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Presynaptic inhibitory G protein-coupled receptors play a critical
role in regulating transmission at a number of synapses in the
central and peripheral nervous system. We generated transgenic
mice that express a constitutively active form of an inhibitory G�
subunit to examine the molecular mechanisms underlying the
actions of one such receptor, metabotropic glutamate receptor
(mGluR) 2, at mossy fiber-CA3 synapses in the hippocampus.
mGluR2 participates in at least three types of mossy fiber synaptic
plasticity, (i) transient suppression of synaptic transmission, (ii)
long-term depression (LTD), and (iii) inhibition of long-term po-
tentiation (LTP), and we find that inhibitory G� signaling is suffi-
cient to account for the actions of mGluR2 in each. The fact that
constitutively active G�i2 occludes the transient suppression of
synaptic transmission by mGluR2, while enhancing LTD, suggests
further that these two forms of plasticity are expressed via differ-
ent mechanisms. In addition, the LTP deficit observed in constitu-
tively active G�i2-expressing mice suggests that mGluR2 activation
may serve as a metaplastic switch to permit the induction of LTD
by inhibiting LTP.

cAMP � G protein � metabotropic glutamate receptors �
long-term depression � long-term potentiation

One important mechanism whereby neuronal activity is
controlled is through the action of presynaptic inhibitory G

protein-coupled receptors (1, 2). One member of this group is
the metabotropic glutamate receptor, mGluR2, which is present
at mossy fiber-CA3 pyramidal cell synapses. Here, mGluR2s are
localized perisynaptically near presynaptic terminals (3, 4),
where they are thought to function as autoreceptors to suppress
transmission in response to excess glutamate release. Pharma-
cological and genetic manipulations have shown that mGluR2s
participate in at least three types of synaptic plasticity: (i) a
transient suppression of synaptic transmission that occurs in
response to receptor activation, (ii) a persistent form of synaptic
depression requiring both mGluR2 activation and presynaptic
calcium influx (long-term depression, LTD), and (iii) mGluR2-
mediated inhibition of long-term potentiation (LTP) (5, 6).

The relationship among these forms of mossy fiber-CA3
synaptic plasticity and the mechanism of mGluR2 involvement
in each is not completely clear. Does the involvement of mGluR2
in both transient and persistent synaptic depression reflect a
common mechanism, such that the persistent form merely results
from a stabilization of the transient form, or does mGluR2
participate in these two processes via independent mechanisms?
Similarly, does the inhibition of LTP by group II mGluR
activation reflect opposing actions on a common effector path-
way for depression and potentiation, or a permissive role for
mGluR2 in inducing LTD by blocking LTP? We have begun to
address these questions by exploring the signaling pathway
downstream of mGluR2 using transgenic mice that express a

constitutively active form of G�i2. We find that the effects of
mGluR2 on mossy fiber synaptic plasticity can be accounted for
by the actions of inhibitory G� subunits. However, the fact that
transgene expression occludes transient suppression without
occluding LTD supports the conclusion that additional biochem-
ical cascades need to be activated along with inhibition of
adenylate cyclase for the induction of LTD. Similarly, the fact
that transgene expression strongly inhibits LTP without inducing
LTD suggests that the participation of inhibitory G� signaling in
LTD may be due, in part, to inhibition of LTP.

Results
Expression of Constitutively Active G�i2 in tetO-G�i2, CaMK-tTA Dou-
ble Transgenic Mice and Inhibition of Adenylate Cyclase. As is the
case with all G protein-coupled receptors, mGluR2 activation
causes GDP�GTP exchange in its G protein targets and subse-
quent dissociation of the active GTP-bound G� and ��� com-
ponents of these heterotrimeric proteins. Activated G�i/o sub-
units inhibit particular isoforms of adenylate cyclase (7–9);
however, additional actions are mediated through the actions of
both G� and ��� dimers on other targets (10–16). We generated
transgenic mice that express a constitutively active form of G�i2
to test which of the effects of mGluR2 on mossy fiber synaptic
plasticity can be accounted for by signaling mechanisms involv-
ing inhibitory G� subunits.

