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Development/Plasticity/Repair

Hippocampal Metaplasticity Induced by Deficiency in the
Extracellular Matrix Glycoprotein Tenascin-R
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Predisposition of synapses to undergo plastic changes can be dynamically adjusted according to the history of synaptic activity (i.e.,
synapses are metaplastic). In search of a molecular mechanism underlying metaplasticity, we investigated mice deficient in the glycoprotein tenascin-R (TNR), based on the observations that this mutant exhibits elevated basal excitatory synaptic transmission and
reduced perisomatic GABAergic inhibition. TNR is a major extracellular matrix glycoprotein of the CNS and carries the HNK-1 carbohydrate (human natural killer cell glycan), which has been identified as the functional epitope mediating regulation of GABAergic transmission via GABAB receptors. Here, we used patch-clamp recordings in hippocampal slices to determine the critical levels of postsynaptic
neuron depolarization necessary for induction of long-term potentiation (LTP) at CA3–CA1 synapses and found that deficiency in TNR
leads to a metaplastic increase in the threshold for induction of LTP. Reconstitution of slices from TNR-deficient mice with an HNK-1
glycomimetic or pharmacological treatment with either a GABAA receptor agonist, a GABAB receptor antagonist, an L-type voltagedependent Ca 2⫹ channel blocker, or an inhibitor of protein serine/threonine phosphatases restored LTP to the levels seen in wild-type
mice. We propose that a chain of events initiated by reduced GABAergic transmission and proceeding via Ca 2⫹ entry into cells and
elevated activity of phosphatases mediates homeostatic adjustment of hippocampal plasticity in the absence of TNR. These data uncover
a novel mechanism by which an extracellular matrix molecule and its associated carbohydrate provide conditions beneficial for induction
of LTP in the CA1 region of the hippocampus.
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Introduction
Recognition molecules are ligands and receptors mediating cell–
cell and cell–matrix interactions that subsequently relay signals to
the cell interior (Goodman, 1996; Wheal et al., 1998). During
development of the nervous system, cell adhesion molecules and
extracellular matrix components play vital roles regulating such
processes as adhesion and migration, neurite outgrowth and fasciculation, synaptogenesis, and synaptic transmission (Fields and
Itoh, 1996; Tessier-Lavigne and Goodman, 1996; Schachner,
1997; Dityatev and Schachner, 2003). The tenascin family constitutes a group of extracellular matrix proteins with similar structure. Of these, tenascin-R (TNR; previously designated J1-160/
180 and janusin in rodents, and restrictin in chicken) (for review,
see Schachner et al., 1994) appears to be restricted to the CNS.
TNR is synthesized by oligodendrocytes during myelination
(Bartsch et al., 1993; Jung et al., 1993; Wintergerst et al., 1993)
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and by subsets of CNS neurons in the spinal cord, retina, cerebellum, and hippocampus, where TNR is particularly enriched in
perineuronal nets surrounding inhibitory interneurons
(Fuss et al., 1993; Wintergerst et al., 1993; Weber et al., 1999;
Dityatev et al., 2007). In a previous study, we observed that the
HNK-1 carbohydrate (human natural killer cell glycan, i.e.,
3-sulfoglucuronyl beta1–3 galactoside) carried by TNR in the
CA1 region of the hippocampus is involved in regulation of perisomatic, but not dendritic inhibition of pyramidal cells via reduction of evoked GABA release (Saghatelyan et al., 2000). Reduction in perisomatic inhibition in TNR-deficient mice (TNR⫺/⫺)
coincided with reduced theta-burst stimulation (TBS)-induced
long-term potentiation (LTP) and increased basal excitatory synaptic transmission in CA1 (Bukalo et al., 2001; Saghatelyan et al.,
2001).
According to the Bienenstock, Cooper, and Munro model of
experience-dependent plasticity (Bienenstock et al., 1982), sustained enhanced excitatory activity may increase the threshold
level of postsynaptic depolarization necessary for induction of
LTP. Also, during a period of prolonged reduced activity, this
threshold is shifted to lower values, facilitating induction of LTP.
This model has been supported by substantial experimental evidence, and it is now widely accepted that the predisposition of
synapses to undergo plastic changes can be dynamically adjusted
according to the history of synaptic activity (i.e., synapses are
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metaplastic) (for review, see Abraham and Bear, 1996; Abraham
and Tate, 1997).
We thus hypothesized that reduced GABAergic inhibition and
elevated excitatory transmission in the CA1 region of TNR⫺/⫺
mice leads to a metaplastic shift in the threshold for induction of
LTP in this region. We used stimulation protocols of different
intensities to uncover differences between TNR⫺/⫺ and wildtype (TNR⫹/⫹) mice regarding this threshold. We found that
the threshold could be shifted to normal, wild-type values via an
increase in GABAergic inhibition, and then characterized the signaling mechanisms involved in induction of metaplasticity in the
absence of TNR. Our results are consistent with the Bienenstock,
Cooper, and Munro model and demonstrate a tight relationship
between levels of inhibitory transmission and threshold for induction of LTP resulting from dysfunction of TNR and its associated HNK-1 carbohydrate.

Materials and Methods
Animals. TNR⫺/⫺ and TNR⫹/⫹ mice were offspring of homozygously
breeding animals after being backcrossed for five generations from the
original C57BL/6J ⫻ 129/Ola colony onto a C57BL/6J genetic background (Weber et al., 1999).
Preparation of hippocampal slices. Slices were prepared from 14- to
22-d-old TNR⫺/⫺ mice and TNR⫹/⫹ controls. After halothane anesthesia, decapitation, and removal of the brain, the hippocampi were cut
with a vibratome (Leica, Nussloch, Germany) in 400-m-thick slices in
ice-cold artificial CSF (ACSF) containing (in mM) 250 sucrose, 25
NaHCO3, 25 glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1.5 MgCl2,
pH 7.3. The slices were then kept at room temperature in a chamber filled
with carbogen-bubbled ACSF, containing 125 mM NaCl instead of 250
mM sucrose for at least 2 h before the start of recordings (modified from
Edwards et al., 1990). In the recording chamber, slices were continuously
superfused with carbogen-bubbled ACSF (2–3 ml/min) and kept at
⫹30°C.
