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SUMMARY

NMDA receptor (NMDAR) channels allow Ca®* influx
only during correlated activation of both pre- and
postsynaptic cells; a Mg?* block mechanism
suppresses NMDAR activity when the postsynaptic
cell is inactive. Although the importance of NMDARs
in associative learning and long-term memory (LTM)
formation has been demonstrated, the role of Mg?*
block in these processes remains unclear. Using
transgenic flies expressing NMDARs defective for
Mg?* block, we found that Mg?* block mutants are
defective for LTM formation but not associative
learning. We demonstrate that LTM-dependent
increases in expression of synaptic genes, including
homer, staufen, and activin, are abolished in flies ex-
pressing Mg?* block defective NMDARs. Further-
more, we show that genetic and pharmacological
reduction of Mg?* block significantly increases
expression of a CREB repressor isoform. Our results
suggest that Mg?* block of NMDARs functions to
suppress basal expression of a CREB repressor,
thus permitting CREB-dependent gene expression
upon LTM induction.

INTRODUCTION

Ca®* enters a cell through NMDAR channels only when presyn-
aptic glutamate release and depolarization of the postsynaptic
membrane occur simultaneously (correlated activity). Con-
versely, NMDAR-mediated Ca?* influx is suppressed at voltages
near the resting membrane potential (uncorrelated activity), due
to Mg?* block, a mechanism in which the pore of NMDARSs is
blocked by external Mg?* ions (Mayer et al., 1984; Nowak et al.,
1984). Since Mg?* block allows cells to discriminate between
correlated synaptic inputs and uncorrelated activity, NMDARs
have been proposed to function as “Hebbian coincidence detec-
tors.” However, the behavioral significance and molecular effects
of Mg?*-block-dependent suppression of Ca®* influx during
uncorrelated activity remains unknown (Single et al., 2000).

Functional NMDARs are heteromeric assemblies of an essen-
tial NR1 subunit and various NR2 subunits. Studies of NMDAR
channels have demonstrated that Mg?* block is dependent on
an asparagine (N) residue at a “Mg?* block site” located in
a putative channel-forming transmembrane segment (TM2,
see Figure 2A) of each subunit (Burnashev et al., 1992; Mori
et al., 1992; Single et al., 2000). Drosophila have a single NR2
homolog, dNR2, which contains a glutamine at the Mg?* block
site (Q721), and a single NR1 homolog, dNR1, which contains
an N at this site (N631). A previous study has shown that the
N631 residue in dNR1 is sufficient for Mg?* block in flies (Xia
et al., 2005).

In Drosophila, early labile memory formed after Pavlovian
olfactory associative learning is consolidated into two longer
lasting memory phases: long-term memory (LTM), which
requires new gene expression and protein synthesis, and anes-
thesia-resistant memory (ARM), which can be formed in the
presence of transcriptional and translational inhibitors (Tully
etal., 1994). In both vertebrates and invertebrates, a transcription
factor, CREB, plays a critical role in gene expression required for
LTM formation (Bourtchuladze et al., 1994; Yin et al., 1994).
While previous studies have shown that hypomorphic mutations
in Drosophila NMDARs (dNMDARs) disrupt both associative
learning (LRN) and LTM formation without affecting ARM (Wu
et al., 2007; Xia et al., 2005), it is still not clear how Mg2+ block
is involved in these processes.

To understand the functional significance of Mg®* block in
dNMDARs, we generated transgenic flies expressing dNR1
mutated at the Mg2* block site, dINRT(N6371Q), in neurons. Strik-
ingly, we found that these Mg?* block mutant flies are defective
for LTM formation but not LRN. We show that Mg?* block func-
tions to suppress basal expression of a repressor isoform of
Drosophila CREB during uncorrelated activity. This allows
increased CREB-dependent gene expression to occur during
correlated activity, leading to formation of LTM.

RESULTS

Reduced Mg?* Block in Transgenic Flies Expressing
dNR1(N631Q)

Immunohistochemical studies using antibodies to dNR1
demonstrate that dNMDARs are expressed throughout the
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Drosophila brain (Figure S1 available online) (Xia et al., 2005;
Zachepilo et al., 2008; Zannat et al., 2006). Therefore, we
used an elav-GAL4/UAS-GFP (elav/GFP) transgenic line (Brand
and Perrimon, 1993), which expresses GFP in neurons, to char-
acterize endogenous dNMDARs in pupal primary cultured
neurons (Figure 1A). Using whole-cell patch clamp, we deter-
mined that more than 85% of GFP-positive cells showed
NMDA-induced inward currents at a —80mV membrane poten-
tial in the absence of external Mg?* (119 out of 136 cells,
Figure 1B). These responses were blocked by physiological
concentrations of 20 mM Mg?* (Stewart et al., 1994). In addi-
tion, mammalian NMDAR antagonists, APV and MK801, signif-
icantly suppressed NMDA-activated currents (Figure 1C).
These results demonstrate that endogenous dNMDARs are
widely expressed in neurons of the fly brain and have similar
physiological and pharmacological properties to mammalian
NMDARs.

We overexpressed either wild-type dNR7(wt) or Mg?*-
block-site-mutated dNR7(N631Q) transgenes (Figure 2A) in
neurons using an elav-GAL4 driver: elav-GAL4/UAS-dNR1(wt),
[elav/dNR1(wt)], and elav-GAL4/UAS-dNR1(N631Q), [elav/
dNR1(N631Q)]. Overexpression of dNR1(wt) and dNR1(N631Q)
proteins was confirmed by western blots (Figure S2). As seen
in Figure 2B, all ANMDAR-mediated currents in neurons from
elav/dNR1(wt) pupae showed significant Mg?* block in
the presence of Mg?*, a result similar to what was seen in
neurons from wild-type pupae. In contrast, Mg2+ block of
dNMDAR-mediated currents was abolished in neurons from
elav/dNR1(N631Q) pupae. |-V curves of elav/dNR1(N631Q)
pupae in the presence or absence of Mg?* were identical at
membrane potentials of —80 mV or above, indicating that
overexpression of dNR1(N637Q) dominantly suppresses Mg?*
block.

