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Most phenotypic diversity in natural populations is characterized
by differences in degree rather than in kind. Identification of the
actual genes underlying these quantitative traits has proved
difficult'~. As a result, little is known about their genetic archi-
tecture. The failures are thought to be due to the different
contributions of many underlying genes to the phenotype and
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Figure 1 Analysis of the high-temperature-growth phenotype (Htg). a, Qualitative
differences measured by colony size; b, quantitative differences in growth measured by
competition assay after 48 h at 30 and 41 °C: () S1029, an Htg~ S288c strain, (ii)
YAGO40, an Htg*™ YJM145 strain, and (iii) XHS123, a YJM145/S288c hybrid. Bars indicate
s.e.m. (n=6).

the ability of different combinations of genes and environmental
factors to produce similar phenotypes®’. This study combined
genome-wide mapping and a new genetic technique named
reciprocal-hemizygosity analysis to achieve the complete dissec-
tion of a quantitative trait locus (QTL) in Saccharomyces cerevi-
siae. A QTL architecture was uncovered that was more complex
than expected. Functional linkages both in cis and in trans were
found between three tightly linked quantitative trait genes that
are neither necessary nor sufficient in isolation. This arrangement
of alleles explains heterosis (hybrid vigour), the increased fitness
of the heterozygote compared with homozygotes. It also demon-
strates a deficiency in current approaches to QTL dissection with
implications extending to traits in other organisms, including
human genetic diseases.

We chose the high-temperature-growth phenotype (Htg),
common to clinically derived yeast isolates®'® as a quantitative
trait, because this ability is correlated with virulence in studies of
infected mice''. We selected two S. cerevisiae genetic backgrounds
for study. YJM145 is a homozygous diploid strain® that was
generated from a heterozygous clinical isolate obtained from the
lung of an AIDS patient'. In contrast, $288c, a commonly used
haploid laboratory genetic background for which the whole genome
sequence is known, was derived from a strain isolated from a rotten
figh.

The respective Htg phenotypes of YJM145, S288c and a diploid
hybrid of the two strains (designated YJM145/S288c) were deter-
mined by using a colony-size assay (Fig. la) and a quantitative
competition assay (Fig. 1b). Both assays showed that a diploidized
S288c strain grows poorly at high temperature (Htg") relative to
YJM145 (Htg"). In addition, both assays demonstrated that the
hybrid displays heterosis. These data suggested that Htg is co-
dominant and that both the clinical and the laboratory genetic
backgrounds contain alleles that contribute to the Htg" phenotype
of the hybrid.

To analyse the heritability of the Htg phenotype, we sporulated a
hybrid that was generated by crossing YJM789, a haploid strain
isogenic with YJM145, with S96, a haploid strain isogenic with
S288c. Each haploid progeny (segregant) was tested for growth at
41 °C with the use of the colony size assay. The segregants exhibited a
wide range of Htg phenotypes, but, interestingly, none of the
segregants were as Htg" as the hybrid. Only 104 of 960 segregants
(240 tetrads) were at least as Htg" as YJM789 and were selected for
further analysis. At this Htg" threshold, defining Htg', the 1:9
inheritance ratio predicted at least 3.2 underlying genetic loci (1/9
= 1/2’%). However, because Htg is quantitative and could be
conditioned by combinations of alleles that are each neither
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Figure 2 Detection by genome-wide mapping and detailed analysis by fine-structure
mapping of the chromosome XIV Htg QTL. a, Calculated probability assuming random
segregation (y-axis) for 3,444 markers in a whole-genome allglic variation scan of 19 Htg*
segregants, shown here for chromosome XIV. A region with low probability was identified
between bp 434,194 and 485,856. b, Relative-risk plot representing the fine-structure
map of the low-probability region. From 104 Htg* segregants, the recombination
breakpoints defining an interval with high relative risk were placed to within 32 kb

(bp 445,003—-477,059 of chromosome XIV).

necessary nor sufficient, the prediction of an exact number of loci is
impossible.

A QTL mapping strategy was devised to detect the major Htg"
contributors from either genetic background. To identify DNA
markers, total genomic DNAs from YJM789 and S96 were hybri-
dized separately to Affymetrix high-density oligonucleotide arrays
containing several probes to every open reading frame (ORF) of the
yeast genome'*". A total of 3,444 biallelic markers were identified
from probes with decreased signal strength in YJM789 relative to
S96—DNA hybridizations, yielding an average marker spacing over
the entire genome of 3,504 base pairs (bp), corresponding to an
average genetic distance of 1.2 centimorgans (cM).

