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Impact of Gene Copy Number Variation on Anesthesia in

Drosophila melanogaster
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Background: Chromosomal deletions and duplications, which
result in halving or doubling of copy number in a block of genes,
are an important source of variation between individuals. Phe-
notypic effects of copy number variation are commonly ob-
served, but effects on sensitivity to volatile anesthetics have not
been assessed in any organism.

Methods: The potency with which halothane depresses the
righting reflex of fruit flies was measured in congenic Drosoph-
ila strains, each of which was heterozygous for a deletion of
average size 400 kb. Over 200 strains were examined, thereby
scanning approximately half of the fly genome.

Results: Although the vast majority of deletion heterozygotes
were indistinguishable from the control, eight had significantly
altered sensitivity to halothane. Genetic tests supported the hy-
pothesis that the change in anesthetic sensitivity was the result of
reduction in copy number and not adventitious mutations in the
strains. Among the eight outliers, the difference in halothane
potency ranged from a 25% increase to a 15% decrease. Changes
of similar magnitude but distinctive patterns were found when these
lines were tested with enflurane, isoflurane, and sevoflurane.

Conclusions: Variation in gene copy number has a significant
impact on anesthetic sensitivity in Drosopbila melanogaster. The
level of transcription of a few genes must thus be limiting for a
normal response to volatiles. Coupling between gene copy and gene
expression is universal, and the components of the fly’s nervous
system are highly conserved; therefore, this work provides a ratio-
nale for investigating the clinical impact of copy number variation.

THE study of genetic variation in the human population
has benefited greatly from the application of sophisti-
cated molecular biologic techniques. The most recent
advance is the demonstration that, in addition to variable
number tandem repeats and single nucleotide polymor-
phisms, the chromosomes of individuals differ from each
other by deletion or duplication of blocks of DNA that
range in size from a few kb to more than 1 Mb.' Such
rearrangements, which can affect virtually any segment
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of the genome, are surprisingly common; the first human
to have his genome completely sequenced was found to
harbor over 60 such blocks.? By definition, deletions and
duplications produce a 50% change in the copy number
of the affected set of genes. Gene dosage typically reg-
ulates the level of gene expression; therefore, copy num-
ber variation (CNV) is a priori likely to have significant
effects on human biology, especially on complicated
processes in which a two-fold change in gene expression
could be disruptive. Indeed, a handful of human diseases
are now known to be associated with duplicated or
deleted segments of the genome,? and increasing atten-
tion is being paid to the possibility that CNV underlies
others. A catalog of the genes affected by CNV in the
human population has not yet been assembled. How-
ever, even in one individual, the list of genes affected by
CNV includes an ion channel (KCNN3) and a vesicle
trafficking protein (SYT8), both of which are expressed
in adult brain.? Given the likelihood that the population
of surgical patients will harbor copy number variants of
many genes that affect neural function, the potential
impact of CNV on anesthesia needs to be addressed.
One way to begin such an assessment is via a model
organism in which gene copies can be manipulated system-
atically. Past work from our lab and others have shown that
the fruit fly, Drosophila melanogaster, responds to anes-
thetics at concentrations comparable to those used in the
clinic.*® Moreover, mutations that influence anesthetic
endpoints in the fly often map to well-conserved genes that
have significant roles in the functioning of the nervous
system‘é’7 However, previous studies used strong mutagens;
therefore, they may have been biased toward isolation of
mutations that severely disrupt gene function. Thus, past
work with Drosophila does not provide a clear guide to the
effects on anesthesia that would be expected from the subtle
changes in gene expression that accompany CNV. To address
this uncertainty, we tested a collection of over 200 fly strains,
each of which has a 50% reduction in the copy number of a
substantial block of genes. The results provide the first esti-
mation of the frequency with which such variants influence
anesthetic sensitivity and the magnitude of this influence.