A constitutively active form of the � subunit of the hetero-
trimeric G protein, Gi2, has been described previously (17, 18).
This form carries a mutation that converts an arginine residue at
position 179 in the catalytic site to a cysteine, interfering with the
ability of the protein to hydrolyze GTP, and causing it to inhibit
adenylate cyclase constitutively. We placed this construct under
the control of a tetO promoter and crossed animals carrying this
transgene to animals carrying a transgene where expression of
the synthetic transactivator, tTA, is driven by the �-calcium�cal-
modulin kinase II (CaMKII) promoter (19). In progeny that
carry both the tetO-G�i2 and CaMK-tTA transgenes, tTA binds
to the tetO promoter and turns on constitutively active G�i2
expression only in cells where the CaMKII promoter is active.

TetO promoter-driven transgene expression can be sup-
pressed by doxycycline, which prevents binding of tTA to the
tetO promoter. To further restrict G�i2 transgene expression
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temporally, we maintained mothers and their pups on food
containing 40 mg�kg doxycycline until the pups were 10 days old,
at which time the animals were shifted to normal food. In
animals fed in this manner, hippocampal expression of the G�i2
transgene RNA was detectable by RT-PCR 5 days after removal
from doxycycline (15 days old; Fig. 1B). This was the case even
though RNA encoding tTA was detectable by RT-PCR in the
same samples at least 2 days before this time. For all of our
experiments, we used 15- to 21-day-old mice raised according to
this on-doxycycline�off-doxycycline regime.

Doxycycline-regulated G�i2 transgene expression is also re-
vealed by oligonucleotide RNA in situ hybridization and Western
blotting. In double transgenic animals shifted to normal food,
transgene RNA was detected in the cortex, olfactory bulb,
striatum, and cell body layers of all three major hippocampal
subregions; however, this expression was absent from double
transgenic animals maintained on doxycycline (Fig. 1 A). Simi-
larly, immunoreactivity to the Glu-Glu epitope tag, included in
the transgene, was detected on Western blots of hippocampal
homogenates from double transgenic animals shifted to normal
food but not from single transgenic control animals or from
double transgenic animals maintained on doxycycline (Fig. 1C).

The mutant G�i2 protein expressed by our transgene was
previously shown to constitutively inhibit adenylate cyclase (17).
We sought to confirm that this protein exhibited similar activity
when expressed in transgenic mice. To do this, we took advan-
tage of the relative abundance of G protein-sensitive adenylate
cyclases present in striatal membrane preparations. We observed

a significant reduction in adenylate cyclase activity in crude
membranes prepared from constitutively active G�i2-expressing
animals compared with nonexpressing control littermates (Fig.
1D) that averaged 14.8% of control across a number of dopamine
concentrations (P � 0.0037, two-way ANOVA with repeated
measures; n � 5). This difference was not observed between
animals of the same genotype when transgene expression was
suppressed by doxycycline (Fig. 1E; mean difference � 0.3% of
control; P � 0.9636, two-way ANOVA for repeated measures;
n � 4). The degree of inhibition of inhibitory G� protein-
sensitive adenylate cyclases in principal cells is likely much
higher than the level of inhibition observed here in crude
membrane preparations because these preparations include
contaminating adenylate cyclase activity from inhibitory G�
protein-insensitive cyclases, as well as cyclase activity from
nonprincipal cells where the transgene is not expressed.

Constitutively Active G�i2 Expression Does Not Alter Synaptic Input–
Output Relations or Paired-Pulse Facilitation at Mossy Fiber-CA3
Synapses. We sought to determine whether constitutively active
G�i2 expression affected basal synaptic transmission at mossy
fiber-CA3 synapses by assessing the input–output relationship at
a number of different stimulus intensities. Our analysis revealed
no significant differences between double transgenic animals
and single transgenic controls, indicating that G�i2 transgene
expression did not affect this aspect of basal synaptic transmis-
sion (Fig. 2A; single transgenic excitatory postsynaptic current
(EPSC) amplitude � 94.8 � 14.2 pA, n � 14; double transgenic