Notably, the dNR1(N631Q) mutation does not alter the dose-
dependent responsiveness to NMDA in the absence of Mg?*
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Figure 1. Physiological and Pharmacolog-

NMDA [Mg?*], = 20 mM ical Properties of Endogenous dNMDARs
in the Fly Brain
et (A) The pupal neuronal primary culture system.
(Left) GFP image of neurons in an intact elav/GFP
NMDA [M92+]0 =0mM pupal brain. (Middle) A phase contrast image of

a neuron dissociated from the pupal brain (upper)
and its GFP signal (lower). (Right) Whole-cell
clamping of a GFP-positive neuron. See also Fig-
ure S1 for dNR1 distribution.

(B) Inward currents induced by 100 pM NMDA in
GFP-positive cells are abolished in the presence of
20 mM Mg?*. GFP-positive cells responded to
NMDA at 0 mM Mg?*.

(C) Both NMDAR antagonists APV (10 pM) and
MK-801 (10 pM) significantly decrease NMDA-
activated currents in GFP-positive neurons. *p <
0.05 by t test. n = 6 for all data. Error bars in all
figures in this paper indicate SEM.

5 sec

(Figure S3A). Furthermore, in contrast

to elav/dNR1(wt) cells, NMDA-induced

currents remain constant at different
Mg?* concentrations in elav/dNR1(N631Q) cells (Figure S3B),
suggesting that the N631Q mutation alters Mg>* sensitivity
without altering channel pharmacology.

LTM Is Disrupted in elav/dNR1(N631Q) Flies

Hypomorphic mutations in dNRT (dNR1573%7" and dNR15P3%7)
disrupt learning (LRN), memory measured immediately after
aversive olfactory conditioning, and short-term memory (STM),
assayed 1 hr after training (Figures 3A and 3B) (Xia et al,,
2005). In contrast, both LRN and STM are normal in elav/
dNR1(N631Q) flies, as well as in transgenic control elav/
dNR1(wt) flies (Figures 3A and 3B).

To investigate the role of Mg®* block in associative learning in
more detail, we measured LRN after short-duration training,
a modified short-program training protocol for which learning is
plotted as a function of training duration (Cheng et al., 2001).
As seen in Figure 4A, as training duration increases, LRN scores
increase up to a maximum plateau. While this increase is
inhibited in hypomorphic dNR7573%"" and dNR7157%3" mutants,
it is slightly enhanced in elav/dNR1(N631Q) flies. Strikingly, the
LRN defects in hypomorphic dNR7 mutants is rescued by
expressing dNR1(N637Q) in neurons (Figure 4B), suggesting
Mg?* block may not be required for learning.

Mg?* block has been proposed to restrict INMDAR activation
to cells receiving coincident stimulation. Thus, lack of Mg**
block may activate dANMDARSs in more neurons than is normal
during olfactory conditioning, creating a situation in which the
conditioned response may not be restricted to the conditioned
odor. To test this possibility, we performed olfactory condi-
tioning by pairing a single CS+ odor with electric shocks and
then test measured escape responses to the CS+ odor as well
as unrelated odors. As seen in Figure S4, when elav/
dNR1(N631Q) flies are conditioned to OCT, avoidance of OCT
increases compared to nonconditioned controls, while avoid-
ance of MCH and benzaldehyde (BA) does not, suggesting
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Figure 2. Suppression of ANMDAR Mg?* Block in Neurons from Transgenic Pupae Overexpressing dNR1(N631Q)

(A) Schematic diagram of dNR1 and amino acid sequence comparisons of the TM2 domains of Drosophila (dANR1 and dNR2), mouse (NR1, NR2A, and NR2C), and
C. elegans (NMR1 and NMR2) NMDAR subunits. The white circle (upper) and shadowed box (lower) indicate the Mg?* block site in the TM2 domain.

(B) Current-voltage (I-V) curves generated from neurons from elav/dNR1(wt) (n = 6) and elav/dNR1(N631Q) pupae (n = 6). Currents elicited by 100 uM NMDA were
normalized to peak responses at +50 mV. Due to Mg?* block, all examined neurons from elav/dNR1(wt) displayed a typical J-shaped I-V relation in the presence of

20 mM extracelluar Mg?*.

(©) (Left) I-V relationships in high Na* (open circle) and high Ca?* (closed circle) extracellular solutions for elav/dNR1(wt) and elav/dNR1(N631Q) neurons. |-V
relationships in each extracellular solution were recorded from the same neuron after confirming the presence [for elav/dNR1(wt)] or absence [for elav/
dNR1(N631Q)] of Mg?* block. (Right) Reversal potentials in high Na* extracellular solution (Vrev,na) @nd in high Ca?* extracellular solution (Vrev,ca) Were measured
from the left panel, and relative Ca®* permeabilities (Pc./Pna) Were calculated using the Goldman-Hodgkin-Katz (GHK) equation.

See also Figures S2 and S3.

that odor specificity during learning remains intact in elav/
dNR1(N631Q) flies.

Besides causing defects in learning, hypomorphic mutations
in dNR1 also cause significant reductions in LTM (Figure 3C)
(Xia et al., 2005), assayed as one-day memory after spaced
training (ten training sessions with rest intervals between each
training), while it has no effect on ARM (Figure 3D), one-day
memory after massed training (ten training sessions without
rest intervals). Similar to hypomorphic mutants, elav/dNR1
(N631Q) flies displayed a significant decrease in one-day
memory after spaced training (Figure 3C) but not after massed
training (Figure 3D). We also observed similar defects in LTM
formation in a second independent elav/dNR1(N631Q) line
(Figure S5). As expected from their normal learning scores,
elav/dNR1(N631Q) flies exhibit normal responses when tested
for odor acuity and shock reactivity (data not shown), suggesting
that Mg®* block of dNMDARSs is required specifically for LTM
formation.

Since NMDAR activity is required for formation of neural
networks (Adesnik et al., 2008; Bellinger et al., 2002; Hirasawa
et al., 2003; Lithi et al., 2001; Tian et al., 2007), LTM defects in

elav/dNR1(N631Q) flies may arise from abnormal development
of networks required for LTM. To determine whether Mg?* block
is required acutely during LTM formation or whether it is required
during development, we expressed the dNR7(N631Q) transgene
using an elav-GeneSwitch driver (elav-GS), which expresses the
transgene in neurons only when flies are fed RU486 (Mao et al.,
2004; Osterwalder et al., 2001). Feeding 1 mM RU486 one day
before training significantly disrupted LTM (Figure 4C) but not
ARM formation (data not shown) in elav-GS/dNR1(N631Q) flies,
while it had no effect on elav-GS/dNR1(wt) flies. LTM was normal
in both lines in the absence of RU486. Thus, Mg?* block is likely
to be required during LTM formation/recall and may not be
required during development of LTM circuits.

