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Abstract
Objective: Diabetes mellitus is associated with cognitive deficits and an increased risk of dementia, particularly in the
elderly. These deficits and the corresponding neurophysiological structural and functional alterations are linked to both
metabolic and vascular changes, related to chronic hyperglycaemia, but probably also defects in insulin action in the brain.
To elucidate the specific role of brain insulin signalling in neuronal functions that are relevant for cognitive processes we
have investigated the behaviour of neurons and synaptic plasticity in the hippocampus of mice lacking the insulin receptor
substrate protein 2 (IRS-2).
Research Design and Methods: To study neuronal function and synaptic plasticity in the absence of confounding factors
such as hyperglycaemia, we used a mouse model with a central nervous system- (CNS)-restricted deletion of IRS-2
(NesCreIrs2KO).
Results: We report a deficit in NMDA receptor-dependent synaptic plasticity in the hippocampus of NesCreIrs2KO mice, with
a concomitant loss of metaplasticity, the modulation of synaptic plasticity by the previous activity of a synapse. These
plasticity changes are associated with reduced basal phosphorylation of the NMDA receptor subunit NR1 and of
downstream targets of the PI3K pathway, the protein kinases Akt and GSK-3b.
Conclusions: These findings reveal molecular and cellular mechanisms that might underlie cognitive deficits linked to
specific defects of neuronal insulin signalling.
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[1]. This makes it difficult to dissect the potential role of brain insulin
signalling in cognition and its cellular and molecular mechanisms.
IR/IGF-1R are tyrosine kinases that activate downstream
targets by phosphorylating insulin receptor substrate (IRS)
proteins [11–14]. IRS-1 and IRS-2 are widely expressed in the
brain [15–19]. Phosphorylation of IRS proteins leads to activation
of the phosphatidylinositol-3 kinase (PI3K) and mitogen-activated
protein kinase (MAPK/ERK) pathways [20–23]. Interestingly,
these pathways are also involved in the induction/expression of
hippocampal synaptic plasticity changes, such as long-term
potentiation (LTP) [24–29], which is compromised in experimental models of diabetes [5,6,8,30–34].
Although the contribution of specific IRS subtypes to neuronal
synaptic function that is relevant for cognition has not been firmly

Introduction
Substantial epidemiological evidence supports an association
between diabetes mellitus and cognitive impairment [1–3]. Animal
models of diabetes exhibit impaired learning and memory [4–8],
effectively prevented by administration of insulin [4,6]. Insulin, its
related peptide, insulin-like growth factor-1 (IGF-1), and their
receptors (IRs and IGF-1Rs) show abundant expression throughout
the CNS. Especially high levels can be found in brain regions that are
involved in higher cognitive functions, such as the hippocampus
[9,10]. However, diabetic rodent models and human patients are
susceptible to suffer complex effects of systemic hyperglycaemia and
glucose intolerance, such as vascular disorders, hypertension and heart
disease, which can independently exacerbate cognitive impairment
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hippocampal neurons. NesCreIrs2KO mice were generated and
shown to lack IRS-2 expression in the brain [40]. No alteration in
the hippocampal expression of IRS-1 was detected by RT-PCR in
these animals (IRS-1 in NesCreIrs2KO mice: 99.3614.2% of control;
n = 5). Whole-cell recordings revealed no significant differences in
the resting membrane potential (Fig. 1A) and membrane resistance
(Fig. 1B) of CA1 pyramidal neurons from NesCreIrs2KO mice and
littermate controls. Furthermore, there were no differences in
neuronal firing in response to somatic current injections (Fig. 1C),
instantaneous firing frequency (data not shown) and spike frequency
adaptation (Fig. 1D). A brain-specific deficit in IRS-2 has therefore
no significant impact upon the passive or active membrane
properties of CA1 pyramidal neurons.

established, previous work indicate a predominant role of IRS-2 in
the control of brain anatomy and metabolic pathways that are
important for synaptic plasticity and cognitive processes under
normal and pathological conditions ([35–38]; but see [39]). In the
present study, we have therefore questioned the role of neuronal
IRS-2 in hippocampal synaptic function and plasticity by using a
mouse model with a central nervous system- (CNS)-restricted
deletion of IRS-2 (NesCreIrs2KO). In NesCreIrs2KO mice, IRS-2 is
absent in CNS progenitor derived cells (neurons), while its
expression is normal in other tissues [18,40]. While mice globally
lacking IRS-2 develop diabetes due to insulin resistance and
pancreatic b cell dysfunction [41], NesCreIrs2KO mice do not suffer
from overt and progressive diabetes due to preservation of
pancreatic b-cell mass and insulin concentration [18,40]. NesCreIrs2KO mice therefore permit the investigation of the role of
IRS-2 signalling in neurons in the absence of some confounding
factors such as systemic hyperglycemia.

NMDA receptor-mediated short-term plasticity (STP) is
impaired in adult NesCreIrs2KO mice
Although insulin/IGF-1 have been shown to modulate
glutamate receptor expression and activity [47–51] and synaptic
plasticity [52–55], the downstream signalling pathways involved
are not well understood. We specifically asked whether the IRS-2
deletion affected hippocampal synaptic transmission. Stimulation
of the Schaffer collateral-commissural fibres (0.033 Hz) identified
no difference in basal synaptic transmission at CA1 synapses of
NesCreIrs2KO and control mice (data not shown). Long-term
potentiation (LTP) is an activity-dependent model of synaptic
plasticity, which is widely considered as a cellular correlate of

Results
Deficiency in IRS-2 does not affect intrinsic excitability of
hippocampal CA1 neurons
Insulin/IGF-1 modulate membrane excitability and firing of
hippocampal neurons by affecting various potassium and calcium
conductances [42–46]. We therefore investigated whether neuronal
IRS-2 regulates intrinsic membrane properties and firing patterns of

Figure 1. Intrinsic excitability of hippocampal neurons is not altered in adult NesCreIrs2KO mice. A–B: Neither resting membrane
potential (RMP; A) or membrane resistance (Input Resistance; B) showed significant differences between CA1 pyramidal neurons of NesCreIrs2KO
mice (2/2; 26766 mV; 229617 MV, N = 11, n = 20) and littermate controls (+/+; 26765 mV; 248627 MV, N = 14, n = 22). C: A similar number of
action potentials were generated in response to 1 s-long current injections to CA1 neurons of control (+/+; 160 pA: 3.160.7; 200 pA: 4.160.8; 240 pA:
4.460.7) and NesCreIrs2KO (2/2; 160 pA: 2.860.5; 200 pA: 4.160.6; 240 pA: 5.260.8) mice. D: Sample traces taken from representative experiments
in CA1 neurons of control (+/+; RMP: 258 mV) and NesCreIrs2KO (2/2; RMP: 260 mV) mice, illustrate the response to a 1 s-long injection of 200 pA.
Scale bars: 20 mV, 200 ms.
doi:10.1371/journal.pone.0031124.g001
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type and n = 11 cells from 6 NesCreIrs2Ko mice). The mean
amplitude of spontaneous events in wild-type CA1 neurons was
13.560.3 pA (n = 438); in NesCreIrs2Ko cells, 13.460.3 pA
(n = 561; p = 0.76). This indicates that basal synaptic AMPA
receptor function is unlikely to be changed (i.e. increased) in
NesCreIrs2Ko mice. Additionally, NBQX (5 mM) had a small effect
on the EPSCs recorded at +40 mV, a potential at which the
contribution by NMDA receptor activation is predominant. In 13
CA1 pyramidal neurons, NBQX caused a reduction in the current
peak amplitude by 16.164.9%. The reduction caused by NBQX
on wild-type cells (15.165.9%, n = 9) was not statistically different
from that in NesCreIrs2KO cells (18.3610.2%, n = 4; p = 0.78).
Although indirect, this result suggests that NBQX had a similar
impact on the EPSCs measured at +40 mV in wild-type and
NesCreIrs2KO mice, supporting the notion that their AMPAmediated component was similar. Finally, after assessing that the
NMDA contribution to the amplitude of extracellularly recorded
fEPSPs was negligible by evaluating the effects of DL-AP5 (50–
100 mM) at different time points (change in fEPSP amplitude the
presence of DL-AP5: peak, 8.464.6%, p = 0.11; 20 ms poststimulus, 1.769.1%, p = 0.85; 30 ms post-stimulus, 212.466.4%,
p = 0.09; n = 9), we compared input-output curves of fEPSPs
obtained from control and NesCreIrs2KO mice. When plotted
against stimulus intensity or indeed fibre volley amplitude, no
strain-specific differences were observed (not shown). This finding
further supports the idea that there is no difference in basal AMPA
receptor function in NesCreIrs2KO. As a further, independent line
of evidence highlighting potential differences in AMPA and
NMDA receptors under basal conditions, we carried out a
western-blot protein analysis in lysates from the hippocampal
CA1 subfield of both control and NesCreIrs2KO mice. There was no
significant alteration in the total amount of the AMPA receptor
subunit GluR1 between genotypes (Fig. 3E–F, upper panels).
Additionally, the proportion of phosphorylated GluR1 subunit
(pGluR1) at Ser845 (Fig. 3E) and Ser831 (Fig. 3F) relative to
total GluR1 protein was comparable in controls and NesCreIrs2KO
mice. Similarly, there were no changes in the total levels of the
NMDA receptor subunits NR1 (Fig. 3G, upper panel), NR2A
(Fig. 3H) and NR2B (Fig. 3I). Conversely, NesCreIrs2KO mice
displayed a significant reduction in the relative proportion of NR1
subunit phosphorylated at Ser897 (pNR1) relative to their control
littermates (Fig. 3G). Since phosphorylation of NR1 at Ser897 is
known to increase the activity of NMDA receptors [63–68], the
reduced phosphorylation observed in NesCreIrs2KO mice may
underlie the lower ratio of NMDA- to AMPA-mediated EPSC
amplitude, and contribute to the attenuation of LTP in the
absence of neuronal IRS-2.