Extracellular recordings in the CA1 region of the hippocampus. Field
EPSPs (fEPSPs) were recorded in the stratum radiatum of the CA1 region
in response to stimulation of Schaffer collaterals by an electrode placed
⬃400 m apart from the recording electrode in the stratum radiatum of
the CA1 region. Recordings and stimulations were performed with glass
pipettes filled with ACSF and having a resistance of 2 M⍀. Basal synaptic
transmission was monitored at 0.05 Hz. Stimulus-response curves were
recorded with a 10 –20 A interval and presented as stimulus intensities/
fEPSP slopes corresponding to 15, 40, 60, 80, and 100% of supramaximal
levels.
Homosynaptic LTP was induced by theta-burst stimulation (TBS). A
TBS consisted of 10 bursts delivered at 5 Hz. Each burst consisted of four
pulses delivered at 100 Hz. Duration of pulses was 0.2 ms, and five TBSs
were applied every 20 s to induce LTP (Eckhardt et al., 2000). The stimulation strength was in the range of 70 –90 A to provide an fEPSP with
an amplitude of 50% of the subthreshold maximum. The mean slope of
fEPSPs recorded 0 –10 min before TBS was taken as 100%. Values of LTP
were calculated as the increase in the mean slopes of fEPSPs measured
25–30 min after TBS.
LTP was also induced by TBS at 60 min after induction of long-term
depression (LTD). We refer to this protocol as de-depression protocol, as
in previous studies (Daw et al., 2000; Meng et al., 2003). For induction of
LTD, two trains were applied at 1 Hz for 10 min with a 10 min interval
between them. Stimulation strength during baseline recordings and after
induction of LTD was set to 30 – 40% of maximal fEPSPs. Stimulation
strength was set to 60 –70% when 1 Hz trains were delivered. This protocol induces input-specific NMDA receptor-dependent LTD in adult
mice and rats (Kerr and Abraham, 1995; Eckhardt et al., 2000; Bukalo et
al., 2004).
Whole-cell recordings in CA1 pyramidal cells. Standard whole-cell
patch-clamp methods were used (Edwards et al., 1990). In brief, slices
were continuously superfused in the recording chamber with carbogenbubbled ACSF (2–3 ml/min) and maintained at 30°C. Schaffer collateral/
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commissural fibers were stimulated in the stratum radiatum using glass
pipettes filled with ASCF, having a resistance of 1–2 M⍀. The patch
electrodes (2.5–3.5 M⍀) were filled with an internal solution (pH 7.3;
295–305 mOsm) containing (in mM) 135 K-gluconate, 5 NaCl, 5 KCl,
10 HEPES, 0.2 EGTA, 2 Mg-ATP, 0.2 Na3GTP, and 10 glucose. Additionally, 5 mM QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)
triethylammonium; Tocris, Bristol, UK] was added to the recording solution to block voltage-dependent Na ⫹ currents (Connors and Prince,
1982). Before and after induction of LTP, EPSCs were recorded at a
frequency of 0.05 Hz and at a holding potential of ⫺60 mV. The amplitude of the EPSCs was measured by taking the average of a 2–3 ms
window around the peak of the EPSC relative to the baseline, and the
stimulation strength was adjusted to provide EPSCs of ⬃100 pA. There
was no significant correlation between the mean amplitude of baseline
EPSCs and the levels of synaptic plasticity induced by pairing. Serial
resistance as well as cell resistance and capacitance were routinely measured during the experiments. There was no systematic difference between neurons with different genotypes in these three parameters.
In the whole-cell mode, LTP or LTD were induced by pairing of afferent stimulation of Schaffer collateral/commissural fibers at 1 Hz for 100 s
with depolarization of the postsynaptic cell to 0 mV, ⫺10 mV, or ⫺20
mV (adapted from Ngezahayo et al., 2000). Care was taken to avoid
“washout” of LTP caused by dialysis of the cells by the patch pipette
solution by performing induction of LTP/LTD by pairing within 7 min
after disruption of the plasma membrane. To combine data from different experiments, the amplitudes of EPSCs were normalized to the averaged value obtained during a 5 min interval before application of the
pairing protocol. The values of LTP/LTD represent mean amplitudes of
EPSCs measured 25–30 min after pairing. To verify whether the changes
in synaptic strength in our experiments are associative and occur only
when presynaptic stimulation is paired with depolarization, the following control recordings were performed in TNR⫹/⫹ mice. First, presynaptic stimulation was applied when the membrane potential was kept at
⫺60 mV (close to the cell’s resting membrane potential). No potentiation was observed in this case (99.2 ⫾ 7.3%). Second, pyramidal cells
were depolarized to 0 mV without presynaptic stimulation. This procedure also did not induce potentiation of EPSCs (95.9 ⫾ 5.0%). Thus, as
expected, only the association of presynaptic and postsynaptic activity
led to LTP in these experiments.
