
such groups behaved like wild  type.  Similarly  flies that 
had all  of the body mutant except the  head, when seen 
as a  group, behaved as wild  type. The straightforward 
conclusion from the behavior of these mosaics is that 
the anesthetic resistance has a focus in the  head.  The 
blastoderm fate mapping (HOTTA and BENZER 1970, 
1972; HALL 1979; ARNOLD and KANKEL 1981) of the 
mosaics,  based on the  percent probability of the associa- 
tion of halothane resistance phenotype with certain 
markers, indicated that  the focus in question was  very 
near  the ocellar bristle ( O C ) ,  palp (PA) and  antenna 
( A N )  for nuhar3', The distances for geotaxis behavior 
caused by nuhar3' and both  the behaviors for nuhars5 were 
also  close to those seen for  halothane resistance (Table 
5). Plotting this hypothetical point with respect to these 
three markers showed that  the focus of halothane-resis- 
tance behavior was in the blastoderm region corre- 
sponding to the cephalic ganglion and was far from the 
thoracic ganglion. The distance between the left and 
right focus is variable and  on the average  29.5 sturts, 
indicating that  the focus is not  a single point in the 
cephalic ganglion. The  sturt values for  the two alleles 
and the two behaviors showed a scatter owing to the 
small number of mosaics.  However  they  were  close 
enough  and it is likely that  the  aberrant walking  behav- 
ior also maps to this focus. An analysis of the region 
responsible for the behavior of a few mosaics 
yielded similar results. 

DISCUSSION 

New  alleles and new  phenotypes of nu: We report 
here characterization of several mutant alleles of a halo- 
thane response locus. The complementation and defi- 
ciency mapping  data  presented in Tables 3 and 4 unam- 
biguously  show that , nu, nJSw, n(%"' and 
na'"a are alleles  of the same locus. The phenotypes 
caused by all alleles are recessive, and the behavior of 
transheterozygotes indicates that they are likely to be 
loss-of-function or null alleles. This is underscored by 
the  different  independent origins of the six  alleles: 

ndSg0 is an insertional allele, and n p l  and n p 2  are 
n&zr38 and nahaTs5 are EMS induced, nu is x-ray-induced, 
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excision alleles. All the alleles caused halothane anes- 
thesia resistance, the saccadic walking behavior and for 
some alleles, a pronounced narrow abdomen. The nar- 
row abdomen  and  the walking behavior were  displayed 
by flies even when not exposed to the  anesthetic.  These 
independent phenotypes  confront us with three possi- 
bilities regarding  the origin of the  halothane resistant 
phenotype. (1) Resistance to anesthesia may arise owing 
to a limited absorption of the gaseous agent because 
of geometric considerations such as narrow tracheal 
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FIGURE 3.-Response  of 
nn mutants to \mrious inha- 
lational  anesthetics (a-e). 
Flies  were  tested for their 
responses  to different an- 
esthetics at  a concentra- 
tion of 03% as measured 
by Riken  gas meter and 
response index calculated 
as in Table 1. Bars repre- 
sent the average  response 
(?SD) of a minimum of 
eight runs.  Geotaxis  deficit 
in nn alleles is illustrated in 
f for comparison. The re- 
sults (a-f] are for male 
flies  hemizygous for the 
nn. The results of  behav- 
ioral assays with female 
flies are very similar. 

passages. (2) The motor behavior might in some way 
allow the flies to hold on to the baffles  while the anes- 
thetic was passed through the inebriometer. (3) Resis- 
tance to anesthesia could be caused by nn altering  the 
actual target for  halothane.  These are considered in 
the light of the mosaic data and behavior in different 
anesthetics we discuss  below. 

Distinct pathways for onset of anesthesia: The differ- 
ent  mutanh whether  obtained as a result of mutagenesis 
by X-ray (nn), P insertion (nd'"'"), EMS ( nn""r38 and 
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Frcura 4.-The pattern 
of  mosaics  classed by their 
behavior in the inebric- 
meter.  A total of 132 mosa- 
ics  were obtained after 
scoring 20,000 potential 
flies. The mosaics were 
grouped  into classes  by be- 
havior (A and B showed 
mutant behavior). Flies 
mosaic for  the two differ- 
ent alleles, ndhnr3' (A and 
C )  and (B and D), 
are shown separately. The 
shaded portions indicate 
mutant tissue as known bv 
cuticular markers, yellow 
body color and white apri- 
cot eye color. 