learning and memory [56,57] and is altered under conditions of
deficient or defective insulin signalling [5,6,8,30–34]. We assessed
whether neuronal IRS-2 plays a specific role in LTP, elicited in
CA1 synapses of adult mice (5–10 months old) by high-intensity
theta burst stimulation (H-TBS, see Methods) of Schaffer
collateral-commissural fibres. The H-TBS stimulation protocol
reliably induced LTP in all slices from adult mice. The resulting
LTP persisted for at least 60 minutes and was prevented by the
application of the NMDA receptor antagonist DL-AP5 (100 mM)
and Ca2+ channel blocker nimodipine (30 mM; n = 4; data not
shown) in control mice. The LTP induced by H-TBS was of
similar magnitude in control and NesCreIrs2KO mice (Fig. 2A).
However, the short-term potentiation (STP) of the EPSPs
measured 2 minutes after H-TBS was significantly reduced in
NesCreIrs2KO mice (Fig. 2B). The difference in STP was not due to
presynaptic changes, since paired-pulse facilitation (PPF) was
unchanged before and after H-TBS in either control or
NesCreIrs2KO mice, suggesting that the probability of neurotransmitter release was not modified by the IRS-2 deficiency (Fig. 2C
and D). To further confirm that the STP following H-TBS was of
postsynaptic origin and dependent on the activation of NMDA
receptors, we applied H-TBS in the presence of DL-AP5 (50 mM).
DL-AP5 significantly reduced STP in control mice (Fig. 2E). In
contrast, in NesCreIrs2KO mice DL-AP5 did not affect the
amplitude and slope of the EPSPs measured 2 min following the
H-TBS (Fig. 2F). The lack of effect of DL-AP5 is likely to be due
to an impairment of NMDA receptor function underlying the HTBS-induced STP in NesCreIrs2KO mice.

LTP and glutamatergic transmission are altered in CA1
synapses of adult NesCreIrs2KO mice
Next, we facilitated the induction of synaptic plasticity in adult
mice by suppressing fast inhibitory synaptic transmission. Upon
application of the GABAA receptor antagonist SR95531 (6 mM), a
single TBS was sufficient to produce a substantial LTP in CA1
synapses of control mice (Fig. 3A and B, upper traces).
However, the level of LTP was significantly reduced in
NesCreIrs2KO mice (Fig. 3A and B, lower traces). Therefore,
in response to a weaker induction protocol delivered upon
inhibition of GABAA receptors, NesCreIrs2KO mice show an
impaired level of LTP with respect to their control littermates.
NMDA receptor activation is essential for the induction of LTP
at Schaffer collateral-CA1 synapses [58,59], also in response to
TBS [60]. Changes in NMDA receptor function and expression
have been described in animal models of diabetes [61,62] and as a
direct response to application of insulin [47–51]. To test whether
alterations in the NDMA-dependent synaptic transmission were
responsible for the reduced LTP in mice lacking neuronal IRS-2,
we analysed AMPA- and NMDA-mediated excitatory postsynaptic currents (EPSCs) evoked by stimulation of the Schaffer
collateral-commissural fibres after blocking GABAA-mediated
transmission and recorded at a holding potential of 270 mV
and +40 mV, respectively. The ratio of NMDA- to AMPAmediated EPSC amplitude was significantly lower in NesCreIrs2KO
(Fig. 3C and D, right) compared to littermate controls (Fig. 3C
and D, left). The lower ratio of NMDA- to AMPA-mediated
EPSC amplitude in NesCreIrs2KO mice could be due to changes in
either the expression or activity of AMPA and NMDA receptors.
Spontaneous excitatory synaptic activity, corresponding to miniature and spontaneous action potential-driven events, was entirely
dependent on AMPA receptor activation in our recordings, since it
was fully suppressed by application of the AMPA receptor
antagonist NBQX (5 mM). We analyzed the amplitude of all
spontaneous events recorded at 270 mV (n = 12 cells from 5 wildPLoS ONE | www.plosone.org

LTP and phosphorylation of Akt/protein kinase B and
glycogen synthase kinase-3 (GSK-3) are impaired in CA1
of juvenile NesCreIrs2KO mice
To assess whether IRS-2 affects NMDA-dependent synaptic
plasticity also in the presence of intact inhibitory transmission, we
performed recordings from younger, naive mice (3–6 weeks) in the
absence of GABAA receptor antagonists. A single TBS induced
reliable LTP in control mice, but an attenuated one in juvenile
NesCreIrs2KO mice (Fig. 4A and B). These results provide further
indication that plasticity of CA1 synapses is impaired in
NesCreIrs2KO mice in a way that is independent of age and
experience.
The molecular mechanisms underlying NMDA-dependent LTP
involve several protein kinases, including phosphatidylinositol 3kinase (PI3K) and mitogen-activated protein kinases (MAPK/
ERK) (for reviews see [57,69,70]). Activation of IRS proteins is
3
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Figure 2. NMDA receptor-mediated short-term plasticity (STP) is impaired in adult NesCreIrs2KO mice. A: High-intensity theta burst
stimulation (H-TBS) was applied to Schaffer collateral-commissural fibres following at least 15 minutes of stable baseline recording of synaptic activity
in slices from 5–10 month old mice that had previously undergone behavioural training. In the absence of GABA receptor inhibitors, H-TBS induced
robust long-term potentiation (LTP) of similar magnitude in both control (+/+; 16067%, N = 7, n = 10) and NesCreIrs2KO mice (2/2; 15266%, N = 5,
n = 7), when measured 60 min following induction. Recordings made following H-TBS commence at time 0. B: Graph illustrates the same data as in A,
but on an expanded time scale. The STP measured 2 min following H-TBS was significantly reduced in adult NesCreIrs2KO mice (2/2; average EPSP
slope change: 11065%, N = 5, n = 7) compared with that recorded from littermate controls (+/+; average EPSP slope change: 13466%, N = 7, n = 10,
p,0.01) during the same post-stimulus period. Insets illustrate typical EPSP traces (average of 4 consecutive sweeps) recorded immediately prior to,
and either 60 min (A) or 2 min (B) following H-TBS in either control (+/+) or NesCreIrs2KO (2/2) mice. C: No significant change in paired-pulse
facilitation (PPF) was observed following H-TBS in either control (pre H-TBS: 1.760.1; post H-TBS: 1.660.1; N = 5, n = 6) or NesCreIrs2KO mice (pre HTBS: 1.660.2; post H-TBS: 1.560.1; N = 4, n = 5). Similarly, during the 2 min immediately following H-TBS, there was no significant difference in PPF
between genotypes (+/+: 1.660.1; 2/2: 1.560.1). D: Representative PPF traces (average of 4 consecutive sweeps) taken from single experiments
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carried out on a control (+/+) and NesCreIrs2KO (2/2) slice. EPSP traces are averages of 2 min recording immediately prior to, and following H-TBS. E:
In the presence of the NMDA receptor antagonist DL-AP5 (50 mM), STP, measured 2 min following H-TBS, was significantly impaired in control mice
(+/+ AP5; average EPSP slope change: 89610%, N = 3, n = 5) compared with values obtained in the absence of DL-AP5 (+/+ control; average EPSP
slope change: 13466%, N = 7, n = 10, p,0.01). F: DL-AP5 had no significant effect on STP in NesCreIrs2KO mice (2/2) (2/2 AP5; average EPSP slope
change: 111612%, N = 3, n = 5), compared with STP values obtained in the absence of DL-AP5 (2/2 control; average EPSP slope change: 11064%,
N = 5, n = 6). Arrows indicate application of H-TBS.
doi:10.1371/journal.pone.0031124.g002

known to regulate the activity of p42/44 MAPK (ERK),
p38MAPK and PI3K [20,21,23,71–73]. We therefore assessed
whether the absence of IRS-2 in hippocampal neurons affects
these signalling pathways. Under basal conditions, phosphorylation of p38MAPK at Thr180/Tyr182 was unaltered in CA1
lysates from NesCreIrs2KO compared to control mice (Fig. 4C).
Similarly, Western blot analysis revealed that the activity of ERK,
assessed by the phosphorylation levels at Thr202 and Tyr204, was
similar in control and NesCreIrs2KO mice (Fig. 4D). Interestingly,
however, phoshosphorylation of Akt/protein kinase B, a main
downstream effector of PI3K, was substantially reduced at two
distinct phosphorylation sites, Thr308 and Ser473, in NesCreIrs2KO
mice (Fig. 4E). A prominent target for PI3K-Akt signalling is
glycogen synthase kinase-3 (GSK-3), a regulator of hippocampal
synaptic plasticity [74,75]. We therefore investigated the phosphorylation state of the beta isoform of GSK-3 (GSK-3b) at Ser9,
which has an inhibitory effect and is commonly used as a measure
of GSK-3b activity [76,77]. Consistent with a reduction in
phospho-Akt, we found that phosphorylation of GSK-3b at Ser9
was significantly reduced in CA1 lysates of NesCreIrs2KO mice,
suggesting an enhancement of GSK-3b activity (Fig. 4F). Our
results show that the lack of neuronal IRS-2 is associated with a
reduction in NMDA-dependent LTP at CA1 synapses. This
plasticity deficit correlates with IRS-2-dependent alterations in the
PI3K signalling pathway, leading to a reduced activity of Akt/
protein kinase B and, consequently, to an increased GSK-3b
activity in hippocampal neurons.