Pharmacological treatments. In one series of experiments, mice were
injected with the GABAA receptor agonist muscimol (1 mg/kg, i.p., in
ACSF) or with ACSF 24 h or 7 d before preparation of slices. Muscimol at
this concentration inhibits morphine-induced hyperactivity of animals
(Yoon et al., 2002). After injections, mice appeared to be sedated for ⬎1
h and were therefore kept for 2 h under a red lamp. In an additional series
of experiments, the slices were preincubated with ACSF containing one
of several compounds for 2 h before transferring slices to the recording
chamber and perfusion with normal ACSF. The following reagents were
used for in vitro experiments: the GABAA receptor agonists muscimol
(1 M) (Akhondzadehet al., 2002) and zolpidem (0.3 M) (Liang et al.,
2004), the GABAB receptor antagonist [S-(R*,R*)]-[3-[[1-(3,4-dichlorphenyl)ethyl]amino]-2-hydroxypropyl](cyclohexyl-methyl) phosphinic acid (CGP54626A; 0.2 M) (Saghatelyan et a., 2003), the nicotinic
acetylcholine receptor agonist nicotine (1 M) (Fujii et al., 2000), the
NMDA receptor antagonist DL-2-amino-5-phosphonopentanoic acid
(APV; 50 M) (Mockett et al., 2002), the antagonist of metabotropic
glutamate receptors (RS)-␣-methyl-4-carboxyphenyglycine (MCPG;
200 M) (Breakwell et al., 1998), the blocker of L-type Ca 2⫹ channels
nifedipine (1 M) (He et al., 2001), the inhibitor of protein serine/
threonine phosphatases types 1 and 2A (PP1/2A) calyculin A (1 M)
(Huang et al., 2001), and the HNK-1 peptidomimetic or scrambled control peptide (100 g/ml) (Simon-Haldi et al., 2002; Saghatelyan et a.,
2003). The use of peptidomimetic has advantages over the native carbohydrate because the peptide is more stable, and considerably more easily
synthesized or isolated. Our recordings in TNR⫹/⫹ mice show that,
except for nicotine, all pharmacological treatments result in normal LTP
in TNR⫹/⫹ mice, providing evidence that drugs were washed out or
were inactive during induction of LTP. A lower than usually used concentration of nifedipine (1 M) was applied (He et al., 2001) because, in
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Results
Increased threshold for induction of
LTP by pairing in TNR-deficient mice
Previous studies revealed a reduction in
TBS-induced LTP in the CA1 region of
TNR⫺/⫺ mice (Bukalo et al., 2001;
Saghatelyan et al., 2001). To investigate
whether reduced LTP in TNR⫺/⫺ mice is
caused by a shift in the threshold for induction of LTP, we now induced LTP in
whole-cell voltage-clamp configuration,
because this provides a tighter control of
postsynaptic depolarization during induction of LTP than TBS combined with fEPSP
recordings. Pairing of low-frequency stimulation of Schaffer collateral/commissural fibers with postsynaptic depolarization to 0
mV produced a stable increase (⬎45%
above baseline) in EPSCs in five of six pyramidal cells recorded during 30 min after induction of LTP in both genotypes. Levels of
potentiation were 193.1 ⫾ 25.5 and 185.7 ⫾
23.3% in TNR⫹/⫹ and TNR⫺/⫺ mice, respectively (Fig. 1A,D), and there was no significant difference in the levels of LTP induced by pairing at 0 mV between
genotypes, indicating that, under these conditions, expression of LTP is normal in
TNR⫺/⫺ mice.
To determine the threshold for induction of LTP, we then used a weaker induction protocol, in which cells were depolarized to ⫺10 mV instead of 0 mV during
presynaptic stimulation. The mean level of
potentiation measured 25–30 min after
induction of LTP was 151.7 ⫾ 17.4% in
TNR⫹/⫹ mice (Fig. 1 B, D) [i.e., close to
162.2 ⫾ 13.8% reported previously by
Figure 1. Synaptic changes induced by pairing at 0, ⫺10, and ⫺20 mV in CA1 pyramidal cells of TNR deficient mice. A–C,
Ngezahayo et al. (2000)]. Significant inPairing of 1 Hz stimulation (applied at time 0) of Schaffer collateral/commissural fibers with membrane depolarization to 0 mV (A),
creases in amplitudes of EPSCs by ⬎20%
⫺10 mV (B), or ⫺20 mV (C) induces changes in EPSCs in TNR⫹/⫹ and TNR⫺/⫺ mice. Data show means ⫹ SEM of normalized
current amplitudes; n indicates the number of slices and N indicates the number of mice. Panels above LTP profiles show EPSCs above baseline were observed in 8 of 10
recorded before and 30 min after pairing in TNR⫹/⫹ and TNR⫺/⫺ mice. Calibrations: A, 10 ms, 100 pA; B, C, 10 ms, 50 pA. D, slices in TNR⫹/⫹ mice. In contrast, no
The levels of potentiation or depression (above or below the baseline level) as a function of membrane voltage (Vm) and genotype. LTP was recorded in TNR⫺/⫺ mice
(76.0 ⫾ 19.9%). Furthermore, in five of
eight slices from TNR⫺/⫺ mice, a significant LTD was observed. Thus, the threshpreliminary experiments, we found that preincubation of slices with 10
old for induction of LTP in TNR⫺/⫺ mice is above ⫺10 mV. To
M nifedipine resulted in impaired LTP in TNR⫹/⫹ mice. Further redetermine the threshold in TNR⫹/⫹ mice, we further lowered the
duction of nifedipine concentration to 0.2 M was ineffective and did not
level of depolarization during pairing to ⫺20 mV. This protocol did
restore LTP in TNR⫺/⫺ mice (data not shown).