Fig. 1. Doxycycline-regulated, constitutively active G�i2 expression in tetO-Gi2, CaMK-tTA double transgenic animals. (A) Constitutively active G�i2 RNA is
expressed in principal cells throughout the hippocampus, cortex, striatum, and olfactory bulb. Shown are Nissl stain of hippocampus (Left) and sagittal (Right)
sections of tetO-Gi2, CaMK-tTA double transgenic animals and corresponding oligonucleotide in situ hybridization of the same sections. Animals were raised on
doxycycline and either shifted onto normal food at 10 days of age (Upper; off dox) or maintained on doxycycline-containing food (Lower; on dox) until they were
killed and prepared for in situ hybridization at 21 days of age. (B) Constitutively active G�i2 transgene RNA is present in the hippocampi of 15-day-old animals
5 days after removal from doxycycline. Shown are agarose gels of products from RT-PCRs carried out on RNA prepared from littermates killed at 3, 4, 5, and 6
days after switching from doxycycline-containing food to normal food 10 days after birth. (C) Constitutively active G�i2 protein is expressed in the hippocampi
of double transgenic animals and is suppressed by administration of doxycycline. Western blots of hippocampal homogenates prepared from 21-day-old animals
raised on doxycycline until 10 days of age (lanes 1–3) or maintained on doxycycline throughout (lane 4) were probed with antibodies to the Glu-Glu epitope
present in the transgenic protein (Upper) and tubulin as a loading control (Lower). (D and E) Dopamine-induced adenylate cyclase activity in striatal membranes
prepared from 21-day-old double transgenic (open circles) or single transgenic (filled squares) animals either maintained on doxycycline throughout (E) or shifted
off doxycycline at 10 days of age (D). Each point represents the mean � SEM for five (D) or four (E) experiments carried out in triplicate.
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EPSC � 96.1 � 10.5 pA, n � 14). The single transgenic control
animals carried either the CaMK-tTA transgene or the tetO-
G�i2 transgene alone. Because no significant differences were
observed between these two groups for this or any of the other
physiological measures described, data from these control ani-
mals were pooled throughout.

As a measure of presynaptic function, we examined paired-
pulse facilitation at interstimulus intervals of 10, 20, 30, 40, 50,
75, 100, 250, and 1,000 ms, and observed no differences in mossy
fiber-CA3 paired-pulse facilitation profiles between slices from
G�i2 transgene-expressing and control mice. At an interstimulus
interval of 20 ms, this facilitation was �2.8 times the initial
response, consistent with values observed previously for mossy
fiber-CA3 synapses (Fig. 2 B and C).

Constitutively Active G�i2 Occludes Transient Suppression of Mossy
Fiber Synaptic Transmission by Group II mGluR Activation. If
mGluR2-mediated suppression of mossy fiber synaptic transmis-
sion results from the activation of inhibitory G� subunits, then
constitutively active G�i2 expression should affect the ability of
group II mGluR agonists to inhibit synaptic transmission at these
synapses. To test this possibility, we applied (2S,2�R,3�R)-2-
(2�,3�-dicarboxycyclopropyl)glycine (DCG-IV) to acute slices
from double transgenic and single transgenic control animals,
and compared its effects on mossy fiber synaptic transmission. In
control slices, 20 min of DCG-IV application produced a 76 �
4.8% reduction in whole-cell-evoked EPSC amplitude. In con-
trast, acute slices prepared from constitutively active G�i2-
expressing animals showed little or no response to DCG-IV

application (Fig. 2 C and D; 13 � 9% reduction), indicating that
its effects were occluded by the actions of the transgene, and
suggesting that the suppression of mossy fiber synaptic trans-
mission by mGluR2 is mediated by inhibitory G� signaling. This
occlusion was observed in double transgenic animals when
DCG-IV was applied at concentrations of either 5 or 0.5 �M,
and the suppression observed in controls did not persist once the
drug was washed out of the slice (Fig. 2D; and see Fig. 4A, which
is published as supporting information on the PNAS web site).
In addition, we saw no evidence for an effect of transgene
expression on the level or distribution of group II mGluR
immunoreactivity at mossy fiber terminals (Fig. 4 G and H).

Constitutively Active G�i2 Enhances LTD at Mossy Fiber-CA3 Synapses.
mGluR2 activation has previously been implicated in the
induction of LTD at hippocampal mossy fiber-CA3 synapses
(20, 21). We therefore sought to determine whether constitu-
tively active G�i2 expression also affected the induction of this
persistent form of synaptic depression. Unlike transient sup-
pression, which was occluded by constitutively active G�i2, we
found that LTD evoked by a 2-Hz, 10-min stimulus train was
enhanced �2-fold in transgene-expressing animals as com-
pared with controls [Fig. 3A; 58 � 4% for double transgenics
versus 76 � 3.4% of prestimulus baseline for controls, 20 min
post-low-frequency stimuli (LFS); P � 0.05, Student’s t test].
The fact that mossy fiber LTD was not occluded by constitu-
tively active G�i2 likely ref lects the requirement for the
combined actions of mGluR2 activation and presynaptic cal-
cium inf lux for this persistent form of synaptic depression, as