Previous results (Wu et al., 2007) demonstrate that NMDARs
are required in the central complex for LTM formation. Consis-
tent with this finding, we found that expression of dNR1(N637Q)
in the ellipsoid body of the central complex abolishes LTM
(Figure 4D) but not ARM (data not shown). Furthermore, we
found that expressing dNR1(N631Q) in the mushroom bodies
(MBs) also has the same effect (Figure 4D and data not shown
for ARM).
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High Ca?* permeability is required for NMDAR-mediated Ca2*
signaling and studies of mammalian NMDAR channels have
demonstrated that an N/Q substitution at the Mg?* block site
in NR1 reduces Ca?* permeability of NMDARs (Burnashev
et al., 1992; Single et al., 2000). This raised the possibility that
the LTM defect we observed in our N637Q mutants might be
due to reduced Ca2* influx rather than altered Mg?* block. To
address this issue, we compared reversal potentials in high
Na* extracellular solution (Vyev.na) and in high Ca®* extracellular
solution (Viev,ca) between elav/dNR1(wt) and elav/dNR1(N631Q)
flies (Chang et al., 1994; Single et al., 2000; Skeberdis et al.,
2006). As seen in Figure 2C, we observed similar Viey na and
Viev,ca between genotypes (p > 0.09 for Vieyna; P > 0.1 for
Vrev.ca)- Consequently, the relative Ca?* permeability (Pca/Pna)
calculated using the Goldman-Hodgkin-Katz (GHK) equation
was not significantly different in these two lines (p > 0.09). These
results indicate that in contrast to mammalian NR1, the N/Q
substitution at the Mg®* block site of dNR1 does not attenuate
Ca?* permeability and suggests that the LTM defect observed
in elav/dNR1(N631Q) flies is not due to decreased Ca®*
permeability.

Induction of LTM-Associated Genes Is Disrupted

in elav/dNR1(N631Q) Flies

To determine what aspect of LTM formation is defective in elav/
dNR1(N631Q) flies, we first examined the expression of several
genes associated with LTM and late-phase LTP (L-LTP),
including staufen, homer, and activin, as well as other genes
involved in synaptic plasticity, including dlg and 74-3-3¢. staufen
expression has been shown to increase significantly after
training that induces LTM (Dubnau et al., 2003), and activin and
homer expression increase upon induction of L-LTP in an
NMDAR-dependent manner (Inokuchi et al., 1996; Kato et al.,
1997; Rosenblum et al., 2002). In contrast, PSD-95, the mamma-
lian homolog of DIg is required for normal synaptic plasticity (Ehr-
lich and Malinow, 2004), but its expression does not change
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Figure 3. Transgenic elav/dNR1(N631Q)
Flies Are Defective for Long-Term Memory
but Not Learning

(A) In contrast to dNR715P%7" (EP3511) and
dNR15P3%7 (EP331) hypomorphs, learning (LRN) is
normal in elav/dNR1(wt) and elav/dNR1(N631Q)
flies.

(B) Short-term memory is normal in elav/dNR1(wt)
and elav/dNR1(N631Q) flies and reduced in
dNR1EP3%1T (EP3511) and dNR15P%%7 (EP331)
hypomorphs.

(C) One-day memory after spaced training is
reduced in elav/dNR1(N631Q) flies and in dNR1
hypomorphs.

O elav/+ (D) One-day memory after massed training is
B elav/dNR1(wt) normal in elav/dNR1(N631Q) flies and in dNR7
B +/dNR1(wt)

hypomorphs.

In all panels, data from wild-type flies are indicated
by the solid (mean) and dotted (SEM) lines. ***p <
0.0001, as determined by one-way ANOVA and
Bonferroni post hoc analyses. n = 8 to 10 for all
data.

See also Figures S3 and S5.

@ elav/dNR1(N631Q)
B +/dNR1(N631Q)
B EP3511

@ EP331

during this process (Kuriu et al., 2006). The Drosophila 14-3-3¢
protein, leonardo, is involved in olfactory associative learning
(Skoulakis and Davis, 1996), but changes in its expression due
to training have not been described.

We observed significant increases in activin, homer, and
staufen expression in spaced trained flies, compared to naive
or massed trained flies (Figure 5). In comparison, we did not
observe any differences in expression of dlg and 714-3-3¢
between spaced trained and massed trained flies.

Hypomorphic dNR71 (dNR15F3577) flies showed defects in
LTM-dependent increases in activin, homer, and staufen expres-
sion (Figure 6A), indicating that these increases are NMDAR-
dependent. Significantly, increased expression of activin, homer,
and staufen was observed in elav/dNR1(wt) flies after training,
while these increases were completely absent in elav/dNR1
(N631Q) flies (Figure 6B). Since dNR157%°"" flies have fewer
dNMDARs, dNMDAR-mediated Ca®* influx during spaced
training is likely to be decreased, preventing increased activin,
homer, and staufen expression. On the other hand, elav/dNR1
(N631Q) flies should have normal Ca?* influx during spaced
training but increased Ca* influx during uncorrelated activity
at the resting state. These results suggest that proper expression
of LTM-associated genes has two requirements: first, an
increase in dNMDAR activity during spaced training must occur;
and second, inappropriate dNMDAR activity at the resting state
must be inhibited by Mg?* block.

To further characterize LTM-dependent gene expression and
the effect of Mg?* block on this expression, we analyzed homer
in more depth and determined that Drosophila homer mutants
are normal for LRN and ARM but have specific defects in LTM
(Figure S6). Expression of HOMER protein significantly increases
in neuropil regions, including the protocerebral bridge (PB),
calyces (Cas) of the MBs, lateral protocerebrum (LP), and
antennal lobes (ALs) after spaced training in elav/dNR1(wt) flies.
However, these increases are not observed in elav/dNR1
(N631Q) flies (Figure 6C). In particular, when dNR1(N631Q) is
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expressed in the MBs, it suppresses increases in HOMER
protein in the Cas but not in other regions, such as the PB (Fig-
ure 6C), suggesting a cell-autonomous requirement of Mg?*
block in LTM-dependent gene expression.