Drugs were solved in ethanol (nicotine and zolpidem), dimethyl sulnot result in significant long-term modulation of synaptic transmisfoxide (CGP54626A, HNK1 peptidomimetic and scrambled peptide, casion in TNR⫹/⫹ mice (98.7 ⫾ 5.5%) (Fig. 1C,D). In TNR⫺/⫺
lyculin A) and in water with pH adjusted by NaOH (1 M). The final
mice, strong LTD to levels lower than 60% was observed in five of
concentration of ethanol and dimethyl sulfoxide in ASCF was 0.1%,
eight slices. The mean level of EPSC amplitudes measured 25–30
which was found in control experiments not to affect LTP. Drugs were
min after pairing in TNR⫺/⫺ mice (60.6 ⫾ 10.8%) (Fig. 1C,D) was
stored in the ⫺20°C as stock solutions and solved to the final concentrasignificantly lower than in TNR⫹/⫹ mice.
tion immediately before incubation. Because of light-sensitivity of nicotine and nifedipine, incubation with these compounds was performed in
In summary, we found that the threshold for induction of LTP
the dark.
in 20-d-old TNR⫺/⫺ mice is shifted toward higher levels by ⬃10
Data acquisition and statistical analysis. Data acquisition and measuremV (Fig. 1 D). Because there was no difference between genoments were performed using an EPC-9 amplifier and Pulse software
types in cell capacitance, input and serial resistances, it is unlikely
(Heka Elektronik, Lambrecht/Pfalz, Germany). Values in electrophysiothat this shift is attributable to somatic depolarization not being
logical experiments are reported as mean ⫾ SEM (SE of mean). A twoequally transferred during pairing to the synapses in the two
tailed Student’s t test was used to assess statistical significance using
genotypes.
SigmaPlot 5.0 software (SPSS, Chicago, IL).
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Rescue of LTP in TNR-deficient mice by
agonists of GABAA receptors
Because impairment of TBS-induced LTP
in TNR⫺/⫺ mice is accompanied by elevated excitatory transmission and reduced
perisomatic inhibition of CA1 pyramidal
cells (Saghatelyan et al., 2001; Nikonenko
et al., 2003), we tested whether experimental manipulations that would compensate for either of these abnormalities
would lead to a recovery of LTP in mutant
mice. To evaluate the significance of elevated excitatory transmission in CA3–
CA1 synapses for induction of LTP, we attempted to induce LTP in TNR⫺/⫺ mice
after reduction of excitatory transmission
via induction of LTD. Two trains of lowfrequency stimulation resulted in ⬃25%
reduction of fEPSPs in both genotypes
(Fig. 2 A), as described previously (Bukalo
et al., 2001). TBS applied after induction
of LTD induced, in TNR⫺/⫺ mice, potentiation (in other words, de-depression)
that was not different from levels of LTP in
TNR⫺/⫺ mice induced without preceding LTD. In the latter experiments (performed at 30°C as all other recordings in
this study), TBS produced robust LTP in
TNR⫹/⫹ mice (156.2 ⫾ 3.6%) and reduced LTP in TNR⫺/⫺ mutants (124.1 ⫾
3.6%) (Fig. 2 B), as found in previous recordings at room temperature in 2- and
6-month-old TNR⫺/⫺ mice (Bukalo et
al., 2001; Saghatelyan et al., 2001). Dedepression in TNR⫺/⫺ mice was significantly smaller than de-depression and
LTP in TNR⫹/⫹ mice (Fig. 2C). These Figure 2. Reduction of excitatory synaptic transmission by induction of LTD does not normalize impaired LTP in the CA1 region
data suggest that a reduction in the level of of TNR⫺/⫺ mice. A, Two trains of 1 Hz stimulation (marked by horizontal bars) induced similar LTD in TNR⫹/⫹ and TNR⫺/⫺
synaptic transmission per se is not suffi- mice. The levels of potentiation evoked by TBS of Schaffer collateral/commissural fibers (arrow) after induction of LTD (decient to restore levels of potentiation in depression) were strikingly different between genotypes. Data show means ⫹ SEM; n indicates the number of slices and N
indicates the number of mice. Insets show averaged fEPSPs recorded 10 min before and 50 – 60 min after the second train of 1 Hz
TNR ⫺/⫺ mice.
To compensate for reduced GABAA re- stimulation (LTD) or 20 –30 min after TBS (de-depression). B, LTP evoked by TBS of Schaffer collateral/commissural fibers (marked
ceptor mediated inhibition in TNR⫺/⫺ by arrow) in TNR⫹/⫹ and TNR⫺/⫺ mice. Insets show fEPSPs recorded before and 30 min after TBS. C, Cumulative data show
and de-depression (**p ⬍ 0.01). LTP in
mice (Saghatelyan et al., 2001), we in- significant differences between TNR⫹/⫹ and TNR⫺/⫺ mice in LTP (***p ⬍ 0.001)
TNR⫹/⫹ mice was also significantly larger than de-depression in TNR⫺/⫺ mice ( ⫹⫹⫹p ⬍ 0.001). Calibrations: A, 10 ms, 250
jected mice systemically with the GABAA
V; B, 10 ms, 250 V.
receptor agonist muscimol or ACSF, for
control. Injections were made 24 h before
slices for 2 h with muscimol, washed out the drug to avoid any
slice preparation (Fig. 3A) to allow for sufficient time for restoeffects of muscimol on GABAA receptors during induction of
ration of synaptic plasticity in TNR⫺/⫺ mice. After control inLTP, and induced LTP by TBS (Fig. 4 A). This treatment fully
jection of ACSF, levels of TBS-induced LTP in TNR⫹/⫹ mice
recovered
LTP in TNR⫺/⫺ mice to 149.1 ⫾ 7.3%, being not
(150.8 ⫾ 9.7%) were larger than in TNR⫺/⫺ mice (119.3 ⫾
different
from
the LTP value of 153.6 ⫾ 6.3% found in TNR⫹/⫹
5.6%) (Fig. 3B). After muscimol injection, levels of LTP in
mice
(Fig.
4
D).
