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Hippocampal Long-Term Potentiation is Enhanced in
Urethane-Anesthetized RGS2 Knockout Mice

R. Matthew Hutchison,1,2 Peter Chidiac,2 and L. Stan Leung1,2*

ABSTRACT: RGS2 is a member of the regulator of G-protein signaling
(RGS) family and has been implicated in cellular mechanisms associated
with neuronal plasticity. Long-term potentiation (LTP) of RGS2 knockout
and wild-type mice was examined at the Schaffer collaterals to CA1
pathway in urethane-anesthetized mice in vivo to examine RGS2’s possi-
ble role in the regulation of potentiation. As compared to wild-type
mice, RGS2 knockouts demonstrated much stronger LTP of the extracel-
lular population spikes at the somatic and dendritic layers in CA1 region
and more pronounced LTP of the population excitatory postsynaptic
current sink. Under baseline conditions, RGS2 knockouts showed lower
paired-pulse facilitation of the excitatory postsynaptic potentials and
associated current sinks in vivo as compared with wild-type mice. The
data show for the first time that RGS2 deficient mice in vivo differ from
wild-type mice in both short-term and long-term synaptic plasticity sug-
gesting that RGS2 serves as a negative regulator of long-term synaptic
plasticity. VVC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Regulator of G-protein signaling (RGS) proteins function as GTPase
activating proteins and serve to accelerate the hydrolysis of GTP to the
inactive GDP-bound state (Ross and Wilkie, 2000). Increased GTPase
activity limits the duration of action of the dissociated Ga and Gbg
subunits, which are messenger signals for the various cellular functions
mediated by activation of G-protein coupled receptors.

A member of the RGS family of proteins, RGS2 is unique in that it
preferentially interferes with signals mediated via Gq and Gs alpha subunits
while having relatively low potency toward Gi (Cladman and Chidiac,
2002; Roy et al., 2006). Functionally, RGS2 has been shown to modulate
phospholipase C-b activity (Heximer et al., 1997), affect the activation of
cAMP-gated calcium channels (Sinnarajah et al., 2001), reduce cAMP
production by adenylyl cyclase (Sinnarajah et al., 2001; Roy et al., 2006),

control experience-dependent brain development (Ingi
and Aoki, 2002), and participate in the modulation and
re-organization of neural circuits (Ingi et al., 1998).

Conflicting experimental results make it difficult to
determine RGS2’s role in neuronal functioning. It is
suggested that RGS2 induction modifies the signaling
properties of neurons by reducing the magnitude or
duration of the Gq-dependent ligand-receptor systems
as RGS2 mRNA is rapidly induced in hippocampal
neurons in response to plasticity-inducing synaptic
stimuli (Ingi et al., 1998). RGS2 upregulation is pro-
posed to modulate Gq receptor-mediated release of
intracellular calcium from inositoltrisphosphate-sensi-
tive pools which is supported by the demonstration
that a closely related protein, RGS4, inhibits calcium
signaling by group I metabotropic glutamate receptors
(mGluRs) (Saugstad et al., 1998). However, RGS2
knockout mice (RGS22/2) did not differ from hetero-
geneous controls (RGS21/2) with respect to LTP
induced at the Schaffer-collaterals to CA1 synapses in
vitro (Oliveira-Dos-Santos et al., 2000).

Because synaptic function and plasticity may differ
in vivo and in vitro (Buckmaster and Schwartzkroin,
1995; Bliss et al., 2007), it is possible that RGS2’s
effect may not be apparent in a hippocampal slice
preparation in vitro. The fact that endogenous RGS2
can attenuate Gq-dependent calcium increases suggests
that RGS2 knockout mice may show enhanced cal-
cium signaling via mGlu and other receptors. Thus,
we hypothesized that RGS2 knockout mice would
show increased LTP compared with wild-type con-
trols, and we compared LTP at the apical dendritic
synapses of CA1 in RGS22/2 and RGS21/1 mice
under urethane anesthesia in vivo.

Average evoked potentials were recorded by a multi-
channel silicon probe and analyzed as current source
density (CSD) (Fig. 1). CSD analysis reveals whether
each unit volume (50 lm-thick slabs in this report) at
one particular time shows a net inward current (sink)
or outward current (source). For a laminated hippo-
campal CA1 area, each slab corresponds to a particular
location on the dendrites and soma of the pyramidal
cells that generate most of the extracellular potential.