Transcriptional Activity of CREB Is Disrupted

in elav/dNR1(N631Q) Flies

Why is Mg?* block required for increases in activin, homer, and
staufen expression upon LTM induction? The transcription factor
CREB plays a critical role in LTM and L-LTP formation (Barco
et al., 2002; Silva et al., 1998; Yin and Tully, 1996). In Drosophila,
the balance between activator and repressor forms of CREB is
important for transcriptional activity, and overexpression of the
dCREB2-b repressor prior to spaced training prevents LTM
formation without affecting other memory phases (Yin et al.,
1994). Notably, the enhancer/promoter region of the gene en-
coding the BA subunit of activin contains a CRE site (Tanimoto
et al,, 1996), and homer expression is regulated by ERK,
a member of the MAPK family, which activates CREB-depen-
dent transcription (Kato et al., 2003; Rosenblum et al., 2002).
These data suggest that training-dependent increases in activin,
homer, and staufen may require CREB activity. Thus, we exam-
ined the expression of these genes in hs-dCREB2-b flies, which
express the dCREB2-b repressor under heat-shock promoter
control (Yin et al, 1994). In the absence of heat shock,
hs-dCREB2-b flies showed significant increases in expression
of all three genes after spaced training (data not shown).
However, hs-dCREB2-b flies heat shocked for 30 min at 35°C,
3 hr prior to spaced training did not show these increases

Figure 4. Mg?* Block Is Physiologically
Required for LTM Formation
(A) LRN assayed using a short-duration training
paradigm. LRN PI scores increase progressively
as a function of training duration. Mg®* block
mutations do not inhibit LRN. Rather, elav/
dNR1(N631Q) flies have slightly improved LRN
compared to other transgenic control flies at
training durations of 10 and 20 s. *p < 0.05 and
**p < 0.01, n = 8-12 for all data.
(B) Expression of a dNR1(N631Q) transgene
restores normal memory in dNR7157%%7 mutants.
**p < 0.01, n = 6-8 for all data.
(C) Acute feeding of 1 mM RU486, starting one day
prior to training, significantly impairs LTM forma-
tion in elavGS/dNR1(N631Q) flies. *p < 0.001,
n = 8-12 for all data.
(D) Expression of a dNR1(N631Q) transgene in the
ellipsoid body of the central complex, Feb170/
o dNR1(N631Q) and C42/dNR1(N631Q), and in the
MBs, OK107/dNR1(N631Q) and C309/
dNR1(N631Q), significantly impairs LTM forma-
tion. **p < 0.001, n = 10 for all data.
See also Figure S4.

H

elav/dRN1(wt);EP331
elav/dRN1(N631Q);EP331
elav/+;EP331

OK107/dNR1(wt)
OK107/dNR1(N631Q)
c309dNR1(wt)
c309/dNR1(N631Q)

(Figure 7A), indicating that LTM-depen-
dent expression of these genes requires
CREB activity.

Since LTM-dependent expression of
homer, staufen, and activin is abolished
either by removal of Mg2+ block or by increasing dCREB2-b
amounts, we suspected that Mg?* block may be required to
regulate basal dCREB2-b expression. To address this point,
we looked at expression of the dCREB2-b repressor isoform
in elav/dRN1(N631Q) fly head extracts. Strikingly, we found
a greater than 4-fold increase in dCREB2-b repressor transcripts
in elav/dNR1(N631Q) heads (Figure 7B). dCREB2-b protein was
also similarly increased nearly 4-fold in elav/dNR1(N631Q) head
protein extracts compared to wild-type, elav/dNR1(wt), and
dNR1EP3%TT extracts (Figure 7C). While expression of total
dCREB?2 (including both activator and repressor isoforms) is
also increased in elav/dNR1(N631Q) flies, the dCREB2-b to
dCREB2;, ratio (dCREB2-b / dCREB2,..,) is increased nearly
3-fold in elav/dNR1(N631Q) flies as compared to wild-type and
elav/dNR1(wt) flies (Figure 7D). These results indicate that the
increase in total dCREB2 expression is predominantly due to
an increase in dCREB2-b repressor expression and suggest
that one function of Mg?* block is to inhibit JCREB2-b expres-
sion, thus allowing dCREB2-dependent gene expression upon
LTM induction.

To further test this possibility, we examined whether removal
of external Mg>* increases amounts of dCREB2-b in a wild-
type background. We measured amounts of dCREB2-b protein
in isolated single wild-type brains cultured in Mg?*-free medium,
which contained 100 uM TTX in order to block correlated
activation of dNMDARs. After a 2 hr incubation, we observed
significant increases in amounts of dCREB2-b compared to
amounts in brains cultured in 20-mM-Mg?* medium (Figure 7E).
The increase in dCREB2-b in Mg?*-free medium is strongly

Neuron 74, 887-898, June 7, 2012 ©2012 Elsevier Inc. 891
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Figure 5. LTM-Dependent Induction of activin, homer, and staufen
Expression

Increased transcription of activin, staufen, and homer is observed 6 hr after
spaced training. Expression is significantly higher after spaced training than
after massed training. Expression of RP-49 (ribosomal protein), dlg, and 14-3-
3¢ are the same after spaced and massed training. Expression of all genes was
normalized to expression of GAPDH1. Comparison of gene expression 3 and
24 hr after spaced versus massed training gave similar results (data not
shown). One-way ANOVA indicates significant differences due to training
protocol for activin, homer, and staufen. **p < 0.001 as determined by Bon-
ferroni post hoc analyses, n = 10 for all data.