The effects of muscimol were fully mimicked by
TNR⫺/⫺ mice (145.5 ⫾ 5.3%) were larger than after injection of
receptor agonist, zolpidem, with selectivity for
another
GABA
A
ACSF and were not different from the levels of LTP in TNR⫹/⫹
␣1 subunits of GABAA receptors and potentiation of inhibitory
mice (144.7 ⫾ 3.7%) (Fig. 3C,D). Next we asked how long the
postsynaptic currents activated by endogenously released GABA
effect of muscimol would persist and recorded LTP 7 d after
(Sanna et al., 2002). Zolpidem treatment (this and all treatments
muscimol injection. At this time point, LTP levels in TNR⫺/⫺
below were performed in the same way as for muscimol) (Fig.
mice were reduced to 118.0 ⫾ 2.6% (Fig. 3D) (i.e., became close
4 A) also normalized LTP (151.0 ⫾ 5.3%) in TNR⫺/⫺ mice to
to levels seen in untreated or ACSF injected TNR⫺/⫺ mice). The
the levels found in TNR⫹/⫹ mice (Fig. 4 B, D). Thus, two GABAA
combined observations indicate that we can temporary normalreceptor agonists, with distinct mechanisms of action, were able
ize synaptic functions in TNR⫺/⫺ mice by muscimol injection.
to normalize TBS-induced LTP in TNR⫺/⫺ mice. To more
To narrow down the time interval necessary to reverse metatightly relate these observations to metaplasticity, we measured
plastic changes in TNR⫺/⫺ mice, we preincubated hippocampal
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Rescue of TBS-induced LTP in TNRdeficient mice via inhibition of GABAB
receptors and via reconstitution of the
TNR associated HNK-1 carbohydrate
Because previously we found an increase
in activity of postsynaptic GABAB receptors in TNR⫺/⫺ mice (Saghatelyan et al.,
2001), we wondered whether inhibition of
GABAB receptors with CGP54626A would
rescue LTP in these mutants. Indeed,
CGP54626A increased the levels of LTP in
TNR⫺/⫺ mice to 149.0 ⫾ 6.3%, which
was not different from levels found in untreated or CGP54626A-treated TNR⫹/⫹
mice (Fig. 4 D). These results support the
view that elevated GABAB receptor activity contributes to abnormalities in LTP in
TNR⫺/⫺ mice.
Because the TNR-associated HNK-1
carbohydrate inhibits GABAB receptors
and absence of HNK-1 was suggested to
result in elevation of GABAB receptormediated transmission and reduction of
GABAA receptor-mediated transmission
in TNR⫺/⫺ mice (Saghatelyan et al.,
2000, 2003), we next tested whether addition of HNK-1 would restore normal levels of LTP in TNR⫺/⫺ mutants. For these
experiments, we used a previously identified peptidomimetic of the HNK-1 carbohydrate that shares with the carbohydrate
all so far tested biological activities
(Simon-Haldi et al., 2002; Saghatelyan et
al., 2003). Similar to muscimol, zolpidem,
Figure 3. Restoration of TBS-induced LTP in the CA1 region of TNR-deficient mice by systemic injection of the GABAA receptor
agonist muscimol (1 mg/kg). A, Scheme of experiments shown in B–D. Note that for washout of muscimol, slices were in the and CGP54626A, treatment with the
perfusion chamber for 1 h before recording of stimulus–response curve (SRC) and LTP. B, C, LTP evoked by TBS of Schaffer HNK-1 peptidomimetic increased the levcollateral/commissural fibers (marked by arrow) 24 h after injection of ACSF (B) or muscimol (C) into TNR⫹/⫹ and TNR⫺/⫺ els of LTP in TNR⫺/⫺ mice to 149.4 ⫾
mice. Data show means ⫹ SEM; n indicates the number of slices and N indicates the number of mice. Insets show fEPSPs recorded 7.8% (Fig. 4 D) and, thus, eliminated the
before and 30 min after TBS. Calibrations: 10 ms, 250 V. D, Cumulative data show that the difference in LTP between ASCF difference in LTP between the genotypes.
injected TNR⫹/⫹ and TNR⫺/⫺ mice (*p ⬍ 0.05) is abolished after treatment with muscimol ( ⫹⫹p ⬍ 0.01, significant In contrast, treatment with the scrambled
difference between ACSF and muscimol injected TNR⫺/⫺ mice). Seven days after muscimol injection into TNR⫺/⫺ mice, the control peptide affected LTP in neither
level of LTP is not different from that in ACSF-injected TNR⫺/⫺ mice (*p ⬍ 0.05, significantly different from TNR⫹/⫹ mice). TNR⫹/⫹ nor in TNR⫺/⫺ mice (Fig.
4 D). The combined observations are conthe threshold for induction of LTP after zolpidem treatment,
sistent with the view that the metaplastic changes in TNR⫺/⫺
predicting that the threshold in TNR⫺/⫺ mice would shift to the
mice are caused by deficiency in the HNK-1 carbohydrate and
normal value (i.e., ⫺20 mV). Pairing of low-frequency stimularelated elevation in GABAB receptor activity.
tion with depolarization to ⫺20 mV after zolpidem treatment
Analysis of molecular mechanisms involved in induction of
indeed did not induce LTP or LTD in either genotype (Fig. 4C).
metaplasticity in TNR-deficient mice
Pairing at ⫺10 mV in TNR⫺/⫺ mice induced LTP of 154.3 ⫾
We next intended to identify the signaling cascades involved in
12.2% that was not different from 168.3 ⫾ 29.0% in TNR⫹/⫹
induction of metaplasticity in TNR⫺/⫺ mice. Because previous
mice (Fig. 4C).