To maximize the ability to detect QTLs by genotyping the
extreme phenotype progeny'’, 19 of the selected 104 Htg" segregants
were analysed in genome-wide scans. Genomic DNA from each
Htg" segregant was hybridized to a high-density oligonucleotide
array. The most probable parental origin for each DNA interval was
determined from the hybridization signal. Meiotic recombination
breakpoints were identified and compared for all Htg" segregants, to
find genomic intervals inherited from the same parent in a sig-
nificant number of segregants. Two intervals with a low probability
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(P) of random segregation were identified: one on chromosome
XIV (51.6 kilobases (kb) in size, P = 1/30,000) and one on chromo-
some XVI (8.1 kb, P = 1/20,000).

To confirm the heritability of both intervals and to define
precisely the QTL regions, the inheritance of multiple markers in
all 104 Htg" segregants was examined. With the use of denaturing
high-performance liquid chromatography (DHPLC), 21 markers in
the chromosome XVTI interval and 28 markers in the chromosome
XIV interval were identified and genotyped. The chromosome XVI
QTL had a low but significant level of Htg" association: of 104 Htg"
segregants, 66.7% inherited YJM145-derived alleles in an interval
between 298,521 and 301,584 bp. This percentage translated to a
relative risk of 2.1, namely the probability of being Htg" is increased
2.1-fold if a strain carries the YJM145-derived rather than the
S288c-derived alleles for this interval. Given its low relative risk,
the chromosome XVTI interval was not examined further.

A far greater Htg" association was identified for the chromosome
XIV QTL: 96.2% of the Htg" segregants inherited the YJM145-
derived alleles, yielding a relative risk of 30.6. A peak of 14.9 kb was
mapped inside a larger interval of 32 kb (Fig. 2). Interestingly, the
interval size was larger than the expected ~6kb or 2 cM, based on
the almost 100% Htg" association (200 cM/104 segregants)"”.

Two lines of evidence further strengthened the association of the
chromosome XIV interval with Htg". First, random segregants from
the same cross displayed random segregation of the QTL'. Second,
DHPLC analysis of 64 Htg" segregants from a similar cross between
an Htg™ S288c background strain and an unrelated Htg" clinical
strain, isogenic with YJM421%, showed 87.5% Htg" association
(position 468,445) (L.M.S. and J.H.M., unpublished data). The
high but incomplete association of the chromosome XIV interval in
both crosses confirmed that it is a major-effect QTL, yet neither
necessary nor sufficient to condition Htg" in the segregants.

To identify the phenotypically relevant alleles, we performed a
detailed sequence analysis of the chromosome XIV interval. In
addition to identifying the differences between YJM145 and S288c-
derived alleles, the purpose of this comparative sequence analysis
was to test the assumption of marker—trait association, namely that
phenotypically relevant Htg" sequence variants would be more
prevalent in Htg' strains than in Htg strains. The entire 32kb
interval (445,003-477,059) was therefore sequenced from six Htg"
and seven Htg™ strains. All Htg" strains are segregants of clinical
isolates (Fig. 3, rows a—f), whereas the Htg strains consist of
common laboratory strains (Fig. 3, rows i and k—m), and segregants
of wine (row g), grape (row h) and distillery (row j) strains. In total,
374 sequence variants were identified that define a phylogenetic
relationship between the strains (see Supplementary Information).

Between YJM789 and S96, 83 sequence variants (1/385 base pairs)
were detected, of which 24 were non-synonymous, including three
insertion—deletions in YNL0O89C (457,139), PMSI1 (473,368) and
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Figure 3 Sequence variations in chromosome XIV QTL between YJM789 (YJM145
genetic background), S96 (S288c background) and five other Htg* and six other Htg~
yeast strains. Each column represents a sequence variant relative to S288c; non-
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synonymous variants are coloured in yellow. Rows a—f show Htg™ strains: YJM789 (a),
YJM326 (b), YIM320 (c), YIM280 (d), YIM421 (g), YIM339 (f). Rows g—m show Htg™
strains: YJM270 (g), YIM269 (h), YIM627 (i), YIM1129 (j), W303 (K), SK1 (), S96 (m).
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YNLO83W (472,573) that encoded two truncated and one extended
protein product in YJM789, respectively. Ten non-synonymous
variants with identical sequences for all Htg" strains were found
in YNL095C, YNL092W, YNLO87W, YNLO83W and MKT1. How-
ever, many of the Htg™ strains shared the same sequences, eliminat-
ing the significance of the association. Low and incomplete levels of
association were also observed for variants in YNL095W, YNLO91W
and PMSI.