Materials and Methods

Drosophila Stocks, Crosses, and Transformants

Flies were grown on cornmeal/molasses agar at 25°C
and 50% humidity under a 12:12 light/dark cycle using
standard techniques.® More than 220 members of the
DrosDel collection of deletion stocks’ were obtained
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from the Bloomington Drosophila Stock Center at Indi-
ana University, Bloomington, IN. Each of these lines was
not only fully characterized at the molecular level but
had been constructed so as to maintain the genetic
background of the corresponding parental stock. The
mean (=SD) and median size of the deleted region in the
strains that we tested were, respectively, 441 = 236 kb
and 429 kb; taken together, the deletions affected ap-
proximately 50% of the fly genome. For the initial screen
of this set, the parental DrosDel line and the deletion
stocks derived from it were individually crossed to a
derivative of the Canton-S line into which had been
introduced a recessive allele, har38, of the narrow ab-
domen (na) gene.'® The female offspring that were
subsequently tested were thus heterozygous both for a
particular deletion and for a strong allele of na; this was
done with three aims in mind. The first was to place the
deletion chromosome in trans to a standard chromo-
some rather than the multiply inverted, multiply marked
balancer chromosomes® present in the original stock.
This permitted valid comparisons to be made between
deletions that mapped to different chromosomes and
thus came with different balancers. The second aim was
to provide the tested lines with a wild-type copy of the
white (w) gene; the DrosDel parental and deletion lines
all bear an allele of this gene (w’*’%), which is known to
alter anesthetic sensitivity.'"'? The final aim was to en-
able the possibility of finding genes that have a specific
interaction with na. When homozygous, mutations in
this gene confer strong effects on anesthesia sensitivity,
but heterozygotes are indistinguishable from wild-
type.!®1314 We reasoned that, if na function depended
on a component that was present in limiting amounts, a
strain that was heterozygous both for na and the gene
encoding such a putative component might be uniquely
altered in anesthetic sensitivity. Although this possibility
was examined whenever an anesthetic phenotype was
suspected, we did not find such an enhancer locus:
heterozygosity for na was not essential for the effects we
found. Accordingly, the final analysis of outlier DrosDel
deletions was done after crossing them to the parental
Canton-S line rather than to the na mutant derivative of
it. Similarly, selected deletion lines (also obtained from
the Bloomington Stock Center) from the Exelixis collec-
tion'> were evaluated relative to the Exelixis parental
line for the presence of dosage-sensitive loci by crossing
to Canton-S and testing nonbalancer female offspring.
To evaluate the ability of transgenes to overcome the
effect of a particular heterozygous deletion, we used a
commercial service (Genetic Services, Inc., Sudbury,
MA) to introduce by standard techniques'® the DNA
segments described below (Plasmid Constructs) into the
genome of a w’?’% derivative of our Canton-S line.'" For
each plasmid construct, we isolated several transfor-
mants, at least one on each of the two autosomes. The
white eye color of the parental line permitted facile
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Fig. 1. Genetic manipulations with transgenes. (4) Replacing the
X chromosome of the original transformant lines with a wild-
type X chromosome. Each line diagrams a cross between males
(&) and virgin females (?) of the indicated genotype. Chromo-
somes that derive from the Canton-S line are indicated as CS;
individual genetic elements that distinguish these chromo-
somes are indicated (w = white; g = transgene). The crossing
scheme relies on the use of a balancer, a chromosome in which
the normal complement of genes has been severely rearranged
to prevent recombination with a homologous chromosome.® In
the example shown, the SM5 balancer carries a dominant
marker that yields curly wings; this marker is a recessive lethal,
so it is maintained as a heterozygote with a chromosome that
carries a dominant bristle marker, Sco (detailed descriptions of
these markers and the balancer can be found at FlyBase*"). In
each of the two crosses shown, selection for the Curly pheno-
type and against the Sco phenotype insures inheritance of the
transgene. (B) Testing rescue of an anesthesia phenotype by
transgenes. Males that are heterozygous for the EDI deletion
(made in the DrosDel (Dd) genetic background)® are crossed
(line 1) to females bearing a transgene. The latter are the off-
spring from a stock made by crossing males and females from
line A3. In the examples shown, the transgene either carries no
genomic DNA (tg0) or carries a partial segment of the genomic
region under the ED1 deletion (tg1). The female offspring from
these crosses (line 2) are assayed for halothane sensitivity in
the distribution test; comparison of the resulting EC,, values
indicates the extent of rescue. Another control (not shown) is
generated by using males from the DrosDel parental line in-
stead of ED1 males.

detection of individuals that inherited the transgene,
which carries a miniaturized version of white and partially
restores red eye color. However, miniwbite lacks many
features of the natural gene; therefore, it cannot be relied
upon to overcome the anesthesia defects associated with
the w’’’® mutation.'"'* Thus, using the crossing scheme
outlined in figure 1A, for each transformant line we re-
placed the X chromosome (bearing the w’’’# allele) with
that from wild-type Canton-S. The resulting lines were then
crossed to the deletion line, and the desired offspring were
tested (fig. 1B). The experiments presented in the text
were carried out with transformants bearing transgenic
inserts on chromosome II, but comparable results were
also obtained with transformants bearing inserts on chro-
mosome III (data not shown).

Plasmid Constructs

The vector used for our studies was CaSpeR4 (Gen-
Bank Accession x81645), a plasmid engineered to facil-
itate the creation of transgenic lines of Drosophz’la.16
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Fig. 2. Creation of rescue constructs by re-
combineering. At the top left is shown a vec-
tor used to retrieve sequences from the bac-
terial artificial chromosome (BAC) shown at
the top right. Some key features of the vector
are marked. These include the two ends (5'P
and 3'P) of a P transposable element'® and a
pair of “homology arms”, approximately
500-bp segments (4 and B) whose sequences
come from the two ends of a region of inter-
est (.0.i.) within the BAC. Upon introduction
by electroporation of a BamHI-linearized
vector into a BAC-containing strain that has
been engineered to overexpress recombina-
tion proteins, gap repair by homologous re-
combination promotes the transfer to the
vector of the entire segment of the BAC that
lies between the arms. Two attractive fea-
tures of this recombineering (recombina-
tion-mediated genetic engineering) proce-
dure®? is that it does not depend on
fortuitously placed restriction sites (any se-
quence from the BAC can be amplified and
cloned as a homology arm) and that it em-
ploys the natural replication machinery of
Escherichia coli to achieve the transfer of
genetic information and thus is much less
prone to introduction of errors than poly-
merase chain reaction-based methods.