studies implied NMDA and metabotropic glutamate receptors in
Because nicotine, an agonist of nicotinic acetylcholine recepmetaplasticity (Kiyama et al., 1998; Mockett et al., 2002; van Dam
tors, reduces GABAergic inhibition of pyramidal cells (Fujii et al.,
et al., 2004), we first investigated their contribution to impaired
2000), we tested whether treatment of slices from TNR⫹/⫹ mice
LTP in TNR⫺/⫺ mice. Levels of TBS-induced LTP in slices
with nicotine would mimic TNR deficiency. As expected, levels of
treated with APV were higher in TNR⫹/⫹ mice (150.8 ⫾ 6.5%)
TBS-induced LTP after treatment of slices with nicotine were
than in TNR⫺/⫺ mice (121.8 ⫾ 3.5%) and were not different
significantly reduced in TNR⫹/⫹ mice to 126.9 ⫾ 3.4%. In
from untreated TNR⫹/⫹ slices (Fig. 5C). Also, levels of LTP in
TNR⫺/⫺ mice, levels of LTP after treatment with nicotine
slices treated with MCPG, an antagonist of metabotropic gluta(116.7 ⫾ 3.0%) were not different from that in untreated
mate receptors, were higher in TNR⫹/⫹ mice (153.8 ⫾ 7.2%)
TNR⫺/⫺ slices (Fig. 4 D). In summary, the experiments with
than in TNR⫺/⫺ mice (125.7 ⫾ 4.7%) (Fig. 5C). Thus, neither
muscimol, zolpidem, and nicotine support the view that reducNMDA nor metabotropic glutamate receptors contribute to intion in GABAergic inhibition in TNR⫺/⫺ mice elevates the
duction of metaplasticity in TNR⫺/⫺ mice.
threshold for induction of LTP in a reversible manner.
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We then studied whether another major source of Ca 2⫹ entry into postsynaptic
neurons, the L-type of voltage-gated Ca 2⫹
channels, is involved. Treatment of slices
with nifedipine, a blocker of these channels, resulted in equal levels of TBSinduced LTP in TNR⫹/⫹ (145.5 ⫾ 8.5%)
and TNR⫺/⫺ mice (143.2 ⫾ 5.9%) (Fig.
5 A, C), supporting the view that these
channels constitute an important route
for Ca 2⫹ entry necessary for induction of
metaplasticity. Because sustained Ca 2⫹
entry may stimulate the activity of protein
phosphatases, we treated slices with the inhibitor of PP1/2A, calyculin A, known to
prevent some forms of metaplasticity
(Huang et al., 2001; Woo and Nguyen,
2002; Kang-Park et al., 2003). This treatment dramatically increased LTP in
TNR⫺/⫺ mice to 196.5 ⫾ 19.9%, compared with 157.1 ⫾ 14.0% recorded in
TNR⫹/⫹ mice (Fig. 5 B, C). In summary,
these experiments suggest that disinhibition of the CA1 region in TNR⫺/⫺ mice
leads to hyperactivity of Ca 2⫹ channels
and protein phosphatases, thus prohibiting induction of LTP.
Another interesting question is
whether treatments restoring metaplasticity would also lead to changes in basal synaptic transmission. As reported previously
(Bukalo et al., 2001; Saghatelyan et al.,
2001), stimuli of the same strength elicit
larger fEPSPs in TNR⫺/⫺ than in
TNR⫹/⫹ mice, resulting in a steeper
stimulus–response curve in untreated Figure 4. Restoration of LTP in the CA1 region of TNR-deficient mice by preincubation of slices with the GABAA receptor agonists
slices from TNR⫺/⫺ mice (Fig. 6 A). This muscimol (1 M) and zolpidem (0.3 M), the GABAB receptor antagonist CGP54626A (0.2 M), and the HNK-1 peptidomimetic
genotype-specific difference was not abro- (100 g/ml). A, Scheme of experiments shown in B–D. Note that drugs were applied for 2 h, followed by 1 h of washout before
gated by blockade of NMDA receptors recording of stimulus–response curve (SRC) and LTP. B, LTP evoked by TBS of Schaffer collateral/commissural fibers (arrow) after
with APV (Fig. 6 B), which was also ineffi- a 2 h preincubation of slices with zolpidem in ACSF. Data show means ⫹ SEM; n indicates the number of slices and N indicates the
number of mice. Insets show fEPSPs recorded before and 30 min after TBS. Calibration: 10 ms, 250 V. C, Pairing of 1 Hz
cient to change the level of LTP induction stimulation (arrows) of Schaffer collateral/commissural fibers with postsynaptic pyramidal cell depolarization to ⫺10 mV, but not
in TNR⫺/⫺ mice. On the contrary, treat- to ⫺20 mV, induces LTP of postsynaptic currents in TNR⫹/⫹ and TNR⫺/⫺ mice. D, Cumulative data show that the difference
ment of slices with nifedipine or calyculin in TBS-induced potentiation of fEPSP between TNR⫹/⫹ and TNR⫺/⫺ (*p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍ 0.001) is abolished
A fully abrogated the difference between after treatment with muscimol, zolpidem, CGP54626A, and HNK-1 peptidomimetic ( ⫹⫹p ⬍ 0.01; ⫹⫹⫹p ⬍ 0.001, comparison
genotypes in stimulus–response curves with untreated slices of the same genotype; #p ⬍ 0.05, comparison between HNK-1 peptidomimetic and scrambled HNK-1
(Fig. 6C,D), as did treatment with zolpi- peptidomimetic, for control). The preincubation of slices with scrambled HNK-1 peptidomimetic does not affect LTP. Nicotine (1
dem, muscimol, CGP54626A, or HNK-1 M) reduces LTP in TNR⫹/⫹ mice but does not eliminate the difference between genotypes.
peptidomimetic (data not shown). These
postnatal development, coinciding with an increased threshold
results demonstrate the reversibility of modifications in basal
for induction of LTP. Importantly, our study demonstrates that
synaptic transmission in TNR⫺/⫺ mice.
impaired LTP in TNR⫺/⫺ mice is restored by in vivo and in vitro
Discussion
pharmacological treatments elevating GABAergic transmission,
indicating for the first time that a deficit in a recognition molePrevious analysis of mouse mutants has revealed that abnormalcule can be pharmacologically compensated. These findings are
ities in expression of glutamate receptors and intracellular signal
consistent with a model describing a chain of events downstream
transducing molecules, such as the nonreceptor tyrosine kinase
of TNR deficiency, which starts from an increase in GABAB
fyn, Ca 2⫹/calmodulin-dependent protein kinase II, postsynaptic
receptor-mediated currents and culminates in impaired synaptic
density-95, and neurogranin lead to metaplastic changes in the
plasticity because of hyperactivity of L-type Ca 2⫹ channels and
hippocampus (Mayford et al., 1995; Kiyama et al., 1998; Lu et al.,
protein phosphatases (Fig. 7).