CA3 stimulation activated the Schaffer collaterals
and resulted in an excitatory current sink (ES) at the
apical dendritic layer or stratum radiatum (RAD in
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Fig. 1E), which was associated with a population excitatory
postsynaptic potential (pEPSP). At moderate to high stimulus
intensity, a population spike sink (PS) rose from the ES. The
PS latency was smallest at the proximal apical dendrites (150
lm depth in Fig. 1E), and it increased proximally toward the
cell layer and basal dendrites (OR in Fig. 1E), and distally to-
ward the distal apical dendrites. The increase in PS latency sug-
gests propagation of the spike from the proximal apical den-
drites to the basal and distal apical dendrites (Kloosterman
et al., 2001).

In the baseline condition before LTP induction, RGS21/1

(n 5 9) and RGS22/2 (n 5 8) mice did not significantly differ
(P > 0.05, Wilcoxon) in many measures of synaptic response
(Table 1), including the threshold intensity that evoked a visu-
ally detectable ES response, the ES evoked by the first (ES1)
and the second (ES2) pulse, and the amplitude of the popula-
tion spike sink evoked by the first (PS1) and second (PS2)
pulse. However, the ratio of ES2 to ES1 or paired-pulse facili-
tation (PPF) at 50 ms was significantly higher (P < 0.01,
Wilcoxon) in wild-type than knockout mice, at both 1.5 and

2 times ES threshold stimulus intensities (Fig. 1B; Table 1).
Similar PPF differences were found for the ratio of pEPSPs
measured by their rising slopes (Table 1). In addition, the onset
times of ES1 and PS1 were significantly earlier in knockout
than wild-type mice (Table 1).

LTP was induced following tetanic stimulation (1-s train of
100 pulses at an intensity of 23 ES1 threshold) in both groups
(n 5 7 in each group). Repeated measures analysis of variance
(ANOVA) of ES1 data (measured at 23 threshold) showed a
significant time effect [F(12,210) 5 5.22, P < 0.0001] but
only a trend in the group effect [F(1,13) 5 4.52, P 5 0.055]
(Fig. 2A,B). In contrast, PS1 (measured at a stimulus intensity
that evoked 50–75% of the maximal PS1) showed significant
time [F(12,210) 5 7.11, P < 0.0001], group [F(1,13) 5
11.58, P < 0.01], and group x time interaction [F(15,180) 5
4.15, P < 0.0001] effects (Fig. 2C,D). Post hoc analysis clearly
showed a stronger potentiation of PS1 in the RGS2 knockout
as compared with wild-type mice (Fig. 2D). The PS2/PS1 or
ES2/ES1 ratios did not show any significant change following
tetanic stimulation in knockout or wild-type mice.

FIGURE 1. LTP in CA1 following a 100 Hz tetanic stimula-
tion of the Schaffer collaterals. (A) Thionin-stained histological
section that contained the track ()) of the stimulating electrode
(Stim) in CA3 and a schematic of the 16-channel silicon recording
probe (Rec) placed in ipsilateral CA1. (B) Baseline (0 min) shows
greater paired-pulsed facilitation of the excitatory sink (ES) in
wild-type (RGS21/1) mice than RGS22/2 mice (50 ms interpulse
interval, 31.5 ES threshold stimulus intensity; current source den-
sity (CSD) traces shown); the 1st pulse and 2nd pulse responses
are overlaid on the right. At 60 min post-tetanus, CSD (dotted red
traces) show LTP, when overlaid with the baseline (gray traces).
(C) ES-PS (E-S) plots for the 1st pulse response, baseline (0 min)
vs. 60 min post-tetanus, of representative wild-type and knockout