suppressed by the NMDAR antagonist MK801 and by dNR1
mutation, suggesting that in the absence of Mg®* block, Ca®*
entry through dNMDARs increases dCREB2-b protein levels.
We next wanted to determine whether the increase in
dCREB2-b expression observed in elav/dNR1(N631Q) flies is
sufficient to inhibit LTM formation. Thus, we plotted one-day
memory scores after spaced training as a function of dCREB2-b
protein levels in wild-type and hs-dCREB2-b flies heat shocked
for various durations. As seen in Figure 8A, defects in LTM
formation were highly correlated with dCREB2-b protein expres-
sion. Heat-shocked wild-type flies and non-heat-shocked
hs-dCREB2-b flies had normal one-day memory and similar
dCREB2-b expression. On the other hand, hs-dCREB2-b flies
expressed increasing amounts of dCREB2-b protein upon in-
creasing heat-shock duration. This increase in dCREB repressor
expression was correlated with a decrease in one-day memory
in a linear fashion in the range tested. Significantly, we found
that data from elav/dNR1(wt) and elav/dNR1(N631Q) flies plotted
on the same graph fit the same regression line as our hs-
dCREB2-b data; elav/dNR1(wt) flies expressed wild-type levels
of dCREB2-b and had one-day memory scores comparable
to wild-type and non-heat-shocked dCREB2-b flies, while elav/
dNR1(N631Q) flies expressed similar amounts of dCREB2-b
and had similar memory to hs-dCREB-2b flies heat shocked for
30 min. In contrast, dNR157% flies did not show any increases
in dCREB2-b mRNA or protein but had poor LTM scores (see
also Figures 7B and 7C). These results indicate that the increase
in expression of the dCREB2-b repressor in Mg®* block mutants
is correlated with and sufficient to cause the decrease in LTM
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observed in these mutants, while memory defects in dNR17
hypomorphs likely occurs through a different mechanism.

DISCUSSION

Although the mechanism through which Mg®* block restricts
NMDAR activity is well known, the cellular and behavioral func-
tions of Mg2* block have not been extensively studied. In this
study, we used transgenic flies expressing dNR71(N631Q) to
show that Mg?* block is important for formation of LTM.

Previous studies of hypomorphic mutants have shown that
NMDARs are required for both learning and LTM. In contrast,
our Mg?* block mutants do not have learning defects. This
suggests that although Ca2* influx through NMDARs is important
for learning, inhibition of influx during uncorrelated activity is
not. Notably, elav/dNR1(N631Q) flies have slightly enhanced
learning. Consistent with this result, NMDAR-dependent
induction of hippocampal LTP is enhanced in the absence of
external Mg?* (Mizuno et al., 2001). In our studies, we have over-
expressed Mg?*-block-defective dNR1 in an otherwise wild-
type background, so we cannot definitively conclude that Mg>*
block is dispensable for learning. However, electrophysiology
experiments indicate that Mg2* block is abolished in our flies at
physiological potentials. Furthermore, we demonstrate that
expression of Mg®*-block-defective dNR7 rescues learning
defects in dNR1 hypomorphs, consistent with a model in which
Mg?* block is not required for learning. Interestingly, our
dNR1(N631Q) transgene does not rescue the semilethality of
dNR1 hypomorphs, suggesting that Mg?* block has an essential
biological function unrelated to learning.

Our results suggest that Mg?*-block-dependent suppression
of NMDAR activity and Ca?* influx at the resting state is critical
for LTM formation. Supporting this idea, chronic reduction of
NMDAR-mediated Ca®* influx at the resting state has been
shown to enhance long-term synaptic plasticity (Slutsky et al.,
2004) and LTM (Slutsky et al., 2010). Extending these results,
we found that Mg?* block is required for CREB-dependent
gene expression during LTM formation. A CREB-dependent
increase in staufen expression upon spaced training is essential
for LTM formation (Dubnau et al., 2003), and we show that Mg?*
block is required for this increase. We also identified two other
genes, activin and homer, that are expressed upon LTM
induction in a CREB-dependent manner. We propose that
all three genes are maintained in an LTM-inducible state by
Mg?*-block-dependent inhibition of CREB repressor and show
that the amount of increase in expression of dCREB2-b in
Mg?* block mutants correlates with the ability of dCREB2-b to
suppress LTM. The 4-fold increase in dCREB2-b protein in
Mg?* block mutant flies is comparable to the increase in
dCREB2-b in heat-shocked hs-dCREB2-b flies showing equiva-
lent defects in LTM.

We next characterized the homer gene further and determined
that it is required specifically for LTM but not for learning or ARM.
We determined that spaced training increases HOMER ex-
pression in several brain regions, including the antennal lobes,
lateral protocerebrum, protocerbral bridge, and calyx of the
MBs. This increase does not occur in the absence of Mg?* block.
Significantly, when Mg?* block is abolished by dNR7(N631Q)
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Figure 6. NMDARs and Mg2+ Block Are Required for LTM-Dependent Increases in activin, homer, and staufen Expression
(A) The increase in transcription of activin, homer, and staufen 6 hr after spaced training is suppressed in hypomorphic dNR1EP3511 (EP3511) flies. Two-way
ANOVA indicates significant differences due to training, genotype, and interaction between training and genotype. **p < 0.001 determined by Bonferroni post hoc

comparisons. n = 10 for all data.

(B) The increase in transcription of activin, homer, and staufen after spaced training in wild-type and transgenic control elav/dNR1(wt) flies is abolished in elav/
dNR1(N6371Q) Mg?* block mutant flies. Two-way ANOVA indicates significant differences due to training, genotype, and interaction between training and

genotype. *p < 0.001. n = 10 for all data.

(C) Spaced training causes increases in HOMER protein in various brain regions, including the calyces of the MBs (Cas), protocerebral bridge (PB), the antennal
lobes (ALs), and lateral protocerbrum (LP). These increases do not occur in brains of elav/dNR1(N631Q) flies. Restricting dNR1(N631Q) expression to the MBs
prevents increases in HOMER protein in the Cas (yellow arrowhead) but does not affect expression in the PB (yellow arrows).

See also Figure S6.

expression, specifically in the MBs, increased Homer expression
is suppressed in the MBs but not in other regions, including the
protocerebral bridge, indicating that Mg?* block regulates CREB
repressor and LTM-associated gene expressions in a cell auton-
omous manner.

Our electrophyisiological experiments demonstrate that
20 mM Mg?* is sufficient to block Drosophila NMDAR currents
at the resting potential (—80 mV). Although this concentration
is higher than the concentrations needed to block mammalian
NMDARs (Mayer et al., 1984; Nowak et al., 1984), the Mg2+
concentration in Drosophila hemolymph has been shown by
various groups to be between 20 and 33 mM (Begg and Cruick-
shank, 1963; Croghan and Lockwood, 1960; Stewart et al.,
1994), which is correspondingly higher than the Mg2* concentra-
tion reported in mammalian plasma. In mammals, Mg?* concen-
tration is higher in cerebrospinal fluid than in plasma (McKee
et al., 2005), further suggesting that the 20 mM Mg?* concentra-
tion used in our study is likely to be within the physiologically
relevant range.