(Fig. 5A and B). We therefore asked whether pharmacological
potentiation of NMDA receptor activity would induce metaplasticity in mice lacking neuronal IRS-2 by overcoming the
partial loss of NMDA current in response to synaptic
stimulation. To potentiate NMDA responses, the extracellular
concentration of Mg2+ was lowered from 1.5 mM to 1 mM,
and the extracellular concentration of Ca2+ raised from 2 mM
to 3 mM. Under these conditions, LTP induced by a single
TBS in CA1 synapses of juvenile control mice was substantially
attenuated 60 minutes following induction (Fig. 5C). Under
the same ionic conditions, however, no alteration in the level of
LTP was observed in NesCreIrs2KO mice compared with
standard ionic conditions (Fig. 5D). Interestingly, the magnitude of the LTP measured in control slices upon enhancement
of NMDA receptor activity was similar to that recorded in
NesCreIrs2KO mice (Fig. 5E and F). Stimulus-evoked metaplasticity could still be induced in control mice under
conditions of increased NMDA receptor activity due to lower
extracellular Mg2+ and higher concentration of Ca2+. Under
these conditions, a short priming stimulus of lower frequency
(5 Hz, applied 20 minutes prior to TBS) did not yield a
sustained, significant alteration in synaptic transmission, but
subsequently induced LTP was further reduced (Fig. 6A). This
stimulus-induced metaplasticity was prevented by applying DLAP5 (100 mM) during the priming period (n = 3; data not
shown), confirming an involvement of NMDA receptors in its
induction. Nonetheless, in NesCreIrs2KO synapses the same 5 Hz
priming procedure failed to cause a reduction in subsequently
induced LTP (Fig. 6B). Therefore, in mice lacking neuronal
IRS-2 enhancing NMDA receptor activity did not change LTP
compared to conditions where NMDA receptor activity was not
enhanced, and did not induce any further metaplasticity. By
contrast, enhancement of NMDA receptor activity was
sufficient to induce metaplasticity in control animals, followed
by a significant reduction in subsequently induced LTP.
Moreover, NesCreIrs2KO mice lacked NMDA receptor-dependent, stimulus-evoked metaplasticity induced by low-frequency
conditioning stimuli.

Metaplasticity of CA1 synapses is inhibited by deletion of
IRS-2
At hippocampal synapses different activation patterns result in
NMDA receptor signals that induce either LTP or long-term
depression (LTD) of synaptic efficacy [56,57], whose interplay can
be critically regulated by GSK-3b [75]. Induction of NMDAdependent LTP triggers the PI3K-Akt pathway, which in turn
inhibits GSK-3b. In the inhibited state, GSK-3b can prevent the
induction of LTD for up to one hour following LTP induction [75]
in what can be regarded as a form of metaplasticity [78]. As GSK3b activity is up-regulated in IRS-2-deficient neurons (Fig. 4F), it
is conceivable that metaplasticity at CA1 synapses may be altered
in NesCreIrs2KO mice. A priming stimulus (10 Hz) was applied to
the synapses 20–30 minutes prior to TBS and did not itself
produce a sustained alteration in synaptic efficacy, yet significantly
inhibited subsequent LTP induction in juvenile control mice for at
least 50 minutes (Fig. 5A). However, the same priming stimulus
failed to alter the magnitude of LTP evoked in juvenile
NesCreIrs2KO mice (Fig. 5B). This finding suggests that there is a
deficit of metaplasticity in CA1 synapses of mice lacking neuronal
IRS-2 in response to a conditioning stimulus capable of completely
preventing LTP in control animals.
Common experimental procedures to induce metaplasticity
involve pharmacological or synaptic activation of NMDA
receptors [78]. The reduced contribution of NMDA receptormediated current to synaptically induced EPSCs in NesCreIrs2KO mice (Fig. 3C and D) might therefore play a role
in the metaplasticity deficit observed in neurons lacking IRS-2
PLoS ONE | www.plosone.org

Discussion
In this study, we have shown that brain deficiency of IRS-2 has
a strong impact on NMDA receptor-dependent synaptic transmission, plasticity and metaplasticity in the CA1 region, which is
associated with reduced basal phosphorylation of the NMDA
receptor subunit NR1 and of downstream targets of the PI3K
pathway, such as Akt/protein kinase B and GSK-3b.
Despite the reported effects of insulin/IGF-1-mediated signalling on the modulation of neuronal ion channels [42–46,79,80],
deletion of IRS-2 does not appear to affect the intrinsic excitability
of CA1 pyramidal neurons under basal conditions. Compensation
by upregulation of IRS-1 is an unlikely explanation for this result,
as levels of hippocampal IRS-1 RNA remain unchanged in
NesCreIrs2KO mice. Our results therefore suggest that IRS-1
mediated signalling might be sufficient to maintain normal
intrinsic excitability in CA1 pyramidal neurons.
5
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Figure 3. TBS-induced LTP and the NMDA- to AMPA-mediated EPSC ratio are reduced in adult NesCreIrs2KO mice. A: In the presence of
the GABAA receptor antagonist SR95531 (6 mM), LTP was reliably induced in control mice (+/+; average EPSP slope change 60 min after induction:
15166%, N = 4, n = 6) in response to a single theta-burst protocol (TBS). The level of LTP produced under the same conditions, 60 min following TBS,
was significantly reduced in NesCreIrs2KO mice (2/2; average EPSP slope change 60 min after induction: 12366%, N = 4, n = 5, p,0.005). Arrow
indicates application of TBS. B: Sample EPSP traces (average of 4 consecutive sweeps) from individual experiments, taken prior to, and 60 min
following TBS in control (+/+) and NesCreIrs2KO (2/2) mice. C: In the presence of SR95531 (6 mM), the ratio of NMDA-EPSC amplitude (holding
potential: +40 mV) to AMPA-EPSC amplitude (holding potential: 270 mV) was significantly lower in NesCreIrs2KO (2/2; 0.3260.04, N = 6, n = 11)
compared to littermate controls (+/+; 0.4460.04, N = 5, n = 12, p,0.05). D: EPSC traces (average of 10 consecutive sweeps) from whole-cell patch
clamp experiments in NesCreIrs2KO (2/2) and control mice (+/+) illustrating the NMDA-EPSC (measured at a holding potential of +40 mV) and
corresponding AMPA-EPSC (measured at a holding potential of 270 mV). NMDA-EPSC amplitude was measured 50 ms following stimulation to
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minimize contamination from the AMPA-mediated component. E–I: Representative immunoblot images of hippocampal subfield CA1 lysates from
control (+/+) and NesCreIrs2KO mice (2/2) probed with antibodies against the total protein or specific phosphorylation sites of the AMPA receptor
subunit GluR1 (E–F) and the NMDA subunits NR1 (G), NR2A (H), and NR2B (I). Quantifications of immunoblots showing the protein level or relative
proportion of phosphorylated protein over the total are shown in the bar diagrams. E–F: The total level of the AMPA receptor subunit GluR1 was
similar in control (10068%) and NesCreIrs2KO mice (7769%, n = 10, p = 0.063; upper panels). E: The proportion of GluR1 subunit phosphorylated at
Ser845 (p-GluR1-S845) relative to total GluR1 protein was similar in control (10064%, n = 5) and NesCreIrs2KO mice (9368%, n = 5, p = 0.46; middle
and lower panels). F: The proportion of GluR1 subunit phosphorylated at Ser831 (p-GluR1-S831) relative to total GluR1 protein was similar in
control (Ser831: 100613%; n = 5) and NesCreIrs2KO mice (Ser831: 103618%, n = 5; p = 0.73; middle and lower panels). G: There was no change in
the total level of the NMDA receptor subunit NR1 (control mice: 100611%; NesCreIrs2KO mice: 9368%, n = 5, p = 0.46; upper panel). NesCreIrs2KO
mice displayed a reduced phosphorylation of NR1 at Ser897 (p-NR1; 4569%, n = 6) relative to their control littermates (10069%, n = 6, p,0.001;
middle and lower panels). H–I: There were no changes in the total levels of the NMDA receptor subunits NR2A (H; control mice: 100611%;
NesCreIrs2KO mice: 89611%, n = 7, p = 0.49), and NR2B (I; control mice: 100617%; NesCreIrs2KO mice: 129617%, n = 5, p = 0.55). Data are expressed as
mean 6 SEM. **p,0.01 (unpaired t-test).
doi:10.1371/journal.pone.0031124.g003