In addition to the limited marker—trait association, none of the
genes in the chromosome XIV QTL showed mRNA transcript level
differences of threefold or greater in a genome-wide expression
analysis of YJM789 and S96 at 30 and 37 °C (see Supplementary
Information). Consequently, we developed a new functional assay
named reciprocal-hemizygosity analysis to identify the phenotypi-
cally relevant allele(s).

Reciprocal-hemizygosity analysis is a tool for analysing each allele
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Figure 4 Reciprocal-hemizygosity analysis. a, Comparison between reciprocal YFG7
hemizygotes (a generic gene name). Each block represents a gene. Each hemizygote
carries only a single allele of YFG7 but has an otherwise hybrid diploid genome. Two
different dominant drug markers (open boxes) distinguish between competing reciprocal
strains. b, Reciprocal-hemizygosity analysis of MKT1, END3 and RHOZ2 at 41 °C. For
each gene pair, 12 measurements (7 = 12) were taken to calculate the growth mean
(c.fu. mi™") and s.e.m. ¢, Htg contributions of MKT7-145, END3-288 and RHO2-145
alleles (n = 12). d, Role of S288c-derived alleles in heterosis. Competitions between
YAG040 (Htg* YJM145 background) and the hybrids, XHS122 (END3-145/A) and
XHS123 (YUIM145/5288c) (n = 6). e, Role of YJM145-derived alleles in heterosis.
Competitions between S1029 (Htg™ S288¢ background) and the hybrids, XHS119
(MKT-288/A) and XHS123 (n = 6).
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in a hybrid genetic background. We applied reciprocal-hemizygos-
ity analysis to all 15 genes in the chromosome XIV QTL. Isogenic
pairs of strains were constructed in the hybrid background
(YJM145/S288¢) that differed genetically only in the alleles of one
gene. In each strain one allele of one gene was deleted, producing a
hemizygous diploid carrying either the S288c-derived or the
YJM145-derived allele only (Fig. 4a). With reciprocal-hemizygosity
analysis, we tested whether an allele from one genetic background
was advantageous over that from the other by measuring com-
petitive growth between reciprocal strains.

Because the phenotype is measured in hemizygotes and the
identification of QTL alleles relies on a comparison between
reciprocal strains, the approach also works for essential genes and
is insensitive to potentially confounding gene dosage effects. As
measurements are made in the hybrid strain background, segregat-
ing alleles from both S288c and YJM 145 genetic backgrounds can be
detected in one assay. In addition, segregating alleles inactive in each
single genetic background but functional in combination with
alleles from the other strain background can be discovered.
Although our analysis used only single gene deletions, deletion
combinations can be used to capture potential synergistic effects
contributed by pairs of genes.

All allelic pairs, including the essential gene TOP2, were tested at
30,40 and 41 °C. Strains containing only S288c-derived or YJM145-
derived alleles of YNL095W, YNL094W, YPT53, YNLO92W,
YNL091W, TOP2, YNLO87W, YNLO86Wand YNLO8IC grew equiva-
lently at all temperatures. Htg differences were also not detected
between alleles of YNLO83W and PMSI containing the insertion-
deletions. However, the spot dilution experiments showed growth
differences for MKT1, END3 and RHO2.

RHO?2 overlaps with YNLO89C and these two ORFs cannot be
distinguished by deletion analysis. However, it seems that YNLO89C
is not a true ORF: its transcript was not detected in mRNA
hybridizations to high-density arrays; three stop codons disrupt
the homologous Candida albicans sequence; and a recent computa-
tional re-annotation of the S. cerevisiae genome defined YNL0O89C as
a spurious ORF". We therefore eliminated YNLO89C from further
consideration.

For MKTI1 and RHO2, the YJM145-derived alleles (MKT1-145
and RHO2-145) were found to confer an Htg" advantage. As
determined by the more quantitative plating assay, no significant
phenotypic differences were observed between reciprocal hemizy-
gotes after 48 hours at 30 °C. However, at 40 °C the differences were
significant. At 41°C, a 40-fold growth difference was observed
between isogenic MKT1-145/A and MKTI1-288/A hemizygotes
and a 5.5-fold difference between the respective RHO2 hemi-
zygotes (P <<0.001) (Fig. 4b).

