672

18.
19.

20.

21.

22.

actin primers sequences are available on request.
DNA was amplified in a 50 ul of PCR reaction mix-
ture by using 30 cycles at an annealing temperature
of 60°, for yc primers and 68°C for actin primers. A
sample of the amplified product was separated on a
1% agarose gel and analyzed by ethidium bromide
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Localization of a Short-Term
Memory in Drosophila

T. Zars,"*1 M. Fischer,’* R. Schulz,? M. Heisenberg

Memories are thought to be due to lasting synaptic modifications in the brain.
The search for memory traces has relied predominantly on determining regions
that are necessary for the process. However, a more informative approach is
to define the smallest sufficient set of brain structures. The rutabaga adenylyl
cyclase, an enzyme that is ubiquitously expressed in the Drosophila brain and
that mediates synaptic plasticity, is needed exclusively in the Kenyon cells of
the mushroom bodies for a component of olfactory short-term memory. This
demonstrates that synaptic plasticity in a small brain region can be sufficient

for memory formation.

The localization of memory traces has occu-
pied neuroscientists throughout this century
(1). Approaches have ranged from surgical
ablation to mapping localized necessary gene
expression in transgenic animals (2, 3). Until
recently, attempts to localize a memory trace
have relied mainly on determining necessary
brain regions (4). However, in a highly inte-
grated network, other components besides the
one being studied may also be necessary.

In insects, much attention has been paid to
the mushroom bodies as the site for olfactory
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learning (3, 5-8). In Drosophila, they are
made up of about 2500 intrinsic neurons (Ken-
yon cells), receive multimodal sensory input,
preferentially from the antennal lobe to the
calyx, and send axon projections to the anterior
brain where they bifurcate to form the o/,
a'/B’, and <y lobes (9). Noninvasive interven-
tion techniques can provide mushroom body—
less flies. In most respects, these flies show
remarkably normal behavior but are deficient in
olfactory learning (5). Genes important for ol-
factory memory have elevated expression lev-
els in the mushroom bodies (6, 8). Additionally,
the mushroom bodies are necessary for context
generalization in visual learning at the flight
simulator and the control of spontaneous walk-
ing activity (10, 11).

The rutabaga (rut) gene of Drosophila
encodes a type I Ca®*/calmodulin-dependent
adenylyl cyclase (AC). Regulated synthesis
of cyclic adenosine 3’,5'-monophosphate by
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significantly different
from wild-type flies

(dark gray bar; P's < 0.0005). There was no significant difference between rut mutant flies’ Pls
rescued with GAL4 enhancer trap elements 247, c772, 30y, 238y, and H24 and the P[UASGa 4-rut ']
compared with wild-type flies (dark gray and thick diagonal striped bars, respectively; P's > 0.05).
Mutant rut flies' performance was rescued with GAL4 element 201y and the P[UASga 4-rut™] (P <
0.05) but was also significantly lower than the performance of wild-type flies (P < 0.005). GAL4
enhancer trap lines c232, 189y, and 17d with a P[UASg, 4-rut™] did not rescue the rut mutation
(P's > 0.05). Wild-type flies heterozygous for GAL4 enhancer trap elements c232, 189y, and 17d
were not significantly different from wild-type flies (dark gray and cross-hatched bars; P > 0.05).
Bars represent mean Pls; errors are SEMs; n = 6 for all genotypes.
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a type I AC (through Ca* and heterotrimeric
G-protein signaling) is important for learning
and synaptic plasticity throughout the animal
kingdom (4, 6, 8, 12—16). The Drosophila rut
mutation affects all learning paradigms tested
to date and has abnormal synaptic plasticity
at the larval neuromuscular junction (4, 6, 8,
12, 14, 15).

Our approach is built on the assumption
that synaptic plasticity is impaired in general
in rut mutants and that it is this cellular defect
that causes the various learning deficits. Re-
storing rut AC in a spatially restricted fashion
in a defined set of neurons would furnish
synaptic plasticity to only those cells. If in
such flies a learning task is rescued, the cor-
responding memory trace is mapped to the set
of neurons expressing the gene, or a subset of
these.

Olfactory short-term memory was tested
with the apparatus of Tully and Quinn (6). In
this assay, flies are sequentially exposed to
two odorants, one of which is paired with
electric shocks (/7). Shortly after training,
~95% of wild-type flies prefer the odorant
not accompanied by punishment. Mutant rut
flies show significantly lower memory scores
(6, 8) (Fig. 1).