1999; Migaud et al., 1998; Krucker et al., 2002; Huang et al., 2004;
Because TNR is highly present in perineuronal nets surroundZhang et al., 2005). Here, we have discovered an extracellular
ing parvalbumin-positive interneurons and perisomatic inhibimatrix molecule involved in metaplasticity. We show that the
tory synapses, our initial efforts in a search of TNR functions had
impairment in TBS-induced LTP at the CA3-CA1 synapses of
been concentrated on the investigation of perisomatic inhibition
TNR⫺/⫺ mice appears between the second and third week of
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that excitatory transmission is elevated in
this mutant not only in vitro, but also in
vivo. The impairment in induction of LTP
in TNR⫺/⫺ mice is consistent with the
Bienenstock, Cooper, and Munro model,
predicting that periods of elevated excitatory activity increase the threshold for induction of LTP (Bienenstock et al., 1982).
It is noteworthy in this context that enhancement of GABAergic inhibition in
TNR⫺/⫺ mice by treatments with
GABAA receptor agonists, muscimol or
zolpidem, normalized the levels of LTP.
That 2 h treatments were able to affect
metaplasticity is not surprising because of
previous reports showing rapid triggering
and reversal of metaplastic changes (Abraham and Bear, 1996; Shakesby et al.,
2002). Application of muscimol or zolpidem increases GABAA receptor-mediated
currents and reduces spiking and excitatory postsynaptic potentials (Rovira et al.,
1984; Akhondzadeh and Stone, 1995;
Steele and Mauk, 1999; Hajos et al., 2000;
Liang et al., 2004). Two other treatments
of slices from TNR⫺/⫺ mice, namely with
receptor
antagonist
the
GABAB
CGP54626A and the HNK-1 peptidomimetic, produced a similar normalization
of LTP as GABAA receptor agonists. These
findings fit to data showing that (1) neu2⫹
Figure 5. Restoration of impaired LTP in the CA1 region of TNR-deficient mice by preincubation of slices with the L-type Ca
tralization of HNK-1 activity by an
channel blocker nifedipine (1 M) and inhibitor of protein phosphatases calyculin A (1 M). A, B, LTP evoked by TBS of Schaffer HNK-1 antibody results in GABA
B
collateral/commissural fibers (arrow) after 2 h preincubation of slices with nifedipine (A) or calyculin A (B) in ACSF. Data show
receptor-mediated activation of K ⫹ curmeans ⫹ SEM; n indicates the number of slices and N indicates the number of mice. Insets show fEPSPs recorded before and 30 min
after TBS. Calibrations: 10 ms, 250 V. C, Cumulative data show that the difference in LTP between TNR⫹/⫹ and TNR⫺/⫺ mice rents in CA1 pyramidal cells, which re(***p ⬍ 0.001; **p ⬍ 0.01) is not abrogated after treatment with APV (50 M) and MCPG (200 M), as antagonists of NMDA and duces evoked GABA release in perisomatic
⫹
metabotropic glutamate receptors, respectively, whereas treatments with nifedipine and calyculin A elevated levels of LTP in inhibitory synapses in an extracellular K
⫹
⫹⫹⫹
concentration-dependent manner, and
p ⬍ 0.001, comparison with untreated slices of TNR⫺/⫺ mice).
TNR⫺/⫺ ( p ⬍ 0.05 and
(2) the HNK-1 carbohydrate binds to
GABAB receptors and inhibits GABAB
in TNR⫺/⫺ mice. We found a reduced amplitude of unitary
receptor-activated K ⫹ currents (Saghatelyan et al., 2003). In
perisomatic inhibitory postsynaptic currents recorded from CA1
summary, the present study provides evidence that long-term
pyramidal cells in slices from 2- to 3-week-old TNR⫺/⫺ versus
impairment in GABAergic inhibition in TNR⫺/⫺ mice may
TNR⫹/⫹ mice (Saghatelyan et al., 2001). This reduction in pericause a reversible reduction in hippocampal LTP. Weak
somatic inhibition in TNR⫺/⫺ mice can be explained by the fact
GABAergic inhibition of activity in the visual cortex early in life
that TNR is a carrier of the HNK-1 carbohydrate in CA1 and that
also prevents experience-dependent plasticity that can be rea functional block of HNK-1 reduces GABAA-mediated perisostored by the GABAA receptor agonists diazepam and zolpidem
matic inhibitory currents in CA1 pyramidal cells via a GABAB
(Fagiolini et al., 2004). These and more recent experiments using
receptor-dependent mechanism (Saghatelyan et al., 2003). In adlaser photo-uncaging of GABA to measure the activity of GABAA
dition, ultrastructural analysis of inhibitory perisomatic termireceptors on the soma-proximal dendrites of pyramidal cells
nals on pyramidal cells in the CA1 regions in TNR⫺/⫺ mice
(Katagiri et al., 2007) put forward the idea that intermediate levrevealed a reduction in the density of perisomatic synapses and
els of perisomatic GABAergic inhibition promote visual cortex
abnormalities in their architecture, including a reduction in the
plasticity, whereas a deficit or excess of perisomatic inhibition
size of active zones and distribution of synaptic vesicles (Niinhibits plasticity. Our data suggest that this view may also be
konenko et al., 2003). Also, TNR⫺/⫺ mice showed elevated levvalid for hippocampal synaptic plasticity. However, we found
els of AMPA receptor-mediated excitatory synaptic transmission
that reduction in basal synaptic transmission by induction of
after the second week of postnatal development (Saghatelyan et
LTD did not lead to normalization of potentiation after LTD (i.e.,
al., 2001) (present study) and increased amplitudes of auditory
de-depression): the levels of potentiation after LTD matched the
evoked potentials and hippocampal ␥-oscillations in freely movlevels of LTP at naive synapses in TNR⫺/⫺ and TNR⫹/⫹ mice.