Surprisingly, for END3 the S288c-derived allele (END3-288) and
not the YJM145-derived allele accounted for a 23.6-fold difference
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Figure 5 Comparisons of the protein sequence polymorphisms for identified Htg* genes
among Htg™ and Htg™ strains. Amino acid residues are shaded in grey when identical to
the Htg™ allele sequence. Residues are marked with an asterisk if they are different
between the YUJM145 and S288c genetic backgrounds.
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in growth between isogenic END3-288/A and END3-145/A hemi-
zygotes (P <0.001). Although finding an Htg" allele from the
laboratory-derived strain was not predicted by genetic mapping,
the positive contribution of END3-288 to Htg immediately sug-
gested a possible explanation for both the failure to obtain segre-
gants as Htg" as the hybrid and for the heterosis seen in crosses
between S288c and YJM 145 background strains (Fig. 1).

By measuring the relative contribution of each Htg" allele in a
series of competitions between a hybrid (YJM145/5288c) and, in
each case, two hemizygous hybrids that lacked one different Htg"
allele, the contribution of alleles was found to be greatest for MKT1-
145 and lowest for RHO2-145 (Fig. 4¢). As a control, we confirmed
that gene dosage does not affect phenotype: deletion of the Htg™
alleles (MKT1-288, END3-145 and RHO2-288) in hybrid strains and
hemizygous deletions of Htg" alleles in homozygous YJM145
diploid strains had no detectable phenotypic effect (see Supple-
mentary Information).

The identified Htg" alleles are not sufficient to explain the
contribution of each genetic background to heterosis. END3-288
is a significant contributor to the Htg" phenotype of the hybrid, as
its removal eliminated 48% of the growth advantage of the hybrid
over YJM145 (Fig. 4d). However, the remaining Htg" phenotype of
the END3-145/A hemizygote suggests the presence of at least one
other Htg" S288c-derived allele. Removal of MKTI-145, the more
significant of the two identified YJM145 Htg" contributors, elimi-
nated 51% of the growth difference between the hybrid and the
laboratory strain (Fig. 4e). Consistent with the already identified
RHO2-145 allele, the remaining Htg" phenotype suggests the
presence of additional YJM145-derived QTLs.

The fact that neither of the identified alleles is necessary or
sufficient is also consistent with a comparison of the protein
sequences between Htg" and Htg™ strains. There are missense
variants in Htg" alleles that are common in both populations
(Fig. 5) and there are Htg™ strains with Htg" protein sequence
variants and some with proven Htg" functionality (such as END3-
2881in $96) and vice versa. The lack of a single haplotype for all Htg"
strains indicates that different allele combinations might contribute
to Htg in different strains. These results are striking in view of the
fact that the lack of differences in mRNA levels in these genes, and
the lack of gene dosage effects on Htg, indicate that the Htg
phenotype might be caused not by differences in transcription but
by changes in protein function. Whereas the function of Mktlp is
unknown, apart from its role in the maintenance of the M2 double-
stranded RNA virus above 30°C (ref. 19), End3p and Rho2p are
involved in the cytoskeleton.

Finding three Htg" alleles in a single mapped QTL provided
immediate explanations for several observations. The two
YJM145-derived contributors explain the detection of the QTL,
their linkage in cis explains the larger than expected map interval,
and the identification of the additional S288c-derived contributor
in trans explains heterosis. The fact that neither single allele is
necessary or sufficient for Htg" explains the lack of marker—trait
association.

These findings indicate that existing approaches to quantitative
traits demand re-evaluation. Combinations of both common and
rare variants are likely to underlie quantitative traits and the
number of genes could be far greater than expected. If closely
linked loci are common, current single-gene-per-locus approaches
might have intrinsic deficiencies. Although narrowing an interval in
the hope of achieving a map interval that approaches a single point
might serve to locate the major contributor, the effects of neigh-
bouring genetic factors could be missed. In addition, many QTLs
located throughout the genome might not be detected because of
their small effect or their location in trans with another QTL allele. A
more comprehensive approach to QTL dissection therefore needs to
include one in which multiple genes can be tested individually and
in combination. The reciprocal-hemizygosity analysis has the
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potential of being applied genome-wide in model organisms. By
using drug resistance markers in combination with molecular
barcode tags®, it might be possible to expand our analysis to
measuring the phenotypic contribution of all allelic differences
between two yeast genomes in a single step. |