An N/Q substitution at the Mg?* block site of mammalian NR1
disrupts Mg?* block and reduces Ca?* permeability (Burnashev
et al., 1992; Single et al., 2000), while a W/L substitution in the
TM2 domain of NR2B disrupts Mg?* block and increases Mg?*
permeability (Williams et al., 1998). This raises the possibility
that Mg?*-block-independent changes in channel kinetics and
Mg?* permeability may be responsible for the effects observed

in our dNR1(N631Q)-expressing flies. While we cannot
completely rule out this possibility, we observed increases in
dCREB-2b protein in wild-type neurons in Mg?*-free conditions,
indicating that disruption of Mg?* block, rather than changes
in other channel properties, causes increased CREB repressor
expression and decreased expression of LTM-associated
genes.

A chronic elevation in extracellular Mg?* enhances Mg?* block
of NMDARs, leading to upregulation of NMDAR activity and
potentiation of NMDA-induced responses at positive membrane
potentials (during correlated activity) (Slutsky et al., 2010). This
raised the possibility that our Mg?* block mutations may cause
a downregulation of NMDAR-dependent signaling and de-
creased NMDA-induced responses at positive membrane
potentials. Since we recorded NMDA-induced responses from
various sizes of cells, we could not directly compare amplitudes
of NMDA-induced responses between elav/dNR1(wt) cells and
elav/dNR1(N631Q) cells. However, as seen in Figure S7,
training-dependent increases in ERK activity, required for
CREB activation, occurred normally in both elav/dNR1(wt) cells
and elav/dNR1(N631Q) cells, while it was significantly sup-
pressed in dNRT hypomorphs. These results suggest that our
Mg?* block mutations do not alter NMDA-induced responses
at positive membrane potentials.

Similar to dNR1 Mg2+ block mutants, dNR7 hypomorphic
mutants also have defects in CREB-dependent gene expression
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Figure 7. Mg?* Block Is Required for CREB-Dependent Induction of LTM-Associated Genes

(A) The increase in activin, homer, and staufen transcription after spaced training does not occur in heat-shocked hs-dCREB2-b (17-2) flies. Two-way ANOVA
indicates significant differences due to genotype, training, and interaction between genotype and training. *“p < 0.01 and *p < 0.03, determined by Bonferroni post
hoc comparisons, n = 8-12 for all data.

(B) Basal expression of dCREB2-b transcripts is significantly increased in elav/dNR1(N631Q) flies. One-way ANOVA indicates significant differences due to
genotype. ***p < 0.001 compared to +/+ and elav/dNR1(wt) flies, n = 10 for all data. The wild-type level of dCREB2-b expression (normalized to GAPDH1
expression) was defined as 1.

(C) dCREB2-b protein is significantly increased in elav/dNR1(N631Q) flies but not in dNR157%57" flies. dCREB2-b protein was normalized using tubulin, and the
wild-type amount was defined as 1. One-way ANOVA indicates significant differences due to genotype. ***p < 0.001 compared to +/+ and elav/dNR1(wt) flies, n =
10 for all data.

(D) Comparison of dCREB2-b/dCREB;., ratios. The ratio of repressor to total dCREB2 (dCREB2-b/dCREB;.:) is increased more than 2-fold in elav/
dNR1(N631Q) flies compared to wild-type and elav/dNR1(wt) flies. One-way ANOVA indicates significant differences due to genotype. **p < 0.01, n = 10 for all
data.

(E) Removal of external Mg?* increases dCREB2-b protein in cultured brains. A greater than 2-fold increase in dCREB2-b protein was observed in single brains
dissected from adult flies, cultured in the absence of external Mg?*. This increase was suppressed by the NMDAR antagonist MK801 and by the dNR71573°77
mutation. TTX was added to all cultures to suppress action potentials. One-way ANOVA indicates significant differences due to genotype. **p < 0.01 and
*p < 0.05, n = 6 for all data.

See also Figure S7.

upon LTM formation. However, dNR7 hypomorphs and Mg?*
block mutants are likely to have opposing effects on Ca®* influx.
While hypomorphic dNR7 mutants should have decreased Ca?*
influx during spaced training because of a reduction in the
number of ANMDARs (Xia et al., 2005), elav/dNR1(N631Q) flies
are unlikely to have this effect. Conversely, while elav/
dNR1(N631Q) flies should have increased Ca2* influx during
the resting state when uncorrelated activity is likely to occur,
dNR1 hypomorphs should not. Supporting a model in which
dNR1 hypomorphs and Mg2+ block mutants inhibit LTM-
dependent gene expression through different mechanisms, we
show that Mg?* block mutants increase basal expression
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of dCREB2-b repressor while NMDAR hypomorphs do not.
Conversely, we also have data indicating that NMDAR hypo-
morphs are defective for training dependent increases in
ERK activity, while elav/dNR1(N631Q) flies are not (Figure S7).
These data fit a model in which there may be two equally
important requirements for NMDARs in regulating LTM-depen-
dent transcription (Figure 8B). First, during correlated, LTM-
inducing stimulation, a large Ca®* influx through channels,
including NMDARs, may be required to activate kinases,
including ERK, necessary to activate CREB. dNR1 hypomorphs
are defective for this process. However, a second and equally
important requirement for NMDARs may be to inhibit low
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amounts of Ca?" influx during uncorrelated activity to
maintain the intracellular environment in a state conducive to
CREB-dependent transcription. Mg?* block is required for
this process.

Although it is unclear what types of uncorrelated activity are
suppressed by Mg?* block, one type may be spontaneous,
action potential (AP)-independent, single vesicle release events
(referred to as “minis”). Supporting this idea, we observed an
increase in dCREB2-b in cultured wild-type brains in Mg?*-free
medium in the presence of TTX (Figure 7E), which suppresses
AP-dependent vesicle releases but does not affect minis. In
addition, we observed a significant increase in cytosolic Ca?*,
[Ca®*];, in response to 1 pM NMDA in the presence of extracel-
lular Mg®* in neurons from elav/dNR1(N631Q) pupae (Figure S8).
In neurons from transgenic control and wild-type pupae, which
have an intact Mg?* block mechanism, 1 yM NMDA does not
cause Ca®" influx and membrane depolarization. The concentra-
tion of glutamate released by minis is on the order of 1 uM at the
synaptic cleft (Hertz, 1979), suggesting that an increase in
frequency of mini-induced Ca®* influx due to decreased Mg**
block may contribute to the increase in dCREB2-b in elav/
dNR1(N631Q) flies.