To test whether the olfactory learning de-
fect of the rut mutant was rescuable, we
combined in the ru¢ mutant a P-element ex-
pressing a wild-type rut cDNA under the
control of a GAL4-sensitive enhancer
P[UAS \4-rut*] with a driver transgene
Plelav-GALA] expressing the yeast transcrip-
tion factor in all neurons (/8, 19). This pan-
neuronal expression of rut AC partially restored
olfactory learning in the rut mutant (20). The
incomplete rescue could be due to insufficient
expression levels of the P[UASg,; ,-rut"]

Table 1. The rescue of the rutabaga olfactory
phenotype does not alter electroshock or odorant
sensitivity. Wild-type, rutabaga (rut) mutant, and
resuced flies were tested for responses to both the
electroshock and the odorants used in the learning
experiments. There were no significant differences
between wild-type flies and any mutant or res-
cued rut flies in either assay. The genotype of the
rescued flies is rut/Y; GAL4 line/+; P[UAS,,,-
rut*]/+. Means of six experiments per genotype
are shown plus or minus the SEM.

Shock Odorant
Genotype avoidance avoidance

index index
Canton S 82322 832+ 49
rut 86.0 + 24 869 2.0
247 786 + 4.8 83.0*6.7
c772 69.0 = 5.4 759+ 49
30y 80.0 £ 5.7 96.1+ 1.8
238y 80.4 * 4.1 92.0+ 1.8
H24 87.6 * 3.0 89.6 + 5.8
201y 799 * 3.1 915+ 23
232 81.7 3.0 829+ 45
189y 69.1 74 93.1 34
17d 67.7 + 44 87.9 + 2.1
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transgene, a dominant negative effect of the
Plelav-GALA] element, or a negative effect of
ectopically expressing this transgene.

Several GAL4 enhancer trap lines were

selected for local rescue because of their
expression patterns (see below). Mutant rut
flies with the enhancer trap GAL4 elements
247, ¢772, 30y, 238y, and H24 in combina-

247
c772
30y
238y
H24

= 201y
@
- - »
o » _ TEER 232
v [] i E
onmay | g_l‘ g |9
, . 4 & }‘}h &
FE | FEN oBE™ | WS ey
I l : w v
- - "'. - s
L A S 17d

Fig. 2. Spatial expression patterns in the brain of rescuing and nonrescuing GAL4 enhancer trap
lines with P[UAS., ,-TAU] as a reporter (27). Serial frontal brain sections were examined.
Schematic drawings and sections at the level of the y lobes, o/ and a'/B’ lobes and median
bundle (meb), ellipsoid body (eb) and peduncles (ped), and calyces (ca). The first six lines rescued
the rut odorant learning defect and showed common expression in the -y lobes of the mushroom
body. GAL4 line 247 (22) showed detectable expression only in the mushroom bodies. Lines c772,
30y, 238y, H24, and 201y all showed expression outside the mushroom bodies as well. Lines c772,
30y, 238y, and H24 were expressed in the ellipsoid body and antennal lobes (al). Lines ¢772 and
30y also showed fan-shaped body expression (20). The bottom three lines did not rescue the rut
defect and showed little or no expression in the -y lobe of the mushroom body. Line c232 expression
was largely restricted to the ellipsoid body. Line 189y showed expression in the ellipsoid body and
the mushroom body /B lobes and faint expression in the mushroom body <y lobe. Line 17d
expression was restricted to the o/ lobes of the mushroom bodies and the median bundle. Some
GAL4 enhancer trap lines’ expression patterns have been previously described (4, 77, 27). Dorsal is
up; e, esophagus; an, antennal nerve; Kcb, Kenyon cell bodies. Scale bar, 50 um. The color outside
the mushroom bodies and ellipsoid body in lines 247, c232, and 17d is roughly representative of
background staining.
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tion with the P[UAS,, ,~rut*] transgene
showed memory scores statistically indistin-
guishable from wild-type flies (Fig. 1). The
GAL4 line 201y partially rescued the rut
learning defect. Finally, rut mutant flies with
three other GAL4 enhancer trap elements
(c232, 189y, and 17d) and the P[UASG,, .-
rut™] effector gene had rut mutant-like short-
term memory scores.

Four of the nine enhancer trap lines were
previously used to study olfactory learning
after locally expressing a constitutively acti-
vated G-protein o subunit (Gas*) (3). In the
present experiments, the magnitude of rescue
was similar to the suppressive effect of the
Gass* protein in the respective lines. In ¢232,
Gas* had no effect, in 201y, suppression was
about 50%, whereas in c772 [the same ex-
pression pattern as c¢747 in (3)] and 238y,
suppression was nearly complete.