Fig. 2. Expression of constitutively active G�i2 does not alter basal synaptic transmission but occludes mGluR2-mediated suppression of transmission. (A)
Input–output relation of mossy fiber-evoked EPSC peak amplitude (percent maximum) as a function of normalized stimulus intensity in constitutively active
G�i2-expressing double transgenics (open circles; n � 6) versus pooled single transgenic slices (filled circles; n � 6). (B) Percent paired-pulse facilitation profiles
(S2�S1) of mossy fiber-CA3-evoked EPSCs as a function of interstimulus interval in slices from constitutively active G�i2-expressing (open circles; n � 6) and single
transgenic control (filled circles; n � 6) mice. (C) Sample paired-pulse-evoked EPSCs (30-ms interstimulus interval) and group II mGluR-mediated depression of
synaptic transmission at mossy fiber-CA3 synapses in a slice from a single transgenic mouse (Upper) and a double transgenic littermate (Lower), illustrating the
occlusion of group II mGluR-mediated depression in constitutively active G�i2-expressing mice. (D) Time course of all experiments comparing the effects of 5 �M
DCG-IV (black bar) on mossy fiber-evoked EPSCs in single CA3 pyramidal neurons recorded by whole-cell patch-clamp in slices from double transgenic (open
circles; n � 5) versus single transgenic (filled circles; n � 6) mice. In all panels, each point is mean � SEM of n cells.
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compared with transient suppression, which requires only
group II mGluR activation (6, 22). The dependence of this
LTD enhancement on G�i2 transgene expression was further
confirmed by continued doxycycline administration, which
prevented both transgene expression and LTD enhancement
(see Fig. 4 C and D).

Constitutively Active G�i2 Rescues the Mossy Fiber LTD Deficit Caused
by mGluR Blockade. The fact that inhibitory G� signaling appears
to be sufficient to account for the actions of mGluR2 in
transient suppression raises the possibility that it may also be
sufficient to account for the actions of mGluR2 in LTD. To test
this possibility, we attempted to elicit mossy fiber LTD in
double transgenic and control animals in the presence of the
group II�III mGluR antagonist, (RS)-�-methyl-4-tetrazolyl-
phenylglycine (MTPG). In acute slices prepared from control
animals, application of 200 �M MTPG blocked LTD normally

elicited by 2-Hz, 10-min stimulation (Fig. 3B, filled circles;
99 � 4.6% of pre-LFS baseline, 20 min post-LFS). By contrast,
we did not observe a similar blockade of LTD by MTPG in
slices from double transgenic animals (Fig. 3B, open circles;
45 � 3% of baseline EPSC amplitude, 20 min post-LFS),
suggesting that the constitutively active G�i2 transgene effec-
tively substitutes for mGluR2 activity in mossy fiber LTD
induction, and that mGluR2 participates in mossy fiber LTD
via the actions of inhibitory G� subunits. As previously
reported, this blockade of mossy fiber LTD by MTPG is
reversible, because LTD could be induced in control slices
after drug washout (see Fig. 4 E and F). Constitutively active
G�i2 expression restored LTD to levels observed in the
absence of the antagonist [Fig. 3B (45 � 3% of baseline for
double transgenics in the presence of MTPG, 20 min post-
LFS) compared with Fig. 3A (58 � 5.7% of baseline for double
transgenics in the absence of MTPG)].