The key feature of this vector is a pair of transposon ends
that, with the aid of a source of transposase that is
coinjected with the vector into fertilized eggs, direct the
insertion into the Drosophila genome of the segment of
DNA that lies between the ends. To introduce 15- to
20-kb segments of the Drosophila genome into
CaSpeR4, we used a recently described recombineering
procedure.'” First, we used polymerase chain reaction to
amplify an approximately 500-bp fragment from each
end of the desired insert. These were cloned using con-
ventional techniques to create a derivative of CaSpeR4 in
which the two “homology arms” were adjacent to each
other and separated by a unique BamHI restriction site
(fig. 2). This so-called retrieval vector was then linearized
at the unique site and transformed into a derivative of
the recombination-proficient Escherichia coli strain
SW102.'® To make this derivative, we introduced into
SW102 a bacterial artificial chromosome, chosen from
the Berkeley collection'® because it bears an approxi-
mately 160-kb segment of the Drosophila genome that
encompasses all the material deleted in the DrosDel ED [
line.§ Within the transformed bacteria, recombination
between homologous sequences initiates a repair pro-
cess in which the retrieval vector is restored to a circular
form that incorporates the segment between the homol-
ogy arms from BACR32P8 (fig. 2). The ensuing plasmids
were examined by restriction digestion and by polymer-
ase chain reaction amplification of Drosophila genes

§ Available at: http://www fruitfly.org/data/sequence/release3/BACR32P08.
Accessed December 29, 2008.
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from the region of interest; correct constructs were
amplified and purified by conventional techniques.

Anesthetics

Halothane is obtained from Halocarbon Laboratories
(River Edge, NJ), sevoflurane and isoflurane are from
Abbott Laboratories (North Chicago, IL), and enflurane is
from Baxter Healthcare Corp (Deerfield, IL). These
agents were volatilized using Gas Washing Bottles
(Fisher Scientific, Pittsburgh, PA) to bubble air through
liquid anesthetic; the resulting stream was mixed with
air that had been humidified in the same way. The
concentration of anesthetic delivered to the glove box
(total flow, approximately 10 I/min) was monitored us-
ing a MIRAN M1ACVF-A single beam infrared spectrom-
eter (Invensys Process Systems, Plano, TX). The spec-
trometer was calibrated with standards made by
injecting precise quantities of liquid anesthetic into a
large vessel of known volume; after volatilization was
complete, the mixture was pumped through the spec-
trometer. This calibration was repeated at 6-month in-
tervals, with little or no adjustment required.

Tests of Anestbesia Sensitivity

Flies that were 3 to 7 days old were collected and
sorted in groups of 10-12 under carbon dioxide anes-
thesia and allowed to recover for 1 to 2 days. Without
further recourse to anesthesia, they were then trans-
ferred from food vials to testing vials (50-ml Falcon tubes
perforated with tiny holes to permit gas exchange but
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retain flies), which were then placed in a glove box.
After equilibration with a fixed concentration of volatile
agent for 30-70 min, the flies were examined for their
ability to escape the conical bottom of the testing vial
after three brief mechanical shocks. This assay of a fly’s
righting and climbing reflex, also known as the distribu-
tion test,'*'! was quantified as the minimum number of
flies found at the bottom during a 1-min trial. Typically,
each vial of flies was tested sequentially at increasing
concentrations of drug, with an additional equilibration
period of 30-70 min for each new concentration. This
procedure was adopted for the following reasons. First,
flies do not feed during the assay and, although the
anesthetic is delivered in humidified air, are in danger of
becoming dehydrated and/or starved after several hours
in the glove box. Second, the exchange of gases in
insects like fruit flies is primarily passive, via diffusion
through blunt-ended trachea that start at the cuticle and
ramify throughout the internal organs. Washout to the
baseline is thus predicted to be asymptotic and, at least
as judged by observation of behavior, appears to be quite
slow. To maximize the amount of useful information
obtained within a fixed time window, we tested flies at
incrementally higher concentrations (stair-stepping)
without interposing no-anesthesia intervals between
them. This procedure is reliable and reproducible; more-
over, in the few cases tested, it yields EC5, values that are
similar to those obtained with a procedure in which no
fly is tested at more than one concentration.'®'?