mice. Best-fit linear regression lines were statistically different for
the RGS22/2 mouse but not for the wild-type mouse. Profiles of
(D) average evoked potentials (AEP) and (E) CSD of a representa-
tive RGS22/2 mouse, with baseline (black traces) overlaid on those
recorded at 60 min post-tetanus (dashed red traces) to show poten-
tiation of the ES and population spike (*). The 1st and 2nd stimu-
lus pulses (stimulus artifacts labeled by filled circles) were sepa-
rated by an interpulse interval of 50 ms. Relative depth (in lm
from the cell layer, 0 lm) on the left; stratum oriens (OR), stra-
tum radiatum (RAD), and stratum lacunosum-moleculare (SLM).
The arrow represents the direction of propagation of the proximal
population spike. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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ES-PS (E-S) potentiation is shown as an upward shift of the
PS1 amplitude graph as a function of the ES1 slope (Fig. 1C).
The ES-PS relation during baseline, and at 60 min post-teta-
nus, were fitted by linear regression (all fits except in one
knockout mouse showed R2 > 0.6) and then compared using
an analysis of covariance (ANCOVA). Four of seven knockout
mice, but none of the seven wild-type mice, showed E-S poten-
tiation indicated by a significant change in the regression lines;
the proportion of mice with E-S potentiation was higher in the
knockout than the wild-type group (P < 0.05, Chi-square test).

This is the first report that RGS22/2 mice, compared with
wild-type controls, show an enhanced LTP but a reduced PPF
of the Schaffer collateral evoked excitation in CA1. A previous
study reported no difference in the in vitro LTP of the Schaffer
collaterals between RGS22/2 and wild-type mice (Oliveira-
Dos-Santos et al., 2000). Han et al. (2006) reported a larger
PPF at autapses in hippocampal neuronal cultures deficient in
RGS2. PPF is regarded as a presynaptic mechanism, and the
decreased PPF in RGS22/2 as compared with wild-type mice
in vivo reported here suggests that a higher presynaptic release
probability in RGS22/2mice. Differences in onset latency of
ES1 and PS1 between RGS22/2 and RGS21/1 mice were
unexpected, and may suggest more synchronous activation and/
or faster conduction velocity of the Schaffer collaterals in
RGS22/2 mice.

Differences in LTP have been reported between in vitro and
intact animals in vivo, in part because of a relative lack of inhi-
bition in vitro (Buckmaster and Schwartzkroin, 1995). Disinhi-
bition is known to increase the magnitude of LTP in CA1 in
vivo (Kaibara and Leung, 1993). The preparation of in vitro
slices may remove the normal modulation and inhibitory con-
trol of LTP and obscure the differences in LTP between knock-
out and wild-type mice in vivo. The intact subcortical innerva-
tion of the hippocampus in vivo (Amaral and Lavenex, 2007),
in particular cholinergic afferents from the medial septal area,
may provide strong activation of muscarinic receptors during
tetanic stimulation. RGS2 was reported to bind to M1 recep-
tors (Bernstein et al., 2004) and decrease M1 receptor activa-
tion that contributed to Schaffer collateral LTP induced during
walking in rats (Doralp and Leung, 2008). However, whether
disinhibition or M1 receptors are involved in enhancement of
LTP of RGS22/2 mice remains to be studied.

Oliveira-Dos-Santos et al., (2000) reported normal spatial
learning despite reduced dendritic spine density in CA1 hippo-
campal neurons and decreased pEPSPs vs. presynaptic volley am-
plitude in RGS22/2 mice. The dendritic spine loss was not
shown in a subsequent study (Han et al., 2006). Although
enhanced LTP and learning are often correlated, this is not always
the case and impaired or no change in spatial memory has been
reported in some transgenic strains of mice (Jun et al., 1998; see
Bliss et al., 2007 for review). RGS2 deficiency may still manifest
itself in other learning tasks yet to be investigated.

Metabotropic glutamatergic receptor (mGluR) regulation
may account for the differences in LTP of the PSs in wild-type
and RGS22/2 mice. An mGluR agonist decreased spike after-
hyperpolarization (AHP), increased single cell excitability,
decreased the threshold of LTP, enhanced E-S potentiation, and
induced LTP by itself (Breakwell et al., 1996; Cohen et al.,
1999). Activation of mGluRs, through the Gq-mediated and
thus possibly RGS2-sensitive release of Ca21 from internal
stores, may function as LTP ‘‘threshold boosters’’ and contrib-
ute to the magnitude and longevity of the LTP induced by a
weak tetanus (Wilsch et al., 1998). The relatively weak LTP of
ES1 (� 25% at 1 h) in the wild-type mice may suggest that
the tetanization strength used in this study was weak. We sug-
gest that the lack of RGS2 in knockout mice may allow a pro-
longed activation of mGluRs that enhances LTP by releasing
Ca21 from internal stores and increases excitability of CA1
pyramidal cells by decreasing AHP or GABAergic inhibition.
The findings here suggest a role of RGS2 as a negative regula-
tor of LTP of spike output, but the cellular mechanisms,
including a possible modulation of mGluRs, remain to be
studied.