Correlated, AP-mediated NMDAR activity has been proposed
to facilitate dCREB2-dependent gene expression by increasing
activity of a dCREB2 activator. Our present study suggests
that, conversely, Mg?* block functions to inhibit uncorrelated
activity, including mini-dependent Ca?* influx through NMDARS,
which would otherwise cause increased dCREB2-b expression
and decreased LTM (Figure 8B). Other studies have also sug-
gested opposing roles of AP-mediated transmitter release and
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Activation of
kinases

dCREB2-b ——| dCREB2

Expression of
homer, staufen, etc

panel), and the second group was subjected to
spaced-training. (Lower panel) LTM scores (one-
day memory after spaced training) are plotted
against the amounts of dCREB2-b protein in flies
heat shocked for the indicated times. The dCREB2-
b/tubulin ratio was normalized to that of wild-type
without heat shock. As seen from the regression line
obtained from wild-type and hs-dCREB2-b flies,
the amount of dCREB2-b in elav/dNR1(N631Q) flies
is sufficient to disrupt LTM formation.

(B) A model for Mg?* block function in LTM
formation. Ca®* influx during correlated activity
activates adenylyl cyclase and kinases, including
CaMKs, ERK, and PKA, promoting associative
learning and dCREB2-dependent induction of
LTM-associated genes. Ca2* influx during uncor-
related activity, driven by unpaired stimuli and by
“minis,” is usually prevented by Mg?* block. In the
absence of Mg?* block, low Ca®* influx from
unpaired stimuli and minis increases a repressor
isoform dCREB2-b, preventing formation of LTM.
See also Figure S7.

— LRN

LTM

minis. For activity-dependent dendritic protein synthesis, local
protein synthesis is stimulated by AP-mediated activity and
inhibited by mini activity (Sutton et al., 2007). In the case of
NMDARSs, the opposing role of low Ca?* influx in inhibiting
CREB activity must be suppressed by Mg2+ block for proper
LTM formation.

EXPERIMENTAL PROCEDURES

Fly Strains and Heat-Shock Regimen

Our wild-type control line w(CS10) has been described before (Tamura et al.,
2003). All Gal4 driver lines, UAS-dNR1(wt) and UAS-dNR1(N6317Q) transgenic
lines, hs-dCREB2-b (17-2) flies, and dNR157%%"" and dNR1573%" mutant flies
were outcrossed to w(CS70) for at least six generations. Outcrossing of
homer™1%2 (gift from J.B. Thomas) was performed using RT-PCR analyses at
each generation to identify flies carrying the mutation. Fly stocks were main-
tained at 25°C + 2°C and 60% + 10% relative humidity under a 12-12 hr,
light-dark cycle.

The N631Q codon substitution in dNR1 was introduced by PCR mutagen-
esis using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA, USA)
using the following primers: 5-TGGGGAGTCCTGCTGCAGAGCGGGATC
GGCGAG-3' and 5-CTCGCCGATCCCGCTCTGCAGCAGGACTCCCCA-3'.
To generate transgenic flies, the PCR product was subcloned into pUAST,
a Drosophila expression vector, and injected with pUChspA2-3 containing
helper transposase into w(CS70) embryos (Rubin and Spradling, 1982; Spra-
dling and Rubin, 1982). We obtained three independent UAS-dNR1(N631Q)
lines—UAS-dNR1(N631Q)-M6, UAS-dNR1(N631Q)-M13, and UAS-dNR1
(N631Q)-M15—and two independent UAS-dNR1(wt) lines—UAS-dNR1(wt)-
W5 and UAS-dNR1(wt)-W12. In all experiments, UAS-dNR1(N631Q)-M15
and UAS-dNR1(wt)-W5 were used unless otherwise mentioned.

For heat-shock induction, flies were transferred to preheated vials and
heat shocked at 35°C for the indicated amounts of time in a water bath.
Heat shocks were given 3 hr prior to training and heat-shocked flies were
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returned to food vials during the recovery period. Before heat shock, flies
were maintained in an 18°C incubator for at least 3 days to minimize leaky
expression.

Cell Culture

Primary pupal CNS neurons were cultured as described (Su and O’Dowd,
2003). Heads were removed from pupae at pupal stage 8-10 (50-78 hr after
pupation) in dissecting buffer containing (in mM) 126 NaCl, 5.4 KCI, 0.17
NaH,PO,4, 0.22 KH,PO,, 33.3 glucose, 43.8 sucrose, and 9.9 HEPES
(pH 7.4). Dissected brains, treated with (50 U/ml) papain and (1.32 mM)
L-cysteine for 15 min at room temperature, were mechanically dissociated
into suspensions of single cells in Drosophila-defined culture medium
(DDM2) as described previously (Su and O’Dowd, 2003). Cells were placed
on concanavalin-A-lamini-coated glass coverslips and cultured in a 23°C,
humidified, 5% CO, incubator. Three- to four-day-old cultured neurons, which
have not yet developed extensive connections, were used for electrophysio-
logical and imaging analyses.

Electrophysiology
Whole-cell recordings, adapted from previous methods (Burnashev et al.,
1992; Saitoe et al., 2001; Single et al., 2000; Xia et al., 2005), were performed
on cultured neurons at room temperature. The internal solution in whole-cell
pipettes (3-10 MQ) contained (in mM) 158 KCI, 5 EGTA, 2 ATP, and 10 HEPES
(pH 7.1). Hemolymph-like HL3 solution (Stewart et al., 1994) was used for the
standard extracellular solution, and contained (in mM) 70 NaCl, 5 KCI, 10
NaHCO3, 1.5 CaCl,, 20 MgCl,, 5 trehalose, 115 sucrose, and 5 HEPES (pH
7.2 with NaOH). High Na* extracellular solution contained (in mM) 140 NaCl,
1.5 MgCl,, 5 KCI, 5 trehalose, 80 sucrose, and 5 HEPES (pH 7.2 with
NaOH), while high Ca?* extracellular solution contained 30 CaCl,, 5 KCI, 70
N-methyl-D-glucamine, 5 trehalose, 115 sucrose, and 5 HEPES (pH 7.2 with
Ca(OH),). The osmolarity of the solution was adjusted with sucrose. In order
to stabilize the surface potential, 1.5 mM MgCl, was added to the high Na*
extracellular solution. dNMDARs do not demonstrate Mg?* block at this
concentration (Xia et al., 2005). For measuring Mg?* permeability, Ca* and
Na* in the HL3 solution were replaced to Mg?* and N-methyl-D-glucamine,
respectively, and the pH of the solution was adjusted using Mg(OH),. All chem-
icals dissolved in extracellular solution were delivered with a VC-6 valve
controller (Warner Instruments, Novato, CA, USA). Data were acquired with
an AXOPATCH-1D, a Digidata 1320A D-A converter, and pClamp 8 (Axon
Instruments, Inverurie, Scotland) software.