The initial screen of deletion heterozygotes was done
with groups of 20-25 lines, 3 vials of flies per line,
which were tested together with 10-15 vials of the
control heterozygote. In total, 220 DrosDel strains were
tested: 39 carried deletions of material from the X chro-
mosome, 42 from the 2L autosomal arm, 35 from 2R, 53
from 3L, and 51 from 3R. The complete list of tested
strains is available upon request. As a compromise be-
tween throughput and detection, each line was tested at
only three concentrations of halothane. For most of the
survey, these were 0.30%, 0.375%, and 0.45%, concen-
trations that induced approximately 10 to 80% failure of
reactive climbing in control flies. For each line tested, a
crude estimate of potency (ECs,, value) was derived by a
logit analysis.?® We focused on those deletion heterozy-
gotes that gave an initial estimate of EC, that differed by
at least 10% from the value deduced from the contem-
poraneous dataset for the control heterozygote. This
criterion reflected our assessment of the uncertainty in
the calculated potency values. To begin this assessment,
we treated individual datasets from the control hetero-
zygote as if they were obtained both from control and a
deletion line; 7.e., we compared a dataset from the con-
trol heterozygote to itself. The 95% confidence limits on
the resulting potency ratio typically were 0.97 to 1.03.
Consistent with this estimate is the fact that, when all 18
ECs, values determined for the control heterozygote
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throughout the course of this study were compared to
each other, the coefficient of variation around the mean
value of 0.385% halothane was 0.057. Although these
estimates might have encouraged focusing on deletion
heterozygotes that differed from control by = 5%, as
noted above in Tests of Anesthesia Sensitivity, each de-
letion heterozygote was tested with 4-5 times fewer
flies than the control. This fact, which reflected the need
to manage the manpower cost of the project, meant that
the proportion of flies that failed the distribution test
was less precisely determined for the deletion than the
control heterozygotes. Accordingly, we expanded the
“gray zone,” in which we ignored potential differences
between lines, to include ECs, values that differed from
control by £10%.

Lines that passed this initial test were retested by using
fresh offspring from the cross. This eliminated about half
of the initial candidates and focused our attention on 12
of the 220 lines. These were subjected to a final evalua-
tion, in which one set of vials (comprising 24 to 48
animals) was tested at four concentrations of halothane
(0.10%, 0.20%, 0.30%, and 0.35%), and a second set of
the same genotype was tested at four higher concentra-
tions (0.40%, 0.50%, 0.60%, and 0.70%). The eight lines
that differed from control in this evaluation were subse-
quently evaluated in separate rounds of testing for sen-
sitivity to enflurane, isoflurane, and sevoflurane.

Statistical Analysis

All statistical comparisons were made on the basis of a
logit analysiszo of 8-point concentration-response curves
using a commercial software package (SPSS Inc, Chi-
cago, IL). The input for such analyses were experiments
performed in parallel on a group of deletion heterozy-
gotes and the relevant control heterozygote. The output
consisted of maximum likelihood estimates for two pa-
rameters that describe concentration-response curves.
The first parameter characterized the slope or steepness
of the curves; here, a single value was calculated that
best fit all the lines tested. The second parameter pro-
vided distinct estimates of potency for each line. These
were presented in two forms: (1) ECs,, values and 95%
confidence limits for each strain; (2) potency ratios
(ECs, for strain x/ECs, for strain y) and 95% confidence
limits for each pair of strains. The shift in EC5, was
calculated from the control heterozygote/deletion het-
erozygote potency ratio (R) as 100 X [(1/R) — 1]. The
95% confidence limits on this shift were similarly calcu-
lated from the corresponding limits provided for R. Sig-
nificant differences were assigned to those deletion het-
erozygotes for which the confidence limits on the shift
in ECs, from that of the control heterozygote were
entirely above or below zero. For the rescue construct
strains, significant differences between relevant pairs
were assigned if the confidence limits on their ECs,
values did not overlap.
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Fig. 3. A survey of the effect of copy number variation (CNV) on
halothane potency. EC,, values for 220 deletion heterozygotes
were estimated as described in Materials and Methods. Each
strain was assigned a rank on the basis of the percentage dif-
ference between its EC;, value and that determined in parallel
for the control strain. The figure presents these differences as a
function of rank number. Note that at least 90% of the strains
cannot be reliably distinguished from control line because the
shift in their EC,, falls within the region of experimental un-
certainty (gray shading).

Results

Our study was made possible by the existence of a
collection of Drosophbila strains bearing chromosomal
deletions.® Many of these variants were crossed to a
laboratory stock to generate a large set of deletion het-
erozygotes, each distinguished by a single contiguous
block of genes in which copy number was reduced from
two to one. We exposed each of these strains to a few
concentrations of halothane and measured the effect of
the drug on the ability of flies to right themselves and
climb after a brief mechanical shock.'®© From this, we
estimated an ECs, value and compared it to the compa-
rable value for a control strain. As seen in the overview
shown in figure 3, the vast majority of strains have ECs,,
values that fall into the range that cannot be reliably
distinguished from the control; if CNV in these strains
produces an effect on anesthesia, it is too small to be
detected by our methods. We conclude that, at least in
this model organism, subtle changes in gene expression
are not a ubiquitous source of variability in anesthetic
responsiveness.