function. While our study shows normal total levels of NR1,
NR2A and NR2B subunits and a lower level of basal
phosphorylation of NR1 at Ser897 in NesCreIrs2Ko mice, a study
by Martin and colleagues [94], published while this paper was
under revision, supports our findings on the total level of NR2A
and NR2B subunits being normal in global IRS-2 KO mice.
However, they found a reduced tyrosine phosphorylation of NR2B
subunits following LTP induction and a reduced effect of the
NR2B specific antagonist ifenprodil on NMDA-EPSCs in global
IRS-2 KO mice [94]. The findings in our and in Martin’s study
[94] are largely complementary and provide convergent lines of
evidence supporting NMDA receptor dysfunction as a consequence of IRS-2 deficiency and a potential cause for synaptic
plasticity deficits in IRS-2 deficient mice.
The signal transduction pathways downstream of NMDA
receptor activation, which underlie LTP, include the PI3K [26–
28,95,96] and MAPK/ERK pathways [57,69,70]. Both the PI3K
and MAPK/ERK pathways are further implicated in the insulin/
IGF-1-mediated modulation of synaptic function in several
neurons [54,55,97,98], and are prominent targets of IRS proteins
[20,21,23,71]. Furthermore, in knockout mice expressing a brainrestricted insulin receptor deficiency (NIRKO) brain insulin
resistance impairs insulin-mediated activation of either the
PI3K/Akt/GSK-3b or MAPK/ERK pathways in cerebellar
granule cells [23]. In NesCreIrs2KO mice the basal activity of
p42/44 MAPK is not affected, while phosphorylation of the
downstream target of PI3K, Akt/protein kinase B, is substantially
reduced, providing a further potential mechanism for the impaired
LTP observed in the absence of neuronal IRS-2. However, we
cannot exclude that p42/44 MAPK phosphorylation might be
reduced in response to LTP-inducing stimuli, thus also participating in the observed deficits in plasticity in IRS-2-deficient mice.
This seems indeed to be the case in global IRS-2 KO mice, where
activation of MAPK was not sustained 30 min after the induction
of LTP [94].
The multifunctional enzyme GSK-3 has recently emerged as a
regulator of hippocampal synaptic plasticity [74,75]. The GSK-3b
isoform, abundantly expressed in brain, has high constitutive
activity due to tyrosine phosphorylation and is inactivated by
further phosphorylation at Ser9. Activation of PI3K/Akt, such as
that induced by insulin/IGF-1 during glycogen metabolism, can
phosphorylate Ser9 and inhibit GSK-3b activity. Peineau and
colleagues [75] demonstrated an essential role for GSK-3b activity
in the induction of NMDA receptor-dependent LTD, while a
mouse model over-expressing active GSK-3b exhibited attenuated
LTP at CA1 synapses [74]. In keeping with these reports, our
findings establish for the first time a link between IRS-2 and GSK3b in neuronal function, and show that neuronal deficiency of
IRS-2 leads to an enhanced activation of GSK-3b, which in turn is
associated with impaired CA1 LTP.

The neuronal deficit in IRS-2 did however lead to a substantial
impairment of NMDA receptor-mediated short-term (STP) and
long-term potentiation (LTP) in Schaffer collateral-commissural
synapses. Furthermore, we have identified a reduced contribution
of NMDA receptors to glutamatergic transmission at CA1
synapses in NesCreIrs2KO mice, associated with a reduction in the
basal level of phosphorylation of the NR1 subunit. It is well
established that alterations in postsynaptic Ca2+ are necessary to
evoke persistent changes in synaptic efficacy, such as LTP [81,82].
In hippocampal CA1 synapses, NMDA receptor activation is a
critical step in this process [58,83]. The NR1 subunit is an integral
component of all native NMDA receptors, and can be phosphorylated by protein kinases, such as PKC on Ser896 and PKA on
Ser897, to potentiate receptor function [63–68,84,85]. The
reduced phosphorylation of the NR1 subunit at Ser897 (Fig. 3G)
is likely to lead to the decrease in activity of NMDA receptors
observed in NesCreIrs2KO mice, and might be accountable, at least
in part, for the impairment observed in synaptic plasticity. The
deficit in hippocampal LTP correlates well to previous studies
carried out on experimental models of diabetes [5,6,8,30–34], in
this case with the advantage that the restricted loss of IRS-2 in
neurons eliminates hyperglycaemia as a confounding systemic
complication associated with diabetes [86–88]. It is worthy to
notice that a previous study has shown that IRS-2 deficient mice
have enhanced hippocampal spatial reference memory, working
memory and contextual- and cued-fear memory [89]. Our finding
that basal excitatory synaptic transmission and LTP are intact in
5–10 months old, behaviourally trained NesCreIrs2KO mice
(Fig. 2A) is compatible with a lack of deficit in hippocampal
learning and memory in IRS-2 deficient mice. The plasticity
deficits that we have characterized in this study were evident in
younger, untrained animals (Fig. 4) or in older, trained ones upon
suppression of GABAergic inhibition (Fig. 3). Considering the
well documented facilitatory effect of insulin on GABA receptor
surface expression and function [90–93], this leads us to speculate
that a gradually developing, compensatory attenuation of
inhibitory transmission might have contributed to the enhancement in hippocampal-dependent learning observed in NesCreIrs2KO mice [89]. This study establishes for the first time a
direct role for IRS-2 in modulating NMDA receptor-dependent
synaptic plasticity, via regulation of NR1 phosphorylation.
However, facilitating NMDA receptor activity through manipulation of ionic conditions was not itself sufficient to bring the LTP
in NesCreIrs2KO mice to the same level as observed in control
animals under standard ionic conditions (compare Fig. 5C, closed
symbols, and 5D, open symbols), revealing the involvement of
downstream NMDA receptor-mediated molecular processes.
IRS-2 deficiency might indeed lead to deficits in NMDAdependent hippocampal synaptic plasticity by causing multiple
alterations of NMDA receptor post-translational modifications and
PLoS ONE | www.plosone.org
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Figure 4. LTP and phosphorylation of Akt and GSK-3b are reduced in juvenile NesCreIrs2KO mice. A: LTP induced by a single TBS in slices
with intact inhibitory synaptic transmission was significantly reduced in juvenile NesCreIrs2KO mice (2/2; average EPSP slope change: 128611%,
N = 5, n = 7) compared to values obtained from littermate controls (+/+; average EPSP slope change: 16069%, N = 7, n = 7, p,0.05), 60 min following
induction. B: Representative EPSP traces (average of 4 consecutive sweeps) from individual experiments taken immediately prior to TBS, and
following 60 min of LTP in both control (+/+) and NesCreIrs2KO (2/2) mice. C: Immunoblot analysis from CA1 lysates showing that neither the total
level of p38MAPK nor the amount of phosphorylated p38MAPK (Thr180/Tyr182) are altered by brain-deletion of IRS-2 in NesCreIrs2KO (2/2; 10268%)
mice compared with control littermates (+/+; 100614%, n = 5–7; p = 0.91). The bar diagram on the right shows a summary of the data obtained from
5–7 mice per experimental group. D: Immunoblot analysis from CA1 specific lysates showing that neither the total level of p42/44 MAPK (ERK) nor the
amount of ERK phosphorylated at Thr202 and Tyr204 are altered by brain-deletion of IRS-2 in NesCreIrs2KO mice. For p42 MAPK: +/+ 10066.5%; 2/2
94.865.5%; n = 5; p = 0.56. For p44 MAPK: +/+ 10066.4%; 2/2 101.564.7%; n = 5; p = 0.86. E: Immunoblot analysis from CA1 lysates showing reduced
Akt/protein kinase B phosphorylation levels at Thr308 and Ser473 in NesCreIrs2KO mice (2/2; Ser473: 7468.%; Thr308: 6169%, n = 7) compared to
controls (+/+; Ser473: 10068%; Thr308: 10069%, n = 7; p = 0.04 for Ser473, p = 0.01 for Thr308). The bar diagram on the right shows a summary of the
data obtained from 7 mice per experimental group. F: Immunoblot analysis from CA1 lysates showing reduced phoshosphorylation of GSK-3b at Ser9
in NesCreIrs2KO mice (2/2; 48610%, n = 5) compared to controls (+/+; 100610%, n = 5; p = 0.007). The bar diagram on the right shows a summary of
the data obtained from 5 mice per experimental group. Data are expressed as mean 6 SEM. *p,0.05; **p,0.01 (unpaired t-test).
doi:10.1371/journal.pone.0031124.g004
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Figure 5. Metaplasticity cannot be induced in juvenile NesCreIrs2KO mice. A: A priming stimulus (10 Hz; small arrow) applied 20–30 min
prior to TBS (large arrow) significantly inhibited subsequent LTP induction in juvenile control mice (+/+) for at least 50 min (average EPSP slope
change: 10 Hz primed: 10464%, N = 7, n = 7), when compared to un-primed LTP recorded 50 min following induction (average EPSP slope change:
Control: 15869%, N = 7, n = 7, p,0.0005). B: In juvenile NesCreIrs2KO mice (2/2), the same priming stimulus (10 Hz; small arrow) did not affect TBSinduced LTP (average EPSP slope change: 10 Hz primed; 13565%, N = 7, n = 10), compared with the un-primed LTP measured 50 min post-TBS
(average EPSP slope change: Control; 126611%, N = 5, n = 7; p = 0.47). Insets in A and B show representative EPSP traces (average of 4 consecutive
sweeps) taken prior to and 50 min following TBS, from individual experiments in control (A) and NesCreIrs2KO (B) slices to which 10 Hz priming
stimuli had previously been applied. Scale bars: 0.4 mV; 10 ms. C: Enhancing NMDA receptor activity by lowering the concentration of extracellular
Mg2+ to 1 mM and increasing the Ca2+ concentration to 3 mM, caused an attenuation of TBS-induced LTP in juvenile control mice (+/+) (average EPSP
slope change: Low Mg2+/High Ca2+: 13563%, N = 5, n = 6) compared with LTP recorded for 60 min under standard ionic conditions (average EPSP
slope change: Control: 16069%, N = 7, n = 7, p,0.05). D: The same ionic conditions to enhance NMDA receptor activity did not significantly alter the
level of LTP obtained in NesCreIrs2KO mice (2/2) (average EPSP slope change: Low Mg2+/High Ca2+: 12764, N = 4, n = 5) compared with that
recorded in control conditions 60 min following induction (average EPSP slope change: Control: 128611%, N = 5, n = 7). E: Metaplasticity induced in
control mice (+/+) by altering extracellular divalent cation concentrations to enhance NMDA receptor activity yielded an LTP of similar magnitude to
that observed in NesCreIrs2KO mice (2/2) under the same conditions. F: Representative EPSP traces (average of 4 consecutive sweeps) from
individual experiments performed in low Mg2+/high Ca2+ conditions, taken prior to application of TBS and following 60 min of LTP in both control (+/
+) and NesCreIrs2KO (2/2) mice.
doi:10.1371/journal.pone.0031124.g005