nnhnrX5 ) , or as a result of imprecise excisions ( n p '  and for these alleles compared to the null phenotype of the 
n e 2 )  behaved similarly. All are resistant to halothane, stronger allele. None of the alleles, however, resulted 
chloroform and some to trichloroethylene. The differ- in measurable resistance to enflurane  and isoflurane. 
ences  among alleles in their assorted response to tri- The lack of resistance to enflurane- and isoflurane-in- 
chloroethylene  might reflect a partial loss of function duced anesthesia in the case  of  all the nu mutants indi- 



cates clearly that  the narrow abdomen  does  not restrict mosaics that showed  resistance to halothane-induced 
the availability of inhalational  anesthetics to the flv. This anesthesia also exhibited  the walking dcficit but re- 
result  argues  that  resistance to halothane is not  due  to mained sensitive to enflurane  and isoflurane  indicates 
geometric  considerations  that  should equallv affect all that  the  altered  motor behavior  does not cause a gen- 
volatile anesthetics. The fact that all the no mutants  and eral  nonspecific  behavioral change  that allows flies to 
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TABLE 5 

Blastoderm fate mapping of Horka mosaics 

nahur38 n p 3 8  nahar85 n p 8 5  

halothane geotaxis  halothane  geotaxis 
response response  response  response 

Distance  to  behavioral  focus from (sturts) (sturts) (sturts)  (sturts) 

Ocellar  bristle 7.6 5.8 6.6 3.3 
Palp 3.7 6.1 9.9 3.3 
Antennae 7.5 5.8 6.6 3.3 
Distance  between  right  and  left foci 29.5  27.9 23.2  29.9 
~ ~~~ ~~ ~ ~~ ~~~ ~ ~~ ~ 

Different  types of mosaics, generated by Horka,  were  tested  for  both  anesthetic  resistance  and  geotactic 
response  along with control  cohorts  emerging  from the following cross: y u“ na”nr’8/y w“ nuhnBR. , +/+; +/+ 
X + / x  +/+; mwh Horka e/TM3 y+ r i ( ’ )  P(p) S$I Sb bx e Ser. Each time few mosaics of different types were 
tested  along  with  large  number  of  control  cohorts.  Those  of  the mosaic flies  that  stayed  back in the inebriometer 
after a 30-min elution with the  anesthetic were  considered  resistant.  Similarly those of the mosaics that stayed 
back in the first tube in the  counter current apparatus  alone were counted as mutant. 

be  retained  in the  inebriometer  column.  The nu gene 
product, however, is in some ways involved in motor 
control. Such a  neural deficit may cause the  adult mus- 
culature to behave in  an  unusual manner so as to give 
a narrow abdominal  appearance. We do  not wish to 
speculate on  the abdominal  phenotype since it has not 
been  quantified and is  very difficult to follow in all 
nu mutants. The two revertants obtained by excision 
reverted  the  phenotypes with respect to all  of the anes- 
thetics and  the geotaxis response. Together, this indi- 
cates that  the  product of nu is a crucial element  in  the 
pathway  of onset of anesthesia caused by halothane, 
chloroform and trichloroethylene.  This  element has no 
role in anesthesia induced by enflurane  and isoflurane. 
It is to be noted  that  the  different  degrees of response 
associated with the various alleles are restricted to a set 
of anesthetics. Here  the discrimination appears to be 
on  the basis  of the chemical nature of anesthetics be- 
cause enflurane ( CHF20CF&HClF) and isoflurane 
(CF3CHC10CHF2) are chemically isomeric ethers  and 
different from the  other anesthetics studied in this re- 
port.  It is worth mentioning  that  the  spectrum of anes- 
thetics that nuhar3’ is resistant to is quite similar to the 
spectrum of anesthetics to which a  mutant in the worm 
C. eleguns is hypersensitive. This suggests to us two dis- 
tinct pathways for  the  action of these two groups of 
anesthetics. This result invalidates any identity of mech- 
anisms of action of different  anesthetics  that may be 
implied by the unitary target hypothesis. 