It is also evident from figure 3 that, against the feature-
less background formed by most of the strains, a few
deletion heterozygotes appear to show significant effects
of CNV on the response to halothane. We retested these
outliers; those that held up were then studied over a
wide range of concentrations. As typified by the exam-
ples shown in figure 4, this proved that several strains
have bona fide alterations in halothane EC,. A few facts
stand out from the detailed examination of the outliers
that we have studied most carefully (table 1). First, none
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Fig. 4. Representative concentration-response curves for the
halothane-induced loss of the righting/climbing reflex. The
data for the control strain (+/+) and two deletion heterozy-
gotes (+/EDI1 and +/ED4065) were fitted to the logistic func-
tion, resulting in a common slope coefficient of 7.9 and EC,,
values, respectively, of, 0.40, 0.46, and 0.32.

of the effects are large. Although we have examined
deletions that span over half of the fly genome, the
biggest shift in ECs,, seen is approximately 25%. Second,
relative resistance to halothane is detected with similar
frequency to halothane hypersensitivity. The rough par-
ity between increased and decreased sensitivity argues
that CNV is not just making flies sick, because this would
be expected to favor hypersensitivity. Third, as de-
scribed in Materials and Methods, the initial screen used
strains that were heterozygous not only for a deletion
but also for a strong allele of a gene (na) that influences

Table 1. Summary Information on Deletions with Unequivocal
Effects on Halothane Sensitivity

Location of Deletion

Strain (Chromosome Arm:  Deletion A Potency
Designation Genomic Coordinate) Size (bp) (95% CL)
+/ED4065 2R:20290189 540,173 -19.7% (-13.0 to -26.9)
+/ED5495 3R:5996223 716,259 -25.0% (-15.6 to —35.9)
+/ED2247 2R:7487611 388,614 -16.7% (-10.2 to -23.6)
+/ED2308 2R:8667875 216,614 -16.6% (-10.1 to —23.5)
+/ED1725 2R:3501429 542,121 +9.9% (+4.9to +15.4)
+/ED1715 2R:3214456 589,972 +9.2% (+4.2 to +14.5)
+/ED1 2R:12914232 70,595 +16.1% (+10.6 to +22.5)
+/ED2751 2R:12744676 240,132 +15.6% (+10.1 to +21.8)

The designated name indicates that the tested strains are heterozygotes
between a strain without a deletion (+) and a strain (ED#) from the DrosDel
collection carrying a deletion with the indicated number. The startpoint of
each deletion is given with reference to the coordinate system of Drosophila
Genome Release 5.1 (GenBank Accession AE013599.4 and AE014297.2). The
change in potency of the deletion heterozygotes relative to the control het-
erozygote (+/parental ED line with no deletion) is deduced from eight-point
concentration-response curves. These values, together with their 95% con-
fidence limits (CL), are calculated as described in Materials and Methods from
the potency ratios derived from a logit analysis of the data.
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Table 2. Transgenic Rescue of the Anesthesia Phenotype in a
Deletion Heterozygote

Deletion Halothane

Carried by Content of Transgene ECs0, VIV%

Row Parent 1 Carried by Parent 2 (95% CL)
1 None None 0.388 (0.378-0.399)
2 ED1 None 0.434 (0.423-0.446)
3 ED1 2R:12945571-12967489  0.426 (0.415-0.437)
4 ED1 2R:12973364-12988824  0.373 (0.364-0.384)

Each row of the table contains information about a line of flies made by
crossing a strain from the DrosDel collection (either the parental stock or the
ED1 deletion derived from it) to a transgenic derivative of the Canton-S strain
(for a diagram of the crossing scheme, see fig. 1). The transgene either
consisted of an empty vector (rows 7 and 2) or (in rows 3 & 4) the same vector
modified by the addition of a segment of the region deleted in ED1 (see fig. 2
for an outline of this construction). The potency with which halothane de-
pressed the climbing ability of the offspring from these crosses was deter-
mined from eight-point concentration-response curves and is expressed as
an ECyq value. Comparison of the ECsq values in rows 2 and 4 shows that an
extra copy of an approximately 15-kb region can restore the sensitivity of an
ED1 heterozygote to a level that is indistinguishable from that of wild-type flies
(row 1). The specificity of the rescue is demonstrated by the failure of a
different segment from the ED1 region to produce this effect (compare rows
2 and 3).

anesthetic sensitivity in flies. However, in no case did we
find a deletion whose effect was the result of a genetic
interaction with the na gene, and the data in table 1
therefore come from strains that were simply heterozy-
gous for the indicated deletion. If there are genes that
interact with na, more sensitive methods will have to be
used to find them. Fourth, most of the deletions that
yielded a reliable phenotype map to one chromosome
arm, but all the arms of the fly genome were well
represented in the set of tested deletions. Therefore,
even if one assigns a single count to pairs of very tightly
linked hits, the distribution appears to be nonrandom.
Although we have no clear explanation for this phenom-
enon, we wonder if the centromere-proximal portion of
2R (the locus of six of the seven hits in this arm) is less
able than other regions to compensate for reduced gene
dosage.*!