stimuli or manipulation of ionic conditions to favour NMDA
receptor activation. The molecular mechanisms underlying
metaplasticity are still largely unknown, but a likely explanation
for our finding is that, due to the tonic reduction in phospho-NR1,
our conditioning stimuli might not have been sufficient to reach
the threshold activation of NMDA receptors and rise in
intracellular Ca2+ necessary to suppress subsequent LTP induction
in NesCreIrs2KO mice. Finally, an intriguing aspect of GSK-3b
signalling is its ability to modulate bi-directional plasticity. Indeed,

Metaplasticity is the modulation in the extent or direction of
synaptic plasticity by the previous activity of a synapse [78,99],
and it is thought to be important for cognitive processes and as a
safeguard against excitotoxicity [78,100]. In the hippocampus this
corresponds to the facilitation or suppression of LTP or LTD due
to prior activity-dependent priming of the same synapse induced
through transient facilitation of NMDA receptor activity [101]. A
striking finding is the inability to induce metaplasticity at CA1
synapses in NesCreIrs2KO mice, either through low-frequency
PLoS ONE | www.plosone.org
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Figure 6. Metaplasticity cannot be induced in NesCreIrs2KO mice also under conditions that enhance NMDA receptor activity. A: A
priming stimulus (5 Hz; small arrow) applied 20 min prior to TBS (large arrow) induced further metaplasticity in control mice (+/+) (5 Hz primed,
60 min post TBS; average EPSP slope change: 11363%, N = 3, n = 5) compared with the un-primed values (Un-primed, 60 min post TBS; average EPSP
slope change: 13563%, N = 5, n = 6; p,0.00002), in the presence of 1 mM extracellular Mg2+ and 3 mM extracellular Ca2+ to enhance NMDA receptor
activity. B: The same priming protocol did not significantly alter TBS-induced LTP in NesCreIrs2KO mice (2/2) (5 Hz primed, 60 min post TBS; average
EPSP slope change: 12066%, N = 3, n = 5) when compared to un-primed values recorded 60 min following induction (Un-primed, 60 min post TBS;
average EPSP slope change: 12764, N = 4, n = 5). Insets in A and B show representative EPSP traces (average of 4 consecutive sweeps) taken prior to
and 60 min post-LTP induction. These traces are taken from individual experiments in control (A; +/+) and NesCreIrs2KO (B; 2/2) slices to which 5 Hz
priming stimuli had previously been applied in the presence of 1 mM extracellular Mg2+ and 3 mM extracellular Ca2+. Scale bars: A: 0.4 mV, 10 ms; B:
0.2 mV, 10 ms.
doi:10.1371/journal.pone.0031124.g006

performed with lower extracellular MgCl2 (1 mM) and higher
CaCl2 (3 mM) concentrations. For experiments involving inhibition of GABAA receptor-mediated transmission, a surgical incision
was made between the CA3 and CA1 regions to minimise the
propagation of epileptiform activity. Older animals (5–10 months;
Fig. 1, 2, 3) had previously undergone behavioural training, at
least 1 month prior to slice preparation.

the observation that LTP-inducing stimuli can inhibit GSK-3b
activity and thereby prevent subsequent induction of LTD [75],
suggests a role for this pathway in hippocampal metaplasticity.
The profound reduction in metaplasticity and the concomitant
dysregulation in GSK-3b basal phosphorylation in IRS-2 deficient
mice shown in this study suggest a link between metaplasticity and
GSK-3b function in the hippocampus. They further add IRS-2
signalling to the numerous pathways that have been shown to
affect the dynamic range of neural networks involved in learning
processes through the maintenance of a proper balance of LTP
and LTD, and metaplasticity induction [78].

Whole-cell electrophysiological recordings
Gigaseal whole-cell recordings were obtained from somata of
CA1 pyramidal neurons. Borosilicate glass patch electrodes (4.5–
6.5 MV) were filled with an intracellular solution containing either
(in mM): 135 potassium gluconate, 10 KCl, 10 HEPES, 2 Na2ATP, 0.4 Na3-GTP, and 1 MgCl2, or (in mM): 135 cesium
gluconate, 10 NaCl, 10 HEPES, 1 MgCl2, 2 Na2-ATP, 0.4 Na3GTP, 3 EGTA; pH was adjusted to 7.2–7.3 with KOH (potassium
gluconate solution) or NaOH (cesium gluconate solution);
osmolarity 280–300 mOsm. Once in the whole-cell configuration,
access resistance was regularly monitored and maintained at
#25 MV. Only cells with an initial resting membrane potential
between 255 and 275 mV were used, with no correction made
for liquid junction potential. Membrane resistance was determined
in response to a hyperpolarising step from 250 to 255 mV.
Action potentials were evoked by 1 s-long current injections (40–
400 pA). When recording whole-cell excitatory postsynaptic
currents, series resistance was compensated by 50–75%. The
Schaffer collateral-commissural pathway was stimulated (0.05 Hz)
using an extracellular electrode (,2 MV) filled with aCSF.
Neurons were held in the voltage-clamp mode, at potentials of
+40 mV or 270 mV. All recordings were carried out at room
temperature (,22–23uC).

Materials and Methods
Animals
Irs2lox mice were intercrossed with C57Bl6/J NesCre mice
(Jackson Laboratory) to generate compound heterozygous mice.
Double heterozygous mice were crossed with Irs2lox mice to obtain
wild-type, Irs2lox/lox, Cre and CreIrs2lox/lox mice. Mice lacking Irs2
in nestin-expressing cells were designated NesCreIrs2KO [40]. Mice
were handled in accordance to the Home Office Animal
Procedures Act (1986) and University College London Animal
Ethical Committee guidelines. All knockout and transgenic mice
were studied with appropriate littermate controls.

Hippocampal slice preparation
Acute hippocampal slices were prepared from control and
NesCreIrs2KO mice of either sex, ranging in age from 3–6 weeks
(Fig. 4, 5, 6) to 5–10 months (Fig. 1, 2, 3). Upon decapitation,
brains were rapidly dissected and removed in ice-cold, oxygenated
(95%O2/5%CO2) artificial cerebrospinal fluid (aCSF) containing
(in mM): 125 NaCl, 1.25 KCl, 1 CaCl2, 1.5 MgCl2, 1.25
KH2PO4, 25 NaHCO3, and 10 D-glucose. Transverse, dorsal
hippocampal slices (300 mm) were prepared using a VT1000S
vibroslicer (Leica, Germany), and incubated in an interface
chamber at room temperature for at least 1 hour prior to
experimentation. Slices were transferred to a submersion recording chamber and superfused (2–3 ml/min) at room temperature
with oxygenated aCSF containing (in mM): 125 NaCl, 1.25 KCl, 2
CaCl2, 1.5 MgCl2, 1.25 KH2PO4, 25 NaHCO3, and 10 Dglucose. A subset of experiments (Fig. 5C–F and Fig. 6) was
PLoS ONE | www.plosone.org

Extracellular electrophysiological recordings
The Schaffer collateral-commissural pathway was stimulated at
0.033 Hz (synaptic transmission) or 0.05 Hz (paired-pulse facilitation) and field excitatory postsynaptic potentials (EPSPs)
recorded from the CA1 stratum radiatum using extracellular
electrodes (described above). The stimulus intensity was adjusted
to produce a response ,50% of maximal EPSP amplitude as
determined from input–output curves performed at the beginning
of each experiment. A stable baseline of at least 10–20 min was
10
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recorded prior to pharmacological manipulation or application of
plasticity-inducing stimuli. Paired-pulse facilitation was evoked by
2 consecutive pulses of 0.2 ms duration, at an interval of 50 ms.
Two theta-burst stimulation protocols were used: the standard
theta-burst stimulation (TBS) consisted of 6 trains (4 pulses at
100 Hz) repeated at 5 Hz; the high-intensity theta burst
stimulation (H-TBS) corresponded to the TBS repeated twice
with a 2 min interval. Metaplasticity was evoked by a 10 Hz (10
pulses) priming stimulus, applied once or twice at a 2 min interval,
20–30 min prior to TBS (Fig. 5A,B), or by 5 Hz trains (5 pulses
repeated 20 times at 5 Hz intervals), 20 min prior to TBS (Fig. 6).
All recordings were carried out at room temperature (,22–23uC).