Pca/Pna Was calculated using the Goldman-Hodgkin-Katz equation as
described previously (Chang et al., 1994):

Pea/Pra={ (INa", — a[Na"],) /(o Ca™*], ~ [Ca™*] ) }(1+5)/4-+ (P /Pua)
X (K], — 5lK"),)/(6#[Ca" |, — [Ca** )} 1 +)/4.

0]

Pra  (afK'], = [K'])

where o = exp(-FV,e/RT) and Ve, is the reversal potential, and F, R, and T have
their standard meanings.

@

Memory Assay

Single-Cycle Training

Standard single-cycle olfactory conditioning was performed as previously
described (Tamura et al., 2003; Tully and Quinn, 1985). Two aversive odors
(8-octanol [OCT] and 4-methylcyclohexanol [MCH]) were used as conditioned
stimuli (CS). The unconditioned stimulus (US) was paired with one of the odors
and consisted of 1.5 s pulses of 60 V DC electric shocks. To test for memory
retention, about 100 trained flies were placed at the choice point of a T-maze in
which they were exposed simultaneously to the CS+ (previously paired with
the US) and CS- (unpaired with the US). As previously described (Tully et al.,
1994), a performance index (Pl) was calculated so that a 50:50 distribution
(no memory) yielded a PI of zero and a 0:100 distribution away from the CS+
yielded a Pl of 100. Peripheral control experiments, including odor acuity
and shock reactivity assays, were performed as described previously (Tamura
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et al., 2003; Tully and Quinn, 1985) to verify that sensitivity to the odors and
shock were unaffected in our transgenic flies.

Spaced and Massed Training

Repetitive spaced and massed trainings were performed as described
previously (Tully et al., 1994; Xia et al., 2005). Spaced training consists of
ten single-cycle trainings, where a 15 min rest interval is introduced
between each session. Massed training consists of ten single-cycle train-
ings, where one session immediately follows the previous one. Memory
was measured one day after spaced or massed training to evaluate LTM
and ARM.

Short-Duration Training

Flies were exposed to CS+ and CS- odors for various durations (5, 10, 20, 30,
and 60 s) and received electrical shocks every 5 s (1.5 s electric shock pulse)
during exposure to the CS+. LRN was tested immediately after training. A
training duration of 60 s corresponds to normal single cycle training.

Odor Specificity of Olfactory Learning

Flies were exposed to OCT for 60 s with (OCT+) or without (OCT-) electrical
shocks (1.5 s pulses every 5 s). Inmediately after training, flies were placed
in a T-maze, where flies were exposed to an odor (OCT, MCH, or Benzalde-
hyde) and air simultaneously to examine whether training to OCT affects
responses to unrelated odors.

Quantification of Transcripts

Transcript levels were quantified using real-time PCR (model 7500, Applied Bi-
osystems, Carlsbad, CA, USA) as described previously (Yamazaki et al., 2007).
Heads were harvested on dry ice, and total RNA was obtained using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized using
a High-Capacity cDNA Archive Kit (Applied Biosystems), and gPCR was per-
formed using sybr-green-based chemistry using specific primers (Table S1).
Expression of each transcript was normalized to that of GAPDH1.

Immunoblotting and Immunohistochemistry

To generate anti-dNR1 antibody, rabbit antiserum («NM1) was raised against
the most C-terminal amino acid sequence of dNR1, CGKTRPQQSVLPPRYSP
GYTSDVSHLVV. Affinity-purified antibody (1:1,000) was used for immunoblot-
ting and immunohistochemistry as described previously (Xia et al., 2005). Fluo-
rescence images of dNR1 distribution in fly brains were obtained using
a confocal laser microscope (Fluoview FV500, Olympus, Shinjuku, Tokyo,
Japan).

Immunoblotting protocols for dCREB2-b (Xia et al., 2005) and for ERK
(MAPK) and pERK (pMAPK) (Pagani et al., 2009) have been previously
described. Anti-dCREB2-b monoclonal antibody (Yin et al., 1994) was used
at a 1:10 dilution. Anti-phospho-p44/42 MAPK and anti-total p44/42 MAPK
primary antibodies were purchased from Cell Signaling Technology (Danvers,
MA, USA) and used at a 1:1,000 dilution. Signals were detected using HRP
conjugated secondary antibodies and ECL blotting reagents (GE Healthcare,
Waukesha, WI, USA).

For analysis of dCREB2-b in single brains, adult heads were dissected and
brains were placed in HL3 solution containing 100 uM TTX. After a first incuba-
tion in HL3 with TTX for 10 min in a 5% CO, incubator, the HL3 solution was
replaced with Mg2*-free HL3 solution (SrCl, was used instead of MgCl,) and
further incubated for 2 hr. To block dINMDAR activity in the Mg?*-free condi-
tion, 1 MM MK801 was used when indicated. Single brains were homogenized
in 10 pl lysis buffer and processed for immunoblotting as described previously.

Homer antibodies have been previously described (Diagana et al., 2002). For
immunostaining, antibody was first preabsorbed overnight at 4°C with nitro-
cellulose strips blotted with protein from homer?'%? flies and then used at
a dilution of 1:1,000 (Diagana et al., 2002). Immunostaining was performed
as previously described (Diagana et al., 2002).

Statistical Analyses

All data are expressed as means + SEM. Graph Pad Prism version 4.01 was
used for statistical analyses. Statistical significance between two groups
was analyzed by Student’s t test. Significant differences between multiple
groups were determined by one- or two-way ANOVA. Bonferroni/Dunn post
hoc comparisons were used for individual comparisons after ANOVA.
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