Taken at face value, the data shown in table 1 and
figure 4 suggest that CNV has a definite influence on
anesthesia. However, an alternative hypothesis is that
the anesthetic phenotype of the listed strains is not the
result of the deletions they contain but of adventitious
mutations that they harbor. Such mutations might have
been introduced during the original construction of the
deletion line® or might have arisen in the deletion line
during subsequent passages.”” We have used two strat-
egies to confront this possibility. The first is based on the
rationale that, if a deleted region is responsible for the
anesthetic phenotype, then putting an extra copy of that
region at some other location in the genome should
reverse the phenotype. Indeed, a transgene bearing a
portion of the region missing in ED1 fully reverses the
halothane resistance associated with this deletion (table
2). The larger size of the other deletions in table 1
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encumbered the rescue strategy and prompted the use
of a complementary approach; if the original effect is
actually the result of removal of one or more genes from
the indicated region, then the effect should be recapit-
ulated by a different deletion that also removes this
critical block. Accordingly, for several of the regions
implicated in table 1, we acquired and tested indepen-
dently derived strains'’ that contain deletions with at
least one endpoint in the region of interest. Figure 5
provides an example of this approach by comparing the
effect of a deletion from the original collection
(ED2308) with the effect of independently derived de-
letions that remove DNA from the same chromosomal
region. A comparable level of halothane hypersensitivity
is observed in each case; a similar outcome has been
obtained after examination of deletions from within the
region of reduced copy number in strains ED4065/+
and ED2247/+ (Dongyu Guo, Ph.D., Research Fellow,
Laboratory of Molecular Biology, National Institute of
Mental Health, Bethesda, Maryland; verbal communica-
tion, July, 2008). Although some of the deletions of table
1 have not been examined with either strategy, the
success of our initial trials indicates that adventitious
mutations do not seriously confound the conclusion that
variation in gene copy number produces significant
changes in halothane sensitivity.

Diverse volatiles often display differential effects on
molecular and cellular systems.?>~>° Reflecting this com-
plexity, previous studies have found that the effect of a
point mutation on sensitivity to one anesthetic is not a
good predictor of its effect on other volatiles.’**” To see
if the subtler effects of CNV also display agent-specific-
ity, we tested the strains described in table 1 for sensi-
tivity to anesthetics other than halothane. On the one
hand, some of the dosage-sensitive regions, (e.g., that
which is deleted in ED4065) affect all volatile agents
equivalently (table 3). This could imply the presence of
genes within the deleted segments that contribute to
processes affected by all agents, but it is hard to rule out
the possibility that uniform hypersensitivity is merely the
result of subtle defects in baseline locomotor perfor-
mance that are enhanced under the stress of anesthesia.
On the other hand, some CNVs show clear evidence of
agent-specificity and thus, by definition, cannot have
suffered a change in baseline performance. For example,
the segment deleted in ED2247 seems important for
sensitivity to halothane and enflurane but not isoflurane
and sevoflurane (table 3). In these cases, it appears that
there are genes for which expression is limiting for the
operation of neural circuits that are disparately affected
by different volatile agents. A powerful way to find such
circuits is to identify the critical genes within the deleted
segments and to then determine where they must be
expressed to influence anesthesia sensitivity.
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Fig. 5. Hypersensitivity to halothane associated with multiple deletions involving one region of the genome. (4) An overview of a
540-kb segment of chromosome arm 2R. Beneath the scale ruler is shown the rough position of genes predicted§ to lie in this region,
the extent of the DrosDel ED2308 deletion described in table 1, and the extent of two independently derived deletions from the
Exelixis collection. (B and C) Concentration-response curves. The tested lines were generated by crossing the Canton-S wild-type
strain to the indicated deletion strain or, in the case of the control heterozygotes, to the parental line from which the deletion was
derived. Halothane sensitivity was assessed as described in Materials and Methods. Compared to the corresponding control line
(+/+), there is a leftward shift in the EC,, value of the DrosDel deletion heterozygote (B) and both of the heterozygotes made with
deletions from the Exelixis collection (C). The magnitude of this shift for +/ED2308, +/Exel8056, and +/Exel7123 is 16.6%, 17.7%,
and 17.3%, respectively.
§ Available at: http://flybase.org/cgi-bin/gbrowse/dmel/?name = 2R:8490000.9029346); Accessed December 29, 2008.