Fig. 3. Stimulus-evoked mossy fiber-CA3 LTD is enhanced, and rescued in the presence of the mGluR II blocker MTPG, in slices from constitutively active
G�i2-expressing mice. (A) Time course of stimulus-evoked LTD (solid bar, 2 Hz for 10 min) of mossy fiber-evoked EPSCs in single CA3 pyramidal neurons recorded
by whole-cell patch-clamp in slices from double transgenic mice (open circles; n � 5) versus single transgenic control mice (filled circles; n � 5). (Insets)
Representative mossy fiber-evoked EPSCs before (1 and 3) and 15 min after (2 and 4) inducing LTD in single transgenic (upper right) and double transgenic (lower
left) slices. (Calibration bars: 25 ms�500 pA.) (B) Time course of experiments comparing stimulus-evoked LTD (black bar; 2 Hz for 10 min) of mossy fiber-evoked
EPSCs in single CA3 pyramidal neurons recorded by whole-cell patch-clamp in the presence of 200 �M MTPG (gray bar) in slices from single transgenic control
(filled circles; n � 6) versus constitutively active G�i2-expressing double transgenic mice (open circles; n � 5). (Insets) Representative mossy fiber-evoked EPSCs
before (1 and 3) and 15 min after (2 and 4) inducing LTD in MTPG in single transgenic (upper right) and double transgenic (lower left) slices. (Calibration bar:
25 ms�500 pA.) Stimulus-evoked mossy fiber-CA3 LTP is impaired, but SP-cAMPS-induced LTP is normal in constitutively active G�i2-expressing mice. (C) Time
course of experiments comparing theta-burst-evoked LTP (arrow; four theta-burst trains, 10 � 100 Hz�five pulse bursts, 200-ms interburst interval) at mossy
fiber-CA3 synapses in slices from double transgenic mice (open circles; n � 7) versus single transgenic mice (filled circles; n � 7). DCG-IV (1 �M; black bar) was
bath-applied at the end of each experiment to confirm that mossy fibers were activated. (D) Application of a cell-permeant, hydrolysis-resistant cAMP analogue
elicits LTP in both constitutively active G�i2-expressing and control slices. Shown are time course of experiments where SP-cAMPS (50 �M) was bath-applied for
20 min (black bar) while evoking mossy fiber-CA3 EPSCs every 30 s in hippocampal slices from double transgenic (open circles; n � 6) or single transgenic (filled
circles; n � 4) mice. In all panels, each point is mean � SEM of n slices.
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Constitutively Active G�i2 Inhibits Induction of LTP at Mossy Fiber-CA3
Synapses. Group II mGluR activation has been shown to inhibit
stimulus-induced mossy fiber LTP (5, 6). We therefore sought to
determine whether this effect of receptor activation was medi-
ated by inhibitory G� signaling. Theta burst stimulation of mossy
fiber afferents resulted in a robust LTP in control animals that
was virtually absent in double transgenic animals (Fig. 3C; 151 �
8.7% 50 min poststimulus for controls compared with 98 � 7.6%
for double transgenics; P � 0.05, Student’s t test). As was the case
for the unstimulated slices described in Fig. 2D, application of 1
�M DCG-IV effectively suppressed mossy fiber synaptic trans-
mission in control slices after induction of LTP (Fig. 3C; 14 �
9.6% of pre-theta-burst tetanus baseline) but had little effect on
mossy fiber evoked responses in slices from double transgenic
animals (87 � 10% of pre-theta-burst tetanus baseline). The
observation that constitutively active G�i2 expression mimicked
the inhibition of LTP caused by group II mGluR activation
suggests that, like transient suppression and LTD, the inhibition
of LTP by mGluR2 activation may also be mediated by inhibitory
G� subunits.

Increases in cAMP concentration are thought to play a central
role in the induction of mossy fiber LTP (23, 24). If the G�i2
transgene interferes with potentiation through inhibition of
adenylate cyclase and a consequent decrease in [cAMP], then it
should be possible to obtain potentiation in double transgenic
animals through exogenous application of cAMP. To test this
hypothesis, we compared SP-adenosine 3�,5�-monophosphoro-
thioate (SP-cAMPS)-induced potentiation in double transgenic
and control animals and found them to be similar in amplitude
and time course, supporting the idea that the constitutively active
G�i2 transgene acts via inhibition of adenylate cyclase to reduce
cAMP levels and inhibit mossy fiber LTP (Fig. 3D; 162 � 10%
of baseline 50 min after start of drug application for double
transgenics compared with 166 � 22% for controls).

Discussion
We generated transgenic mice that express a constitutively active
form of the � subunit of an inhibitory heterotrimeric G protein
to identify the molecular mechanisms underlying the involve-
ment of mGluR2 in various forms of mossy fiber synaptic
plasticity. Our results suggest that signaling via inhibitory G�
subunits is sufficient to account for the actions of mGluR2 in (i)
transient suppression of synaptic transmission, (ii) induction of
LTD, and (iii) inhibition of LTP. mGluR2 activation also leads
to the release of free ��� dimers, which regulate several targets,
including presynaptic Ca2� channels (15, 16, 25). However, the
actions of this component of heterotrimeric G protein signaling
appear to be dispensable in the presence of G� signaling, for the
forms of plasticity examined here.