Protein lysate preparation and Western-blot analysis
Protein lysates were prepared from the microdissected hippocampal subfield CA1 at 4uC as previously described [105]. Protein
concentrations were determined by BCA assay (Perbio) using
bovine serum albumin (BSA) as standard. Equal amounts of protein
were separated on SDS-polyacrylamide gel electrophoresis (PAGE)
(pre-cast 5% or 10% polyacrylamide gels from Bio-Rad) followed by
electrophoretic transfer to polyvinyl difluoride membranes (Amersham). Membranes were blocked with 5% non-fat dried milk in
Tris-buffered saline at room temperature and incubated over-night
at 4uC with primary antibodies. Horseradish peroxidase-conjugated
secondary antibodies (Amersham) were used as appropriate and
membranes developed with ECL Plus (Amersham). After detection
of phosphoproteins, membranes were stripped using Restore
Western Blot Stripping Buffer (Pierce) and reprobed with antibodies
against non-phosphorylated proteins. Band intensities were quantified using the ImageJ software. Phosphoprotein levels were
normalized to total protein levels and expressed as percent values
relative to the control group. ‘‘n’’ indicates number of mice per
experimental group. Statistical comparisons were made with twotailed, unpaired Student’s t-tests, using GraphPad Prism. ‘‘*’’
indicates p,0.05; ‘‘**’’ indicates p,0.01. The following primary
antibodies were used: anti phospho Akt (Thr308 and Ser473,
1:1000), anti Akt (1:1000), anti phospho-GSK3b (Ser9, 1:1000), anti
GSK3b (1:1000), anti phospho-p42/44 MAPK (Thr202/Tyr204),
anti p42/44 MAPK (1:1000), anti phospho-p38 MAPK (Thr180/
Tyr182) and anti p38 MAPK (1:1000) from Cell Signaling
Technology; anti phospho NR1 (Ser897, 1:3000), anti NR1
(1:2000), anti NR2A (1:2500) and anti GLUR1 (1:10,000) from
Upstate Biotech; phospho GLUR1 (Ser 831, Ser845, 1:2000) and
anti NR2B (1:2500) from Chemicon.

Data acquisition and analysis
All data were acquired using an EPC10 amplifier and Patchmaster software (HEKA). Action potential trains were filtered at
2.5 kHz and sampled at 12.5 kHz. Synaptic potentials were
filtered at 5 kHz and sampled at 20 kHz. Analysis was carried out
offline using PulseFit (HEKA), Igor Pro 4.03A and Neuromatic
(Wavemetrics Inc.; Dr. J. Rothman). Instantaneous firing frequency was determined by the reciprocal of the inter-spike interval
between consecutive action potentials. Spike frequency adaptation
was assessed as interval between the penultimate and last action
potentials, divided by that of the first and second action potentials.
Synaptic efficacy was determined as the measure of EPSP slope (10
to 80% of EPSP) or EPSC amplitude. LTP was assessed as
percentage EPSP slope, normalised to the mean slope recorded
during 5 minutes immediately prior to LTP induction. The
magnitude of LTP was determined as the mean % EPSP slope
recorded during the last 5 minutes of recording (either 50 min or
60 min post-TBS). PPF was assessed as the ratio of the slope of the
2nd EPSP/1st EPSP. AMPA receptor-EPSC amplitude was
measured as the average peak of 10 consecutive EPSC traces,
evoked at a holding potential of 270 mV. NMDA receptormediated EPSC amplitude was measured as the average of 10
consecutive EPSC traces at +40 mV 50 ms post-stimulus, to
minimize contamination from AMPA receptor-mediated responses (see for example [102–104]). Statistical comparisons were made
with two-tailed Student’s t-tests (paired or unpaired as appropriate), using Excel (Microsoft) and InStat (GraphPad). ‘‘N’’ indicates
the number of animals and ‘‘n’’ the number of experiments (extraor intra-cellular recordings). In all cases, p,0.05 was considered
significant. ‘‘*’’ indicates p,0.05.

Acknowledgments
DAC and PP are very grateful to Dr Lynn Bindman for useful discussion
on the synaptic plasticity data, and to Dr Jason Rothman for guidance and
advice on the use of Neuromatic.

Author Contributions
Conceived and designed the experiments: DAC MC KPG DJW PP.
Performed the experiments: DAC MC FP HA-Q EEI AIC. Analyzed the
data: DAC MC FP HA-Q PP. Contributed reagents/materials/analysis
tools: AIC. Wrote the paper: DAC PP. Manuscript revision and editing:
MC FP KPG DJW.

References
1. Messier C (2005) Impact of impaired glucose tolerance and type 2 diabetes on
cognitive aging. Neurobiol Aging 26 Suppl 1: 26–30.
2. Biessels GJ, Staekenborg S, Brunner E, Brayne C, Scheltens P (2006) Risk of
dementia in diabetes mellitus: a systematic review. Lancet Neurol 5: 64–74.
3. Pasquier F, Boulogne A, Leys D, Fontaine P (2006) Diabetes mellitus and
dementia. Diabetes Metab 32: 403–14.
4. Flood JF, Mooradian AD, Morley JE (1990) Characteristics of learning and
memory in streptozocin-induced diabetic mice. Diabetes 39: 1391–8.
5. Biessels GJ, Kamal A, Ramakers GM, Urban IJ, Spruijt BM, et al. (1996) Place
learning and hippocampal synaptic plasticity in streptozotocin-induced diabetic
rats. Diabetes 45: 1259–66.
6. Biessels GJ, Kamal A, Urban IJ, Spruijt BM, Erkelens DW, et al. (1998) Water
maze learning and hippocampal synaptic plasticity in streptozotocin-diabetic
rats: effects of insulin treatment. Brain Res 800: 125–35.
7. Winocur G, Greenwood CE, Piroli GG, Grillo CA, Reznikov LR, et al. (2005)
Memory impairment in obese Zucker rats: an investigation of cognitive function in
an animal model of insulin resistance and obesity. Behav Neurosci 119: 1389–95.
8. Stranahan AM, Norman ED, Lee K, Cutler RG, Telljohann RS, et al. (2008b)
Diet-induced insulin resistance impairs hippocampal synaptic plasticity and
cognition in middle-aged rats. Hippocampus 18: 1085–8.
9. Havrankova J, Roth J, Brownstein M (1978) Insulin receptors are widely
distributed in the central nervous system of the rat. Nature 272: 827–9.
10. Bondy C, Werner H, Roberts CT, LeRoith D (1992) Cellular pattern of type-I
insulin-like growth factor receptor gene expression during maturation of the rat

PLoS ONE | www.plosone.org

11.

12.

13.

14.
15.

16.

17.

18.

11

brain: comparison with insulin-like growth factors I and II. Neuroscience 46:
909–23.
Wang LM, Myers MG, Jr., Sun XJ, Aaronson SA, White M, et al. (1993a) IRS1: essential for insulin- and IL-4-stimulated mitogenesis in hematopoietic cells.
Science 261: 1591–4.
Wang LM, Keegan AD, Li W, Lienhard GE, Pacini S, et al. (1993b) Common
elements in interleukin 4 and insulin signaling pathways in factor-dependent
hematopoietic cells. Proc Natl Acad Sci U S A 90: 4032–4036.
Myers MG, Sun XJ, Cheatham B, Jachna BR, Glasheen EM, et al. (1993) IRS1 is a common element in insulin and insulin-like growth factor-I signaling to
the phosphatidylinositol 39-kinase. Endocrinology 132: 1421–30.
Sun XJ, Wang LM, Zhang Y, Yenush L, Myers MG, et al. (1995) Role of IRS2 in insulin and cytokine signalling. Nature 377: 173–7.
Baskin DG, Schwartz MW, Sipols AJ, D’Alessio DA, Goldstein BJ, et al. (1994)
Insulin receptor substrate-1 (IRS-1) expression in rat brain. Endocrinology 134:
1952–5.
Folli F, Bonfanti L, Renard E, Kahn CR, Merighi A (1994) Insulin receptor
substrate-1 (IRS-1) distribution in the rat central nervous system. J Neurosci 14:
6412–22.
Pardini AW, Nguyen HT, Figlewicz DP, Baskin DG, Williams DL, et al. (2006)
Distribution of insulin receptor substrate-2 in brain areas involved in energy
homeostasis. Brain Res 1112: 169–78.
Taguchi A, Wartschow LM, White MF (2007) Brain IRS2 signaling
coordinates life span and nutrient homeostasis. Science 317: 369–72.