Discussion anesthetics and thus focus attention on this recently
appreciated type of polymorphism.
In this work, we have used genetically engineered CNVs are thought to arise by “unequal crossing-over”,

strains of Drosophbila to mimic the kind of variation in  i.e., recombination between perfect or near-perfect re-
gene copy number that is found in the human popula-  peats that are located 10-1000 kb apart.”® Repeated
tion. Our results show that a small fraction of such DNA is a common genomic feature, and homologous
variants do have a significant impact on sensitivity to recombination is part of the normal process of meiosis;

Table 3. Spectrum of Anesthetic Effects in Deletion Heterozygotes that Show an Altered Sensitivity to Halothane

Strain/Genotype Enflurane Isoflurane Sevoflurane
+/ED4065 —27.0% (-20.1 to -34.2) —28.7% (-22.7 to -35.3) —20.3% (-16.0 to —24.9)
+/ED5495 -13.2% (-7.8 to -19.7) -13.1% (-9.5 t0o -16.9) —22.1% (-18.0 to —26.6)
+/ED2247 -14.7 (-9.1 to -21.7) +0.3% (4.7 to +6.0) +0.7% (2.9 to +4.7)
+/ED2308 -10.1% (-5.1 to -15.3) -1.7% (-4.3 to +0.9) -7.0% (-3.6 to -10.4)
+/ED1725 +2.9% (2.2 to +8.5) +2.7% (0.0 to +5.6) 0.0% (-3.8 to +3.6)
+/ED1715 +1.3% (-3.8 to +6.8) +2.4% (-0.3 to +5.3) -3.2% (-6.7 to +0.4)
+/ED1 —2.8% (-7.7 to +2.2) +1.0% (-1.6 to +3.7) -0.9% (-4.5to +2.9)
+/ED2751 -14.4% (-9.2 to —20.0) +1.0% (-1.6 to +3.7) —2.6% (-6.1 to +1.0)

The strains described in table 1 were tested for sensitivity of the righting/climbing reflex to enflurane, isoflurane, and sevoflurane. The protocol for testing was
exactly as described in Materials and Methods for construction of concentration-response curves for halothane, except that the following sets of concentrations
were used. For enflurane: 0.10%, 0.20%, 0.30%, and 0.35% plus 0.40%, 0.50%, 0.60%, and 0.70%. For isoflurane: 0.10%, 0.20%, 0.30%, 0.40%, and 0.43%
plus 0.45%, 0.48%, 0.50%, and 0.60%. For sevoflurane: 0.10%, 0.30%, 0.50%, 0.60% and 0.75% plus 0.65%, 0.70%, 0.78%, and 0.90%. For each of these
agents, the percent change in potency from the control heterozygote and the 95% confidence limits (CL) on this value, calculated as in table 1, is given.
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therefore, it is expected that CNVs will be generated
with considerable frequency. One might have imagined
that selection pressures would severely limit the survival
of such variants, so the surprise from recent studies of
these aberrations is their prevalence. A recent hybridiza-
tion study designed to examine this issue stringently for
30 individuals found approximately 1,000 instances of
CNV,? consistent with the frequency found in the two
individuals whose entire genome has been scrutinized
by DNA sequencing.”>° Although spontaneous CNVs
have also been found in Drosophila,®">* the deletions
used in our study were made by expression of a foreign
site-specific recombinase to promote unequal crossing-
over between selected repeats that had been artificially
placed in the genome.” Nevertheless, in terms of size
and ubiquity, the deletions we used in this paper mimic
CNVs found in nature.

The conventional rationale for expecting a close rela-
tionship between copy number of a gene and its expres-
sion is straightforward: (1) gene expression is often
limited by the amount of message per cell, and (2) for a
given concentration of active RNA polymerase in a cell,
transcription is often limited by the amount of tem-
plate.>®> The classic evidence supporting this rationale
was the discovery that amplification of the dihydrofolate
reductase (DHFR) gene in cultured mouse cells is accom-
panied by a corresponding increase in DHFR message
and, ultimately, enzymatic activity.>* Similarly, amplifica-
tion of an esterase gene in mosquitoes is associated with
a corresponding increase in expression.” Despite the
abundant historical evidence for correlation between
copy number and gene expression, it must be acknowl-
edged that the coupling is not perfect. For example, in a
recent study of gene expression phenotypes, for some
90 human genes that displayed CNV, the correlation
coefficients relating expression level and copy number
were generally low.>® The weak association may result in
part from the methodology used in such a large-scale
study, but it could also reflect the operation of compen-
satory mechanisms that blunt the effect of a two-fold
change in copy number on message level.?! Neverthe-
less, the association of CNV with disease states® proves
that compensation is not uniformly effective, and reduc-
tion in gene copy number can produce significant changes
in human health. Similarly, classic studies of segmental
aneuploidy in Drosophila provide many examples of a
tight coupling between the expression of an enzyme and
the copy number of its encoding gene.>” It therefore seems
reasonable to infer that the effects on anesthesia that we
have observed upon reduction in the copy number of
certain regions of the genome are the result of reduced
expression of genes that lie within that region.