A focus for response to halothane: While it has been 
accepted  that  general anesthetics render animals revers- 
ibly unconscious by acting  at  the  central nervous system, 
the issue of whether  there is any specific region or focus 
for  anesthetic  action is contentious. Such a regon,  an 
aesthesis center,  responds to inhalational  general anes- 
thetics by producing  a state of unconsciousness. Resis- 
tance to anesthetic  agents  could arise due to the immu- 
nity  of this center to anesthetic action. Mosaic  analysis 
suggested itself  as a  unique  approach to investigating 
the existence of such  a  center. We generated chimeric 

flies that have parts of their nervous system or  other 
body parts  that  are genotypically mutant  in  an otherwise 
wild-type background. We then investigated the behav- 
ior of such flies in detail. These would provide us an- 
swers to two types  of questions: Whether resistance to 
anesthetics derives from mutant  abdomen  or  thorax 
possessing  specific motor disabilities (“sticky leg”)  or 
specific degradative abilities to destroy classes  of anes- 
thetics (“detoxification”). In light of the distinct re- 
sponses to different anesthetics the first alternative is 
unlikely.  Similarly it is difficult to imagine a single deg- 
radative component  that will render flies resistant to 
halothane and chloroform while  leaving  its response 
to enflurane  and isoflurane intact. However,  mosaic 
animals allowed  us to directly examine  the  contribution 
of different tissues to anesthesia resistance in nuhar3’ 
and nuharR5 mutants. The results of this analysis  were 
reasonably conclusive. Evidently  flies that have  all  of 
their  head or most of it derived from  the  mutant tissue 
showed resistance to  halothane  and abnormal walking 
behavior indistinguishable from the  mutant. As a  group 
flies  with large or small patches of mutant tissue cov- 
ering  the rest of the body, including  the thoracic gan- 
glion and  either  the left or right side of the  head, be- 
haved  like wild type. From a blastoderm fate mapping 
of the  data,  the  altered response in nu mutants seems 
to derive from  a  center  in  the cephalic ganglion. Al- 
though we cannot say much  about how  small a region 
this is,  obviously it is exclusively in the cephalic gan- 
glion. We believe  this is also the primary center  for 
general  anesthetic action. This is a  rather  unique obser- 
vation for  general anesthetics. All the studies have  impli- 
cated the central nervous system but this is the only 
clear demonstration of a  center in the brain for  a re- 
sponse related to general anesthesia. The mosaic  analy- 
sis in flies implicates specifically a small part of the 
central nervous system in the  altered response to the 
anesthetics and eliminates the role of effector organs. 

Our conclusion that anesthetics act preferentially on 
a subset of neuronal cells is consistent with recent elec- 
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trophysiological studies. LIN and NASH (1996) reported 
that anesthetics preferentially abolish long latency re- 
sponses obtained from muscles when the fly CNS  is 
subjected to a  suprathreshold electrical stimulation. 
Studies using decapitated flies  showed that removal  of 
the cephalic ganglion altered  their response to volatile 
anesthetics. Mutants that were  hypersensitive  were re- 
verted to relatively normal behavior by removal of the 
head (LEIBOVITCH et al. 1995). Removal of heads ren- 
dered wild-type  flies resistant to volatile anesthetics 
when compared  to  their  more  fortunate siblings. These 
data  are generally consistent with the  notion  that  the 
mutant effects on the cephalic ganglion are what cause 
their  aberrant responses to halothane anesthesia. We 
must, however, point out that while  har56  lost  its  resis- 
tance upon decapitation nahR738 did not do so. This indi- 
cates that while anesthetics may act preferentially on 
subsets  of neurons, they probably affect, to a lesser or 
greater  extent, all  cells in the nervous system. It is also 
possible that  more  than one  center for aesthesis  exists 
in the brain and elsewhere and they act additively  in 
the intact fly. 

A second interesting  feature of our mosaic  analysis 
is that  the  aberrant walking behavior (motor defect) 
of na mutants also mapped to the same region as the 
resistance to anesthetics. This result implies that  the 
coordination of walking behavior that occurs in the 
thoracic ganglion is under control of the cephalic gan- 
glion. The  rather unusual, saccadic  walking pattern 
shown by nu mutants suggests that  there may be a variety 
of subtle controls of motor behavior exercised via ce- 
phalic input.  Whether  the cells that exercise these con- 
trols are  the same as those most  responsive to volatile 
anesthetics is an open  question,  but this  hypothesis is 
consistent with our fate mapping  data,  performed with 
full  knowledge of its limitations for spatial resolution 
within the cephalic ganglion. However, it is interesting 
to note  that unc-79and unc-80 mutants in C. elegans also 
show a defective locomotion, described as “fainters,” 
in the absence of anesthetics (MORGAN et al. 1988).  It 
is possible that  the focus for resistance mapped by  us 
is a  neural  center, which is hierarchically at  a  higher 
level in the  motor  control system and  the most  sensitive 
element in the pathway of anesthesia. Further analysis 
with a variety of mutants will be rewarding. 
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