Methods

Yeast growth media and strain construction

YPD medium, containing G418 (200 ug ml™"), hygromycin B (300 wg ml™") or nourseo-
thricin (100 pu.g ml™), was used to select strains with kanMX4, hphMX4 and natMX4
dominant drug-resistance markers*"**. Haploid $288c background strains were
diploidized®. All deletion mutations were constructed in diploids by replacing specific
ORFs with dominant drug-resistance cassettes”"’; homologous integration was verified by
colony polymerase chain reaction (PCR)* at both ends of integrated cassettes. Reciprocal
hemizygous diploid strains were made with different, phenotypically neutral*’ dominant
drug markers to distinguish between competing strains. As a test of reproducibility, ORFs
were replaced with both hphMX4 and natMX4 cassettes.

To construct isogenic hemizygous diploids containing only S288c-derived or only
YJM145-derived alleles of specific genes, diploid S288¢ and YJM145 background strains
carrying lys2 or lys5 mutations, with and without a hemizygous deletion of a gene (see
Supplementary Information), were sporulated®. To generate reciprocal pairs, spore
suspensions from homozygous $288¢ and hemizygous YJM145 background diploids were
mixed and vice versa. Mixtures were incubated overnight at 30 °C on YPD medium to
allow mating between haploid spores, and then replica-plated onto SD medium to select
for Lys" diploids. Lys" diploids were streaked onto the appropriate drug plate to isolate
YJM145/S288c diploids hemizygous at a specific gene. See Supplementary Information for
a table of strains.

Phenotypic determination of high-temperature growth

Colony size® measured in duplicate was primarily used to determine the Htg phenotype of
segregants, because Htg was more reproducible on plates than in liquid culture. After
growth overnight at 30 °C, strains were streaked onto fresh YPD plates to obtain single
colonies. After incubation for 48 h at 41 °C, colony size was compared with that of a
YJM789 control; measurements above this threshold were defined as Htgﬂ

In reciprocal-hemizygosity analysis, one hemizygote carrying only an S288c-derived
allele and another carrying only a YJM145-derived allele of a gene were competed, each
marked with a different dominant drug marker. Each hemizygote in a pair was grown
separately overnight at 30 °C in liquid YPD; cells from both cultures were mixed and
diluted to ~10° cells ml™". A 1 ml sample of this cell mixture (plus 4 ml sterile water to
improve cell dispersal) was placed onto nitrocellulose filter papers 90 mm in diameter and
with a pore size of 0.22 wm; the vacuum-dried filters were put on YPD plates and
incubated at 30, 40 and 41 °C for 48 h. After incubation, the cells were recovered in 5ml
sterile water and tenfold serial dilutions were spotted onto drug plates. The dilution factor
at which no growth was observed was compared for each hemizygote in a pair. For all genes
in the Htg region, this serial-dilution-spotting assay was performed twice with each of two
pairs of hemizygous diploids (dominant drug markers swapped).

In addition to the parental strains in Fig. 1, the RHO2/A, MKT1/A and END3/A
hemizygotes, which showed allele-specific Htg differences in the dilution-spotting assay,
were compared by spreading the dilutions of the suspensions to single colonies onto
different drug plates that were incubated at 30 °C for 48 h. After incubation, the numbers
of colonies growing on each drug plate were counted to calculate colony-forming units
(c.fu.) ml™. These competitions were performed twice with each of four pairs of
hemizygous diploids to calculate growth means and their standard errors.

Genetic typing and expression analysis

For genome scans, total genomic DNA was fragmented, labelled and hybridized to
Affymetrix Ye6100 yeast arrays. Biallelic markers were determined by the decreased
hybridization efficiency of YJM789 relative to S96 (ref. 14). Additional markers for fine-
structure mapping were identified and genotyped by DHPLC™. Dideoxy sequencing was
performed on ~600-bp PCR products tiled over the 32-kb interval with ~50 bp overlaps
with the use of big dye terminators. Gene expression analysis was performed on Affymetrix
Ye6100 yeast arrays from cultures grown in liquid YPD medium to 2 x 107 cells ml™;
mRNA was processed as described”.