Much work will need to be done to identify the critical
genes that lie within the haplo-insufficient regions. How-
ever, the process has begun for a few such regions and
has resulted in a narrowed focus within the deleted
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segment. This advance is a side benefit of the tests we
used to confirm that the observed anesthesia effects
were indeed the result of reduced copy number of genes
in the relevant segment. For example, the two deletions
used to challenge the ED2308 region remove partially
overlapping segments of the genome (fig. 5). Although
we cannot rule out more complex possibilities, the sim-
plest interpretation of this result is that a critical gene
whose expression is responsible for the dosage-sensitive
effects on halothane sensitivity lies in the relatively small
region of overlap between these two deletions. An even
sharper focus is provided by the successful transgenic
experiment used to query the ED1 region. Specifically,
the data of table 2 clearly indicate that the critical gene
responsible for the CNV effect of the ED1 deletion is one
of the three that are carried by the rescue construct.
Modification of the rescuing transgene to eliminate each
of these genes in turn offers a straightforward, albeit
laborious, method to refine this hypothesis.

Another issue addressed by our dissection of haploin-
sufficient regions concerns the magnitude of the ob-
served changes in anesthetic sensitivity. We have noted
that CNV effects are not large. Could this be the result of
a limitation inherent in our methods (e.g., the testing of
flies at monotonically increasing concentrations)? This is
clearly not the case; when studying null mutants rather
than heterozygotes, the same methods have detected
larger shifts in sensitivity.'>'? Moreover, even though
the CNV effects are modest, they are not trivial. The
steep slopes of anesthetic concentration-response
curves mean that even modest changes in potency can
produce wholesale changes in population behavior.*®
Nevertheless, the magnitude of the CNV effect suggests
that anesthesia is well buffered against subtle changes in
gene expression. Before accepting this interpretation,
one should also consider the possibility that the true
effect of CNV is obscured because deletions may remove
genes with opposite influences on anesthesia. According
to this scenario, the observed phenotype of a given
deletion reflects a haphazard balance between the con-
flicting effects of reducing copy number of two antago-
nistic genes. If this were the case, a larger effect might
be seen when a particular region of interest is reanalyzed
with deletions that only remove part of it. However,
such an enhancement was seen neither with the dele-
tions used to subdivide ED2308 (fig. 5) nor with those
that subdivided other intervals from table 1 (Dongyu
Guo, Ph.D., Research Fellow, Laboratory of Molecular
Biology, National Institute of Mental Health, Bethesda,
Maryland; verbal communication, July, 2008). Similarly,
table 2 shows that adding back the genes from the
segment of the EDI region that confers resistance to
halothane does not unmask a hypersensitivity to the
drug caused by reduced copy number of genes in the
remainder of this region. Although these observations
cannot conclusively eliminate the possibility that effects
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of copy number reduction on anesthesia are blunted by
simultaneous manipulation of pairs of genes with oppo-
site effects, our experience suggests that this scenario is
uncommon.

At the outset of this work, we could not make a
confident prediction either about the frequency with
which deletion heterozygotes would show effects on
anesthesia or about the magnitude of such effects. On
the one hand, we worried that compensatory mecha-
nisms>' might commonly obscure the effect of reduction
in copy number on gene expression. Moreover, even
if compensation was not prevalent, we wondered
about redundancy in the neural pathways affected by
anesthetics. Taken together, these factors made it
seem possible that none of the 220 deletion heterozy-
gotes would generate a reliable phenotype, an out-
come that would lead us to the conclusion that CNV
had little or no impact on anesthesia. On the other
hand, we were aware that Drosophilists have long
used changes in copy number of one gene to enhance
effects of a mutation in another gene.>* Anesthetics
are known to undermine the function of many gene
products; therefore, we suspected that each of these
effects could be subject to enhancement by a separate
change in copy number. Moreover, the behavioral
endpoint used for our study is obviously the result of
many complex locomotor actions, each of which must
depend on the functioning of many genes. Reduced
copy number of these genes could have effects on
locomotor ability too subtle to detect in the absence
of anesthesia, but the drug might make them evident.
Thus, it also seemed possible that the majority of
deletion heterozygotes would have a dramatic anes-
thetic phenotype, leading us to conclude that CNV
had a major effect on anesthesia. Our results inform us
that the actual effects of CNV fall between these
extremes. Changes in copy number thus take their
place alongside point mutations and transposon inser-
tions as part of the spectrum of genetic aberrations
that significantly influence anesthesia in flies.*® Cur-
rent efforts are exploring how CNV influences the
effectiveness of various drugs in patient popula-
tions.*® Our experience with Drosophbila suggests that
it would be worthwhile to include volatile anesthetics
in such studies.
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