DETAILED METHODS

RGS22/2 mice were generated using the protocol established
by Roy et al. (2006). They were provided with normal food
and water ad libitum and subjected to a standard light/dark
cycle. The study was approved by an Animal Use Subcommit-

TABLE 1.

Baseline Measures of Wild-Type RGS21/1 and RGS2 Knockout

RGS22/2 Mice

RGS21/1

(n 5 9)

RGS22/2

(n 5 8)

Threshold intensity (lA) 46 6 3 46 6 5

ES1 slope at 23 threshold

(mV/mm2/ms)

99 6 13 118 6 41

ES2 slope at 23 threshold

(mV/mm2/ms)

200 6 35 182 6 68

Maximal ES1 slope (mV/mm2/ms) 222 6 23 279 6 55

ES2/ES1 ratio at 1.53 threshold 1.79 6 0.1 1.25 6 0.1*

ES2/ES1 ratio at 23 threshold 1.94 6 0.1 1.53 6 0.1*

pEPSP2/pEPSP1 ratio at 1.53 threshold 1.87 6 0.12 1.27 6 0.15*

pEPSP2/pEPSP1 ratio at 23 threshold 1.97 6 0.11 1.49 6 0.14**

Maximal PS1 (mV/mm2) 867 6 157 1030 6 191

PS2/PS1 ratio at 50% PS1 maximum 1.51 6 0.2 1.47 6 0.5

ES1 onset at 63 threshold (ms) 5.6 6 0.4 4.4 6 0.2***

PS1 onset at 63 threshold (ms) 9.7 6 0.3 8.1 6 0.2***

Values shown are mean 6 SEM. Excitatory sink following the 1st (ES1) and
2nd pulse (ES2), and population excitatory postsynaptic potential following the
1st pulse (pEPSP1) and 2nd pulse (pEPSP2), was measured as a rising slope of
the event recorded at the CA1 apical dendrites. Stimulus intensities are stated
as number of times of ES1 threshold. Population spike sink (PS1 and PS2 fol-
lowing the 1st and 2nd pulse, respectively) was measured as the amplitude of
the negative sink transient at the CA1 cell body layer, at a stimulus intensity
that evoked 50–75% of the maximal PS1. Maximal ES or PS measures were
taken at the CA3 stimulus intensity that evoked the respective maximal
response (< 600 lA). *P < 0.01, **P < 0.05, ***P < 0.001, Wilcoxon, differ-
ence between RGS2 1/1 and RGS22/2 groups.
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tee at the University of Western Ontario, following guidelines
of the Canadian Council on Animal Care.

Eight RGS2 knockout [weight: 26.6 6 0.5 g, age: 4.25 6 0.2
months; mean 6 standard error of the mean (SEM)] and nine
wild-type (28.9 6 0.9 g, 4.06 6 0.2 months) male mice were
used. Mice did not significantly differ in terms of age or weight
(P > 0.05, Wilcoxon). Animals were anesthetized with urethane
(1 g/kg i.p.) and placed in a stereotaxic apparatus. Procaine (4%)
was applied to both the inner ear and the scalp as a local anes-
thetic. Atropine methyl nitrate was administered (9 mg/kg i.p.)
to reduce airway secretions. Animal body temperature was main-
tained between 36.58C and 378C via a feedback controlled rectal
probe and heating pad. A 16-channel silicon recording probe
(NeuroNexus, Ann Arbor, MI) was positioned in the CA1 area at
P 2.2, L 1.4 (with respect to bregma; Fig. 1A; Paxinos and Frank-
lin, 2001). The probe had 16 recording sites spaced 50 lm apart
on a vertical shank. A stimulating electrode (125 lm Teflon-insu-
lated steel wire) was placed in CA3 at P 2.2, L 2.5, at a depth
(typically 2.3–2.5 mm below the skull surface) that was opti-
mized to evoke the largest response at the apical dendritic synap-
ses of CA1. Constant current paired-pulse stimuli (0.2 ms pulse

duration), separated by 50 ms, were delivered once every 15 s,
through an S88 stimulator and PSIU6 photo-isolated stimulus
isolation unit (Astro-Med/Grass Instrument, RI), and triggered
by a pulse generator (Master-8, A.M.P.I., Israel). Stainless steel
screws in the frontal and occipital skull served as the stimulus
anode and reference, respectively.