February 2012 | Volume 7 | Issue 2 | e31124

IRS-2 Regulates Hippocampal Synaptic Plasticity

47. Liu L, Brown JC, Webster WW, Morrisett RA, Monaghan DT (1995) Insulin
potentiates N-methyl-D-aspartate receptor activity in Xenopus oocytes and rat
hippocampus. Neurosci Lett 192: 5–8.
48. Liao GY, Leonard JP (1999) Insulin modulation of cloned mouse NMDA
receptor currents in Xenopus oocytes. J Neurochem 73: 1510–9.
49. Christie JM, Wenthold RJ, Monaghan DT (1999) Insulin causes a transient
tyrosine phosphorylation of NR2A and NR2B NMDA receptor subunits in rat
hippocampus. J Neurochem 72: 1523–8.
50. Skeberdis VA, Lan J, Zheng X, Zukin RS, Bennett MV (2001) Insulin
promotes rapid delivery of N-methyl-D- aspartate receptors to the cell surface
by exocytosis. Proc Natl Acad Sci U S A 98: 3561–6.
51. Jones ML, Leonard JP (2005) PKC site mutations reveal differential
modulation by insulin of NMDA receptors containing NR2A or NR2B
subunits. J Neurochem 92: 1431–8.
52. Man HY, Lin JW, Ju WH, Ahmadian G, Liu L, et al. (2000) Regulation of
AMPA receptor-mediated synaptic transmission by clathrin-dependent receptor internalization. Neuron 25: 649–62.
53. Huang CC, You JL, Lee CC, Hsu KS (2003) Insulin induces a novel form of
postsynaptic mossy fiber long-term depression in the hippocampus. Mol Cell
Neurosci 24: 831–41.
54. Huang CC, Lee CC, Hsu KS (2004) An investigation into signal transduction
mechanisms involved in insulin-induced long-term depression in the CA1
region of the hippocampus. J Neurochem 89: 217–31.
55. van der Heide LP, Kamal A, Artola A, Gispen WH, Ramakers GM (2005)
Insulin modulates hippocampal activity-dependent synaptic plasticity in a Nmethyl-d-aspartate receptor and phosphatidyl-inositol-3-kinase-dependent
manner. J Neurochem 94: 1158–66.
56. Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361: 31–9.
57. Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches.
Neuron 44: 5–21.
58. Herron CE, Lester RA, Coan EJ, Collingridge GL (1986) Frequencydependent involvement of NMDA receptors in the hippocampus: a novel
synaptic mechanism. Nature 322: 265–8.
59. Morris RG, Anderson E, Lynch GS, Baudry M (1986) Selective impairment of
learning and blockade of long-term potentiation by an N-methyl-D-aspartate
receptor antagonist, AP5. Nature 319: 774–6.
60. Nguyen PV, Kandel ER (1997) Brief theta-burst stimulation induces a
transcription-dependent late phase of LTP requiring cAMP in area CA1 of the
mouse hippocampus. Learn Mem 4: 230–43.
61. Di Luca M, Ruts L, Gardoni F, Cattabeni F, Biessels GJ, et al. (1999) NMDA
receptor subunits are modified transcriptionally and post-translationally in the
brain of streptozotocin-diabetic rats. Diabetologia 42: 693–701.
62. Gardoni F, Kamal A, Bellone C, Biessels GJ, Ramakers GM, et al. (2002)
Effects of streptozotocin-diabetes on the hippocampal NMDA receptor
complex in rats. J Neurochem 80: 438–47.
63. Kutsuwada T, Kashiwabuchi N, Mori H, Sakimura K, Kushiya E, et al. (1992)
Molecular diversity of the NMDA receptor channel. Nature 358: 36–41.
64. Urushihara H, Tohda M, Nomura Y (1992) Selective potentiation of N-methylD-aspartate-induced current by protein kinase C in Xenopus oocytes injected
with rat brain RNA. J Biol Chem 267: 11697–700.
65. Durand GM, Gregor P, Zheng X, Bennett MV, Uhl GR, et al. (1992) Cloning
of an apparent splice variant of the rat N-methyl-D-aspartate receptor
NMDAR1 with altered sensitivity to polyamines and activators of protein
kinase C. Proc Natl Acad Sci U S A 89: 9359–63.
66. Tingley WG, Roche KW, Thompson AK, Huganir RL (1993) Regulation of
NMDA receptor phosphorylation by alternative splicing of the C-terminal
domain. Nature 364: 70–3.
67. Tingley WG, Ehlers MD, Kameyama K, Doherty C, Ptak JB, et al. (1997)
Characterization of protein kinase A and protein kinase C phosphorylation of
the N-methyl-D-aspartate receptor NR1 subunit using phosphorylation sitespecific antibodies. J Biol Chem 272: 5157–66.
68. Raman IM, Tong G, Jahr CE (1996) Beta-adrenergic regulation of synaptic
NMDA receptors by cAMP-dependent protein kinase. Neuron 16: 415–21.
69. Sweatt JD (2001) The neuronal MAP kinase cascade: a biochemical signal
integration system subserving synaptic plasticity and memory. J Neurochem 76:
1–10.
70. Lynch MA (2004) Long-term potentiation and memory. Physiol Rev 84:
87–136.
71. White MF (1998) The IRS-signalling system: a network of docking proteins that
mediate insulin action. Mol Cell Biochem 182: 3–11.
72. Conejo R, Lorenzo M (2001) Insulin signaling leading to proliferation, survival,
and membrane ruffling in C2C12 myoblasts. J Cell Physiol 187: 96–108.
73. Huang C, Thirone AC, Huang X, Klip A (2005) Differential contribution of
insulin receptor substrates 1 versus 2 to insulin signaling and glucose uptake in
l6 myotubes. J Biol Chem 280: 19426–35.
74. Hooper C, Markevich V, Plattner F, Killick R, Schofield E, et al. (2007)
Glycogen synthase kinase-3 inhibition is integral to long-term potentiation.
Eur J Neurosci 25: 81–6.
75. Peineau S, Taghibiglou C, Bradley C, Wong TP, Liu L, et al. (2007) LTP
inhibits LTD in the hippocampus via regulation of GSK3beta. Neuron 53:
703–17.
76. Grimes CA, Jope RS (2001) The multifaceted roles of glycogen synthase kinase
3beta in cellular signaling. Prog Neurobiol 65: 391–426.

19. Sun XJ, Pons S, Wang LM, Zhang Y, Yenush L, et al. (1997) The IRS-2 gene
on murine chromosome 8 encodes a unique signaling adapter for insulin and
cytokine action. Mol Endocrinol 11: 251–62.
20. Bruning JC, Winnay J, Cheatham B, Kahn CR (1997) Differential signaling by
insulin receptor substrate 1 (IRS-1) and IRS-2 in IRS-1-deficient cells. Mol Cell
Biol 17: 1513–21.
21. Shepherd PR, Withers DJ, Siddle K (1998) Phosphoinositide 3-kinase: the key
switch mechanism in insulin signalling. Biochem J 333(Pt 3): 471–90.
22. Saltiel AR (2001) New perspectives into the molecular pathogenesis and
treatment of type 2 diabetes. Cell 104: 517–29.
23. Schubert M, Gautam D, Surjo D, Ueki K, Baudler S, et al. (2004) Role for
neuronal insulin resistance in neurodegenerative diseases. Proc Natl Acad
Sci U S A 101: 3100–5.
24. English JD, Sweatt JD (1997) A requirement for the mitogen-activated protein
kinase cascade in hippocampal long term potentiation. J Biol Chem 272:
19103–6.
25. Winder DG, Martin KC, Muzzio IA, Rohrer D, Chruscinski A, et al. (1999)
ERK plays a regulatory role in induction of LTP by theta frequency stimulation
and its modulation by beta-adrenergic receptors. Neuron 24: 715–26.
26. Kelly A, Lynch MA (2000) Long-term potentiation in dentate gyrus of the rat is
inhibited by the phosphoinositide 3-kinase inhibitor, wortmannin. Neuropharmacology 39: 643–51.
27. Sanna PP, Cammalleri M, Berton F, Simpson C, Lutjens R, et al. (2002)
Phosphatidylinositol 3-kinase is required for the expression but not for the
induction or the maintenance of long-term potentiation in the hippocampal
CA1 region. J Neurosci 22: 3359–65.
28. Opazo P, Watabe AM, Grant SG, O’Dell TJ (2003) Phosphatidylinositol 3kinase regulates the induction of long-term potentiation through extracellular
signal-related kinase-independent mechanisms. J Neurosci 23: 3679–88.
29. Man HY, Wang Q, Lu WY, Ju W, Ahmadian G, et al. (2003) Activation of
PI3-kinase is required for AMPA receptor insertion during LTP of mEPSCs in
cultured hippocampal neurons. Neuron 38: 611–24.
30. Kamal A, Biessels GJ, Urban IJ, Gispen WH (1999) Hippocampal synaptic
plasticity in streptozotocin-diabetic rats: impairment of long-term potentiation
and facilitation of long-term depression. Neuroscience 90: 737–45.
31. Izumi Y, Yamada KA, Matsukawa M, Zorumski CF (2003) Effects of insulin on
long-term potentiation in hippocampal slices from diabetic rats. Diabetologia
46: 1007–12.
32. Artola A, Kamal A, Ramakers GM, Biessels GJ, Gispen WH (2005) Diabetes
mellitus concomitantly facilitates the induction of long-term depression and
inhibits that of long-term potentiation in hippocampus. Eur J Neurosci 22:
169–78.
33. Artola A (2008) Diabetes-, stress- and ageing-related changes in synaptic
plasticity in hippocampus and neocortex–the same metaplastic process?
Eur J Pharmacol 585: 153–62.
34. Stranahan AM, Arumugam TV, Cutler RG, Lee K, Egan JM, et al. (2008a)
Diabetes impairs hippocampal function through glucocorticoid-mediated
effects on new and mature neurons. Nat Neurosci 11: 309–17.
35. Schubert M, Brazil DP, Burks DJ, Kushner JA, Ye J, et al. (2003) Insulin
receptor substrate-2 deficiency impairs brain growth and promotes tau
phosphorylation. J Neurosci 23: 7084–92.
36. Freude S, Leeser U, Muller M, Hettich MM, Udelhoven M, et al. (2008) IRS-2
branch of IGF-1 receptor signaling is essential for appropriate timing of
myelination. J Neurochem 107: 907–17.
37. Rivera EJ, Goldin A, Fulmer N, Tavares R, Wands JR, et al. (2005) Insulin and
insulin-like growth factor expression and function deteriorate with progression
of Alzheimer’s disease: link to brain reductions in acetylcholine. J Alzheimers
Dis 8: 247–68.
38. Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, et al. (2005) Impaired
insulin and insulin-like growth factor expression and signaling mechanisms in
Alzheimer’s disease–is this type 3 diabetes? J Alzheimers Dis 7: 63–80.
39. Killick R, Scales G, Leroy K, Causevic M, Hooper C, et al. (2009) Deletion of
Irs2 reduces amyloid deposition and rescues behavioural deficits in APP
transgenic mice. Biochem Biophys Res Commun 386: 257–62.
40. Choudhury AI, Heffron H, Smith MA, Al-Qassab H, Xu AW, et al. (2005) The
role of insulin receptor substrate 2 in hypothalamic and beta cell function. J Clin
Invest 115: 940–50.
41. Withers DJ, Gutierrez JS, Towery H, Burks DJ, Ren JM, et al. (1998)
Disruption of IRS-2 causes type 2 diabetes in mice. Nature 391: 900–4.
42. O’Malley D, Shanley LJ, Harvey J (2003) Insulin inhibits rat hippocampal
neurones via activation of ATP-sensitive K+ and large conductance Ca2+activated K+ channels. Neuropharmacology 44: 855–63.
43. O’Malley D, Harvey J (2004) Insulin activates native and recombinant large
conductance Ca(2+)-activated potassium channels via a mitogen-activated
protein kinase-dependent process. Mol Pharmacol 65: 1352–63.
44. O’Malley D, Harvey J (2007) MAPK-dependent actin cytoskeletal reorganization underlies BK channel activation by insulin. Eur J Neurosci 25: 673–82.
45. Xing C, Yin Y, He X, Xie Z (2006) Effects of insulin-like growth factor 1 on
voltage-gated ion channels in cultured rat hippocampal neurons. Brain Res
1072: 30–5.
46. Gao L, Blair LA, Salinas GD, Needleman LA, Marshall J (2006) Insulin-like
growth factor-1 modulation of CaV1.3 calcium channels depends on Ca2+
release from IP3-sensitive stores and calcium/calmodulin kinase II phosphorylation of the alpha1 subunit EF hand. J Neurosci 26: 6259–68.