ing adult mice (Gurevicius et al., 2004). The latter data, together
However, it is possible that de-depression and LTP are mechaniswith our ultrastructural observations on elevated density of pertically distinct and, therefore, cannot be directly compared.
forated synapses in the CA1 stratum radiatum of TNR⫺/⫺ mice
We would like to emphasize a methodological aspect of our
(O. Nikonenko, unpublished observations), support the view
study. So far, protocols to evaluate metaplastic changes in mutant
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Figure 6. Normalization of basal synaptic transmission in the CA1 region of TNR-deficient
mice by pretreatment of slices with the blocker of L-type Ca 2⫹ channels nifedipine (1 M) or
the inhibitor of protein phosphatases calyculin A (1 M). A, B, Stimulus–response curves in
TNR⫺/⫺ mice are above those in TNR⫹/⫹ mice in control untreated slices (A) and after
treatment with the NMDA receptor antagonist APV (50 M) (B) (*p ⬍ 0.05; **p ⬍ 0.01). C, D,
There is no difference between genotypes after treatment with nifedipine (C) or calyculin A (D).

Figure 7.

Scheme of suggested chain of events involved in metaplasticity in TNR⫺/⫺ mice.

mice used extracellular recordings of fEPSPs elicited by presynaptic stimulation with different frequencies (Mayford et al., 1995;
Kiyama et al., 1998; Migaud et al., 1998; Krucker et al., 2002;
Huang et al., 2004; Jouvenceau et al., 2006). We addressed the
issue of metaplasticity more directly by patch-clamp recordings
in the pairing paradigm (Ngezahayo et al., 2000), which allowed
us to estimate the threshold for induction of LTP in terms of the
membrane potential of postsynaptic cells. Because pairing at 0
mV, but not at ⫺10 mV, as in TNR⫹/⫹ mice, resulted in successful induction of LTP in TNR⫺/⫺ mice, we conclude that the
threshold for induction of LTP is increased by ⬃10 mV in the
mutant. Interestingly, the two protocols, pairing of presynaptic
low-frequency stimulation with depolarization of pyramidal cells
to ⫺10 mV or theta-burst stimulation of Schaffer collateral/commissural fibers, providing LTP of a similar magnitude in
TNR⫹/⫹ mice, both induced significantly reduced potentiation
in TNR⫺/⫺ mice.
How do our results relate to previous studies on the molecular

mechanisms of plasticity and metaplasticity? Interestingly, transgenic mice selectively expressing a dominant-negative SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein
receptor) domain in astrocytes (to block the release of transmitters from these glial cells) show elevated basal transmission and
reduced LTP (Pascual et al., 2005), being thus similar to the phenotype of TNR⫺/⫺ mice. Also, inactivity elicited by prolonged
blockade of AMPA receptors (i.e., a condition opposite to elevated AMPA receptor-mediated synaptic transmission in
TNR⫺/⫺ mice) triggers adaptive synaptic modifications
through loss of Ca 2⫹ entry via L-type Ca 2⫹ channels (Thiagarajan et al., 2005). Our experiments indicate that activity of these
channels in TNR⫺/⫺ mice is important for induction of metaplastic reduction of LTP, whereas NMDA receptor-mediated
currents are normal (Saghatelyan et al., 2001) and inhibition of
NMDA receptors does not affect metaplasticity in TNR⫺/⫺
mice. Thus, our study complements findings on inactivityinduced metaplasticity (Thiagarajan et al., 2005) and provides
additional evidence that L-type Ca 2⫹ channels are important for
homeostatic regulations in the brain. Other forms of metaplasticity involve other routes of Ca 2⫹ entry, for instance, via NMDA
receptors (Philpot et al., 2007). Our data that metaplastic modifications downstream of L-type Ca 2⫹ channels in TNR⫺/⫺ mice
involve the protein phosphatases PP1 and PP2A are in agreement
with studies showing that activation of PP1/PP2A leads to reversal of LTP (Huang et al., 2001; Kang-Park et al., 2003) and prevents induction of late phases of LTP (Woo and Nguyen, 2002),
whereas inhibition of PP1 reduces the threshold for induction of
LTP (Jouvenceau et al., 2006). Signaling downstream of PP1/
PP2A may involve dephosphorylation of transcription factors,
such as the cAMP response element-binding protein (Hagiwara
et al., 1992; Wadzinski et al., 1993), the AMPA glutamate receptor
subunit 1 (Huang et al., 2001), stargazin, which is important for
synaptic expression of AMPA receptors (Tomita et al., 2005), and
several protein kinases, including extracellular signal-regulated
kinases (Norman et al., 2000), protein kinase C (Thiels et al.,
2000), and Ca 2⫹/calmodulin-dependent protein kinase II
(Strack et al., 1997; Huang et al., 2001). It remains to be determined which of these downstream targets of PP1/PP2A are involved in metaplastic changes in TNR⫺/⫺ mice.
Another important question is how our observations are related to neurological disorders in humans. It is noteworthy in this
respect that LTP is impaired in the hippocampal formation of
patients with temporal lobe epilepsy and in rats after experimentally induced epilepsy (Beck et al., 2000; Goussakov et al., 2000;
Schubert et al., 2005). The available evidence suggests that seizures result in metaplastic changes of saturation levels for expression of LTP, direction of plasticity (LTP vs LTD), being accompanied by an increase in neurotransmitter release probability
(Goussakov et al., 2000; Schubert et al., 2005). Thus, there are
similarities in synaptic abnormalities between TNR⫺/⫺ mice
and experimental and human epilepsy, alluding to a novel role
for the extracellular matrix in homeostatic mechanisms maintaining normal levels of plasticity, possibly also in humans.
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