Neither the rescuing GAL4 enhancer trap
lines without P[UASj, ,-7ut*] nor the
P[UAS; 1 4-rut™] line without driver had a
dominant rescue effect. Nor did the nonres-
cuing GAL4 enhancer trap inserts have a
negative effect on wild-type flies (Fig. 1).
Thus, it is the specific interaction of the
GAL4 enhancer trap element with the
P[UASG . ,-rut™ ] effector that can rescue the
memory defect in rut mutant flies.

Control experiments were conducted with
naive wild-type, rut mutant, and potentially
rescued rut mutant flies (Table 1) to assure
that none of the memory scores were due to
changes in shock reactivity or perception of
the odorants. All genotypes avoided electric
shocks at similar levels. Although 189y and
17d had somewhat reduced shock reactivity,
it was similar to that of ¢772, which showed
a wild-type-like learning score. Thus, these
shock reactivity scores cannot be responsible
for the low memory scores. In addition, all
genotypes tested avoided the aversive odor-
ants used in the training protocol.

To determine what brain structures are
minimally sufficient for olfactory short-term
memory, we examined the expression pat-
terns of the rescue and nonrescue GAL4 en-
hancer trap lines (27). Serial sections showed
that the common structure labeled in all res-
cuing GAL4 lines was specifically the mush-
room bodies (Fig. 2). Indeed, comparing ex-
pression patterns of rescuing and nonrescuing
lines indicates that the v lobes may be espe-
cially important. In contrast to the GAL4
lines used in (3), the rescuing line 247 (22)
lacks expression in the median bundle. The
latter, therefore, is not part of the set of
minimally sufficient neurons.

On the basis of the current model of how
type I ACs function in synaptic plasticity (/6)
and on the connectivity of the mushroom bod-
ies (19, 23, 24), the short-term memory trace of
odors is localized to a single level in the olfac-
tory pathway: the presynaptic sites in the Ken-
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yon cells contacting extrinsic output neurons
and possibly other Kenyon cells in the peduncle
and lobes. Modulating neurons carrying the
reinforcer must project to the peduncle or lobes
and contact presynaptic endings of Kenyon
cells there. No ruz-dependent synaptic plasticity
is required in the antennal lobe or calyx for
olfactory learning.

Different brain structures are involved in
different learning tasks. In the heat box par-
adigm, the median bundle, antennal lobes,
and ventral ganglion are sufficient for rescue
of rut-dependent short-term memory (4, 15,
25). To find olfactory and heat box memory
at different locations was not unexpected, as
mushroom body—less flies do well in heat box
learning (26). The task-specific rescue in dif-
ferent GAL4 lines strongly supports, the claim
that it is the spatial distribution of the rut AC
that matters.

Several open questions remain. Our conclu-
sions refer only to rur-dependent synaptic plas-
ticity. Although unlikely, the 60% short-term
memory remaining in rut mutant flies may
reside outside the mushroom bodies. Second,
our current understanding of the role of type I
ACs in synaptic plasticity and learning is not
complete. Third, the P[UAS ,, ,-TAU] report-
er was used to visualize GAL4 expression pat-
terns, and coincidence with P[UAS,, ,-rut™]
is inferred. Fourth, temporal control of trans-
gene expression in these lines is not yet possi-
ble, leaving the faint possibility that the behav-
ioral rescue in some cases might be due to
developmental expression. Finally, whether all
memory traces of odors reside in the mushroom
bodies and how memory traces of odors are
organized within the mushroom bodies await
further investigation.

The technique of restoring synaptic plas-
ticity in minimally sufficient brain regions
has, in two cases, revealed simple, locally
confined memory traces. This result is prob-
ably due to the simplicity of the learning
tasks, requiring the animal to store a single
sensory modality for a binary orientation re-
sponse. It will be of considerable interest to
map memory traces of more complex learn-
ing paradigms.
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Control of Homeostasis of
CD8" Memory T Cells by
Opposing Cytokines

Chia Chi Ku,"?* Masaaki Murakami,'* Akemi Sakamoto,’
John Kappler,'-?>45> Philippa Marrack’%351

Memory T cells maintain their numbers for long periods after antigen exposure.
Here we show that CD8™ T cells of memory phenotype divide slowly in animals.
This division requires interleukin-15 and is markedly increased by inhibition of
interleukin-2 (IL-2). Therefore, the numbers of CD8* memory T cells in animals
are controlled by a balance between IL-15 and IL-2.