The multichannel signals were amplified 2503, filtered from
1 Hz–10 kHz and digitized at 24.4 KHz per channel by a pre-
amplifier and digital processing base unit (Medusa Base Station
RA16, Tucker-Davis Technologies, FL). For most animals, the
responses to a low and a high intensity test-stimulus (average
of 4 sweeps each, averaged successively) were used to establish a
stable baseline. The low stimulus intensity was set at 23 ES
threshold that typically did not evoke a PS during baseline.
The high stimulus intensity evoked a PS of 50–75% of its
maximum amplitude. After a stable baseline was recorded for
at least 30 min (SEM to mean ratio <0.1 for ES1), a 1-s stim-
ulation train of 100 Hz (tetanus) was delivered at 23 ES
threshold intensity. Recordings were made for 3 h following
the tetanus. Input-output response curves (1–63 ES threshold
stimulus intensities) were generated before, and at 60, 120, and

FIGURE 2. RGS22/2 mice demonstrate increased LTP follow-
ing a tetanic (100 Hz) stimulation of the Schaffer collateral path-
way compared with wild-type RGS21/1 controls. (A) Representa-
tive traces of first-pulse apical excitatory sink (ES1) at the apical
dendritic layer, following 32 ES1 threshold stimulation, at 0, 5,
90, and 180 min after tetanus, for wild-type (RGS21/1) and
knockout (RGS22/2) mice. (B) ES1 was potentiated in both
groups (N 5 7 each); the baseline before tetanus was normalized
to one in each experiment, and tetanus was delivered at time zero

(:). Error bars represent one SEM. (C) Representative traces of
current source density at the CA1 cell layer, showing the first-pulse
population spike sink (PS1) evoked by a stimulus intensity that
evoked �50–75% of the maximal PS1 amplitude; layout same as
(A). (D) RGS22/2 mice show more pronounced potentiation of
PS1 than wild-type mice. *P < 0.05, **P < 0.01 : significant differ-
ence between groups, Newman-Keuls post hoc test following a sig-
nificant ANOVA.
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180 min after the tetanus. Two wild-type and one knockout
mouse were removed from the LTP analyses due to the induc-
tion of long-term depression.

One-dimensional CSD (z, t) as a function of depth (z) and
time (t) was calculated by a second-order differencing formula
(Leung, 1990),

CSDðz; tÞ ¼ r½2Uðz; tÞ � Uðz þ Dz; tÞ � Uðz � Dz; tÞ�=ðDzÞ2

where F (z, t) is the potential at depth z and time t, and Dz is
the spacing (50 lm) between adjacent electrodes on the 16-
channel probe; no spatial smoothing of the CSDs was necessary
(Leung, 1990). The conductivity r was assumed to be constant
and the CSDs were reported in units of V/mm2 (Fig. 1D,E).

The CA1 cell layer was determined as the recording site that
showed a near-maximal PS amplitude rising from the current
source that accompanied an apical-dendritic excitation (Kloos-
terman et al., 2001). The peak amplitude of the PS was deter-
mined at the CA1 cell layer by the maximal vertical distance
from the negative spike trace to the tangent line drawn between
the positive peaks before and after the negative spike peak (Fig.
2C). ES or pEPSP was measured by the maximal slope over a
1 ms duration, before the onset of the PS.

At the end of each experiment, the stimulating electrode
position was marked by a lesion with DC current of 1 mA for
1–2 s. Animals were perfused with saline and 4% formalde-
hyde, and the fixed, excised brains were sliced into 40 lm thick
coronal sections and stained with thionin to locate the sites of
recording and stimulating electrodes. The nonparametric Wil-
coxon signed rank test and 2-factor (group x time) repeated
measures ANOVA were used for group comparisons.
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