Our data show that inhibitory G� signaling is sufficient to
account for the participation of mGluR2 in both transient and
long-term depression of mossy fiber responses. In addition, the
ability of constitutively active G�i2 to occlude transient but not
long-term depression indicates important differences between
these two forms of plasticity. If LTD results from stabilization of
the same changes that occur during transient suppression, one
would expect the continuous suppression observed in the trans-
genic mice to occlude LTD. The fact that this is not the case
suggests that, although these two forms of depression may share
a requirement for inhibitory G� signaling for their induction,
they are expressed by distinct mechanisms.

Similarly, the physiological properties observed in the consti-
tutively active G�i2-expressing mice may also provide insight into
the relationship between mossy fiber LTP and LTD. These
animals exhibit greatly reduced mossy fiber LTP in conjunction
with enhanced LTD, suggesting that mGluR2 and inhibitory G�
signaling may act as a metaplastic switch to permit the induction
or expression of LTD, in part through the inhibition of LTP.

Alternatively, the reported ability of group II mGluR activation
to elicit depotentiation at mossy fiber synapses (5) suggests that
the LTP deficit in these animals may reflect constitutive depo-
tentiation as a consequence of the persistent actions of consti-
tutively active G�i2.

To fully understand the relationship between these different
forms of mossy fiber synaptic plasticity and the role of mGluR2
in each, it will be necessary to identify the targets of the mGluR2
signaling pathway acting downstream of inhibitory G� subunits.
Adenylate cyclase I is a likely candidate in this regard, because
it is among the adenylate cyclase isoforms sensitive to inhibition
by Gi-coupled receptors (26), and because mice homozygous for
a knockout mutation of this gene also exhibit impaired mossy
fiber LTP (27). Another likely target is the cyclic-AMP-
dependent protein kinase (PKA) substrate Rim1�. This mul-
tidomain protein is thought to link vesicle docking, via interac-
tion with vesicle-associated, GTP-bound Rab3A, to vesicle
priming through interaction with munc13 and syntaxin (28, 29).
Rim1� phosphorylation by PKA is associated with certain forms
of LTP (30), and, similar to our constitutively active G�i2-
expressing animals, Rim1� knockout mice exhibit both deficient
mossy fiber LTP and enhanced LTD (31). However, the fact that
DCG-IV still suppresses synaptic transmission in Rim1� knock-
out animals suggests that, if Rim1� is a target, it is unlikely to be
the sole relevant target responsible for mediating all of the
effects of mGluR2.

We focused on the role of mGluR2 and inhibitory G� subunits
in mossy fiber synaptic plasticity; however, the relationship
examined here may also apply to the actions of other presynaptic
inhibitory G protein-coupled receptors. One example is kappa
receptors, which bind the opioid peptide dynorphin released by
mossy fibers (32). Application of dynorphin causes suppression
of synaptic activity and inhibition of LTP similar to that caused
by group II mGluR agonists (33, 34), raising the possibility that
these receptors may regulate mossy fiber activity through inhib-
itory G� activity in a manner similar to that of mGluR2s.
Furthermore, adenylate cyclase inhibition by inhibitory G�
signaling may also play a role in another presynaptically ex-
pressed form of LTD at Schaffer collateral synapses that results
from coordinated adenylate cyclase inhibition (supplied by
either mGluR2 or adenosine A1 receptor agonists) and elevation
of [cGMP] (35–38). Given the number of presynaptic inhibitory
G protein-coupled receptors and their broad distribution
throughout the nervous system, it is possible that inhibitory G�
signaling may play a central role in the regulation of synaptic
activity at many synapses.