Although persistent antigen may help pre-
serve memory T cell numbers (7), it is now
clear that antigen is not needed for memory T
cell survival (2, 3). Thus, memory T cells
might not need external stimuli for survival.
However, memory T cells and T cells with
memory phenotype continue to divide, albeit
slowly, in the absence of antigen (3, 4). This
suggests that memory T cells might depend
on some constantly available factor(s) to pre-
serve themselves.

To investigate the causes of memory T
cell division, we characterized the cells and
established a system in which we could study
the phenomenon. Memory T cells bear high
levels of CD44 (5) and high levels of IL-2
receptor B (IL-2RB), a polypeptide that is
shared by the receptors for IL-2 and IL-15 (6,
7). To confirm this phenotype, we measured
the levels of IL-2RB on CD44"Y and
CD44righ CD8* T cells from normal young
or old mice or on antigen-primed T cells
bearing a transgenic T cell receptor (TCR)
specific for K® bound to a peptide from
ovalbumin (8). Almost all of the CD8™ cells
that bear high levels of CD44 also bear high
levels of IL-2RB and vice versa (Fig. 1).
Also, as expected, the proportion of CD8* T
cells that were IL-2RBM&R, CD44high in-
creased as the animals aged (9). In young
mice, exposure to antigen-converted CD44'°,
IL-2RB* TCR transgenic CD8* T cells into
CD44bieh TL-2RBMe" cells. These experi-
ments confirmed that both environmentally
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created and deliberately primed memory
CD8™* T cells were CD44"gb and IL-2R3high,

Memory T cells are thought to divide
slowly in animals (3). To confirm this, we
gave mice bromodeoxyuridine (BrdU) in
their drinking water for 28 days. CD8* T
cells from the mice were then analyzed for
incorporation of BrdU into their DNA, an
indication of cell division. The data in Fig. 2,
A and B, show that more of the IL-2R@hie?
CD8* T cells had divided than the IL-2RB'*™
cells. To find out how frequently the cells
were dividing, we sorted IL-2RBM&" or IL-
2RB™ or CD44high or CD44'°% CD8* T
cells, labeled them with 5-carboxyfluorescein
diacetate succininyl ester (CFSE), and trans-
ferred them into normal recipients. Many

CD8* T cells
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more of the IL-2RBM&P or CD44hieh cells
divided than did their IL-2RB'°* or CD44!°%
counterparts, as demonstrated by dilution of
their CFSE stain (Fig. 2, C to F). These
experiments confirm that, in animals, CD8"
T cells of memory phenotype divide slowly.
Previous experiments by others and our own
data suggest that this division is antigen-
independent because it occurs in B, micro-
globulin-deficient (B2MKO) mice (3, 10)
(see below).

To investigate the idea that cytokines
might be driving this proliferation, we tested
a number of antibodies against cytokines and
cytokine receptors for their ability to affect
the process. The combination of antibody to
IL-7 (anti-IL-7) and IL-7 receptor a (anti—
IL-7Ra) was used to block IL-7 signaling.
Anti-IL-2RB was used to block signaling by
IL-2 and/or IL-15 because the receptors for
these cytokines share the IL-2RB chain (7).
To distinguish between the effects of IL-2
and IL-15, we compared the results with anti—
IL-2RB with those with anti—IL-2 (sometimes
combined with anti-IL-2Ra), which blocks
IL-2 but not IL-15. These are all rat antibod-
ies so normal rat immunoglobulin G (IgG)
was used as a control. To prevent Fc-mediat-
ed effects of the antibodies to receptor, we
converted them to F(ab'),’s (11). Because the
recipients would eventually respond to the rat
antibodies, we limited the duration of the
experiment to 7 to 9 days. Examples of these

Fig. 1. Memory CD8*
T cells bear high levels
of CD44 and IL-2RB.

A. Normal B. Normal (A and B) Peripher-
al blood lymphocytes
(3 months) (27 months) were isolated from

C57BL/6 mice, stained
with anti-CD8, anti-
IL-2RB, and anti-CD44,
and analyzed (22). The
data shown are gated
on live CD8* T cells.
(C and D) C57BL/6
mice transgenic for

IL2RB

| YOS T

| T

T T e T e e ™ the OT1 TCR (8) were
JC. TCR Transgenic D. TCR Transgenic untreated (c)( 3,, in-
4 (Unprimed) (Immunized) fected with vaccinia

virus modified to ex-
press chicken ovalbu-
min (D). Forty-seven
days later, T cells were
purified by passage over
nylon wool, stained,
and analyzed as de-
scribed above, except
that cells were also
gated to be Va2™.
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