Statistical analysis

The Htg" segregant set included pairs from the same tetrad and segregants from unrelated
meioses. To increase mapping power, segregant pairs were favoured for the genome-wide
scan. The probability of observing a given marker segregation by chance was calculated as a
product of multinomial and binomial probabilities that took into account the presence of
Htg" segregant pairs:

p= (n—l)(1/6)“(2/3)'”(1/6)‘C(m, 2"

alblc!

given the number of segregant pairs n, of which b have different genotype, a the same
YJM789 genotype, and ¢ the same S96 genotype, and given the number of unrelated
segregants m, of which k have the YJM789 genotype. Relative risk r was estimated,
assuming that the risk for Htg" is independent for segregants of a pair, by maximizing the
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likelihood function:

2 a 4r b 1 ¢ ’ k 1 m—k
Prar+1) \P+4ar+1) \P+ar+1) \r+1) \r+1

where r represents the ratio of Htg" probability given YJM145 genotype over that given
$288c¢; other variables as above. For Htg competitions, t-tests were performed to
determine the significance of differences in means. Percentage growth deficiency was
calculated as 100(logC—logB)/(logC —logA), where A corresponds to c.f.u. ml™ of the
control, B to that of the hemizygote, and C to that of the hybrid.
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Inhibition of climbing fibres

is a signal for the extinction

of conditioned eyelid responses
Javier F. Medina, William L. Nores & Michael D. Mauk
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A fundamental tenet of cerebellar learning theories asserts that
climbing fibre afferents from the inferior olive provide a teaching
signal that promotes the gradual adaptation of movements'™.
Data from several forms of motor learning provide support for
this tenet'®. In pavlovian eyelid conditioning, for example, where
a tone is repeatedly paired with a reinforcing unconditioned
stimulus like periorbital stimulation, the unconditioned stimulus
promotes acquisition of conditioned eyelid responses by activat-
ing climbing fibres’>. Climbing fibre activity elicited by an
unconditioned stimulus is inhibited during the expression of
conditioned responses’ "' —consistent with the inhibitory projec-
tion from the cerebellum to inferior olive®". Here, we show that
inhibition of climbing fibres serves as a teaching signal for
extinction, where learning not to respond is signalled by present-
ing a tone without the unconditioned stimulus. We used reversible
infusion of synaptic receptor antagonists to show that blocking
inhibitory input to the climbing fibres prevents extinction of
the conditioned response, whereas blocking excitatory input
induces extinction. These results, combined with analysis of
climbing fibre activity in a computer simulation of the cerebellar—
olivary system'*"'S, suggest that transient inhibition of climbing
fibres below their background level is the signal that drives
extinction.

To examine how inhibitory inputs to the climbing fibres con-
tribute to extinction of the conditioned response, we infused the
GABA (‘y-aminobutyric acid) antagonist picrotoxin into the con-
tralateral inferior olive of well trained rabbits undergoing extinc-
tion. Twenty rabbits were initially included in the study, of which
four were found through histological methods to have cannula
placements in the correct region of the inferior olive (two of these
four placements are shown in the left column of Fig. 1d). Thus all of
our figures and findings report data from these four animals.
Rabbits were trained initially for five daily sessions (108 tone plus
unconditioned stimulus trials per session) until they had acquired
robust eyelid responses. Subsequently, each rabbit received a total of
three daily extinction sessions (108 tone alone trials per session)
with a different treatment each day (no infusion, continuous
artificial cerebrospinal fluid (ACSF) infusion, or continuous infus-
ion with picrotoxin (150 wM, 0.1 wlmin™")). To maintain high
response levels before infusion, each extinction session was pre-
ceded by two daily training sessions of the tone plus unconditioned
stimulus. With no infusion or infusion with ACSE, the four rabbits
showed normal extinction of responses within the 108-trial session
(Fig. 1a). In contrast, during intra-olivary infusion of picrotoxin,
the same four rabbits maintained robust response levels throughout
the entire extinction session (Fig. 1b). A within subjects analysis
of variance and subsequent F-test for simple effects revealed that
the rates of extinction for no infusion and ACSF infusions were
indistinguishable (F;; 99 = 0.97, not significant (NS)), and that both
were significantly different from the response rate during picrotoxin
infusion (Fy; 99 = 17.22 (no infusion) and 16.90 (ACSF), P < 0.001)
(Fig. 1c).

Unlike experimental manipulations that abolish responses, block
learning, or cause extinction, this impairment in extinction of the
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