Materials and Methods
Transgenic Animals and Transgene Expression. The epitope-tagged
G�i2 construct containing the constitutively active mutation
R179C (17, 18) was cloned into a tetO promoter containing
plasmid pUHD 10-3 (gift from H. Bujard, University of Hei-
delberg) for generation of transgenic animals by pronuclear
injection. The resulting animals were used in conjunction with
CaMKII�-tTA animals (19) to achieve region-restricted, drug-
regulated G�i2 transgene expression. Expression was assessed by
oligonucleotide RNA in situ hybridization in fresh-frozen brain
sections (39) and by RT-PCR carried out on total hippocampal
RNA prepared in TRIzol reagent (GIBCO�BRL) by using the
SuperScript First-Strand Synthesis kit (GIBCO�BRL) and stan-
dard PCR procedures. Western blots were performed on hip-
pocampal homogenates with antibodies to the Glu-Glu epitope
tag (Covance) and �-tubulin (Sigma). For oligonucleotide se-
quences and further details on methodology, see Supporting
Methods, which is published as supporting information on the
PNAS web site.
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Adenylate Cyclase Assays. Adenylate cyclase activity was measured
in crude striatal membranes from 21-day-old double transgenic
and control siblings that were either shifted to normal food at 10
days old or maintained continuously on food containing 40
mg�kg doxycycline. Reaction conditions, Dowex�alumina col-
umn chromatography, and analysis were carried out as described
in ref. 40. All reactions were carried out in triplicate, and tritiated
cAMP was included during purification to monitor recovery.
Adenylate cyclase activity in double transgenic and control
animals was compared across a range of dopamine concentra-
tions by using two-way ANOVA for repeated measures.

Electrophysiological Recordings. Transverse slices (400 �m thick)
of hippocampi and associated entorhinal cortices were prepared
from 15- to 21-day-old animals using a vibratome. Recordings
were carried out in a modified Haas-type interface chamber at
33°C on slices continuously perfused with artificial cerebrospinal
f luid: 126 mM NaCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 5
mM KCl, 2 mM CaCl2, 2 mM MgCl2, and 10 mM D-glucose,
gassed with 95% O2�5% CO2 (pH 7.3–7.4) at 3 ml�min. The
mossy fiber pathway was stimulated (150-�s square pulses) every
30 s with bipolar stimulating electrodes (Frederick Haer) placed
in the dentate gyrus granule cell body layer (stratum granulo-
sum). Baseline stimulus strength (10–100 �A) was adjusted to
elicit a response �50% of EPSC threshold amplitude for action
potential generation. Slices with baseline drift �5% over 15 min
were excluded from the analysis.

Blind whole-cell patch-clamp recordings were made at 33°C from
pyramidal neurons in CA3 stratum pyramidale in voltage-clamp
mode (Axopatch 700B; Axon Instruments). The recording elec-
trode filling solution was as follows: 135 mM Cs-gluconate, 0.5 mM
EGTA, 8 mM NaCl, 2 mM Mg-ATP2, 0.3 mM Na-GTP, 10 mM
Hepes, and 1 mM QX-314 [N-(2,6-dimethylphenylcarbomoyl-
methyl)triethylammonium bromide] (pH 7.2–7.3). Stimulating
electrodes were placed in or just on the hilar side of the upper blade
of the dentate granule cell layer, and mossy fiber EPSCs were
identified by rapid rise time (single transgenics, 1.76 � 0.15 ms, n �

14; double transgenics, 1.67 � 0.14 ms, n � 14), fast time course
(�10 ms), restriction to stratum lucidum, and marked paired-pulse
facilitation (�2.8 times at 20-ms interstimulus interval). The group
II mGluR agonist DCG-IV (5 �M) was added at the end of
experiments to confirm that synaptic events were mossy fiber in
origin (41–43). Series resistance was monitored continuously, and
experiments were discontinued if it changed by �10%. Whole-cell
experiments were performed in the presence of the NMDA an-
tagonist D-2-amino-5-phosphonopentanoic acid (D-AP5) (50 �M)
to isolate non-NMDA receptor-mediated mossy fiber LTD and
LTP.

LTD was induced by a 10-min train of LFS that consisted of
1,200 � 150 �s duration dc square pulses at a frequency of 2 Hz.
LTP was induced by a theta burst stimulation protocol, consist-
ing of 10 bursts (five pulses, 100 Hz each) at a frequency of 5 Hz,
repeated four times, 15 s apart. Changes in synaptic strength
were normalized to pretreatment baseline in the same slice
before averaging across slices.

Statistical Analyses. Values of LTD and LTP were calculated as
change in EPSC amplitude, or field excitatory postsynaptic
potential slope, compared with pretetanus baseline. Summary
data are mean � SEM. Group means were compared by using
Student’s t test for unpaired data with significance level preset
to P � 0.05.

Drug Preparation. All drugs were stored frozen as stock solutions
100–1,000 times the final concentration and thawed and diluted
immediately before addition to perfusate. Final concentrations
were as follows: DCG-IV, 5 �M and 0.5 �M (Tocris); MTPG,
200 �M (Tocris); SP-cAMPS, 50 �M (Biolog); D-AP5, 50 �M
(Tocris).
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