PLoS ONE | www.plosone.org

12

February 2012 | Volume 7 | Issue 2 | e31124

IRS-2 Regulates Hippocampal Synaptic Plasticity

77. Giese KP (2009) GSK-3: a key player in neurodegeneration and memory.
IUBMB Life 61: 516–21.
78. Abraham WC (2008) Metaplasticity: tuning synapses and networks for
plasticity. Nat Rev Neurosci 9: 387.
79. Blair LA, Marshall J (1997) IGF-1 modulates N and L calcium channels in a PI
3-kinase-dependent manner. Neuron 19: 421–9.
80. Fadool DA, Tucker K, Phillips JJ, Simmen JA (2000) Brain insulin receptor
causes activity-dependent current suppression in the olfactory bulb through
multiple phosphorylation of Kv1.3. J Neurophysiol 83: 2332–48.
81. Lynch G, Larson J, Kelso S, Barrionuevo G, Schottler F (1983) Intracellular
injections of EGTA block induction of hippocampal long-term potentiation.
Nature 305: 719–21.
82. Blitzer RD, Iyengar R, Landau EM (2005) Postsynaptic signaling networks:
cellular cogwheels underlying long-term plasticity. Biol Psychiatry 57: 113–9.
83. Tsien JZ, Huerta PT, Tonegawa S (1996) The essential role of hippocampal
CA1 NMDA receptor-dependent synaptic plasticity in spatial memory. Cell 87:
1327–38.
84. Thomas KL, Davis S, Laroche S, Hunt SP (1994) Regulation of the expression
of NR1 NMDA glutamate receptor subunits during hippocampal LTP.
Neuroreport 6: 119–23.
85. Leonard AS, Hell JW (1997) Cyclic AMP-dependent protein kinase and protein
kinase C phosphorylate N-methyl-D-aspartate receptors at different sites. J Biol
Chem 272: 12107–15.
86. Kubota T, Kubota N, Moroi M, Terauchi Y, Kobayashi T, et al. (2003) Lack
of insulin receptor substrate-2 causes progressive neointima formation in
response to vessel injury. Circulation 107: 3073–80.
87. Kubota N, Terauchi Y, Tobe K, Yano W, Suzuki R, et al. (2004) Insulin
receptor substrate 2 plays a crucial role in beta cells and the hypothalamus.
J Clin Invest 114: 917–27.
88. Lin X, Taguchi A, Park S, Kushner JA, Li F, et al. (2004) Dysregulation of
insulin receptor substrate 2 in beta cells and brain causes obesity and diabetes.
J Clin Invest 114: 908–16.
89. Irvine EE, Drinkwater L, Radwanska K, Al-Qassab H, Smith MA, et al. (2011)
Insulin receptor substrate 2 is a negative regulator of memory formation. Learn
Mem 18: 375–83.
90. Wan Q, Xiong ZG, Man HY, Ackerley CA, Braunton J, et al. (1997)
Recruitment of functional GABA(A) receptors to postsynaptic domains by
insulin. Nature 388: 686–90.
91. Kneussel M (2002) Dynamic regulation of GABA(A) receptors at synaptic sites.
Brain Res Brain Res Rev 39: 74–83.

PLoS ONE | www.plosone.org

92. Ma XH, Zhong P, Gu Z, Feng J, Yan Z (2003) Muscarinic potentiation of
GABA(A) receptor currents is gated by insulin signaling in the prefrontal
cortex. J Neurosci 23: 1159–68.
93. Jin Z, Jin Y, Kumar-Mendu S, Degerman E, Groop L, et al. (2011) Insulin
reduces neuronal excitability by turning on GABA(A) channels that generate
tonic current. PLoS One 6: e16188.
94. Martin ED, Sanchez-Perez A, Trejo JL, Martin-Aldana JA, Cano Jaimez M,
et al. (2011) IRS-2 Deficiency Impairs NMDA Receptor-Dependent Long-term
Potentiation. Cereb Cortex.
95. Horwood JM, Dufour F, Laroche S, Davis S (2006) Signalling mechanisms
mediated by the phosphoinositide 3-kinase/Akt cascade in synaptic plasticity
and memory in the rat. Eur J Neurosci 23: 3375–84.
96. Karpova A, Sanna PP, Behnisch T (2006) Involvement of multiple
phosphatidylinositol 3-kinase-dependent pathways in the persistence of latephase long term potentiation expression. Neuroscience 137: 833–41.
97. Ramsey MM, Adams MM, Ariwodola OJ, Sonntag WE, Weiner JL (2005)
Functional characterization of des-IGF-1 action at excitatory synapses in the
CA1 region of rat hippocampus. J Neurophysiol 94: 247–54.
98. Xing C, Yin Y, Chang R, Gong X, He X, et al. (2007) Effects of insulin-like
growth factor 1 on synaptic excitability in cultured rat hippocampal neurons.
Exp Neurol 205: 222–9.
99. Abraham WC, Bear MF (1996) Metaplasticity: the plasticity of synaptic
plasticity. Trends Neurosci 19: 126–30.
100. Thiagarajan TC, Lindskog M, Malgaroli A, Tsien RW (2007) LTP and
adaptation to inactivity: overlapping mechanisms and implications for
metaplasticity. Neuropharmacology 52: 156–75.
101. Abraham WC, Tate WP (1997) Metaplasticity: a new vista across the field of
synaptic plasticity. Prog Neurobiol 52: 303–23.
102. Hestrin S, Nicoll RA, Perkel DJ, Sah P (1990) Analysis of excitatory synaptic
action in pyramidal cells using whole-cell recording from rat hippocampal
slices. J Physiol 422: 203–25.
103. Keller BU, Konnerth A, Yaari Y (1991) Patch clamp analysis of excitatory
synaptic currents in granule cells of rat hippocampus. J Physiol 435: 275–93.
104. Perouansky M, Yaari Y (1993) Kinetic properties of NMDA receptor-mediated
synaptic currents in rat hippocampal pyramidal cells versus interneurones.
J Physiol 465: 223–44.
105. Plattner F, Angelo M, Giese KP (2006) The roles of cyclin-dependent kinase 5
and glycogen synthase kinase 3 in tau hyperphosphorylation. J Biol Chem 281:
25457–65.

13

February 2012 | Volume 7 | Issue 2 | e31124

