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Tumor Necrosis Factor-�-Mediated Metaplastic Inhibition
of LTP Is Constitutively Engaged in an Alzheimer’s Disease
Model
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LTP, a fundamental mechanism of learning and memory, is a highly regulated process. One form of regulation is metaplasticity (i.e., the
activity-dependent and long-lasting changes in neuronal state that orchestrate the direction, magnitude, and persistence of future
synaptic plasticity). We have previously described a heterodendritic metaplasticity effect, whereby strong high-frequency priming stim-
ulation in stratum oriens inhibits subsequent LTP in the stratum radiatum of hippocampal area CA1, potentially by engagement of the
enmeshed astrocytic network. This effect may occur due to neuron-glia interactions in response to priming stimulation that leads to the
release of gliotransmitters. Here we found in male rats that TNF� and associated signal transduction enzymes, but not interleukin-1�
(IL-1�), were responsible for mediating the metaplasticity effect. Replacing priming stimulation with TNF� incubation reproduced these
effects. As TNF� levels are elevated in Alzheimer’s disease, we examined whether heterodendritic metaplasticity is dysregulated in a
transgenic mouse model of the disease, either before or after amyloid plaque formation. We showed that TNF� and IL-1� levels were
significantly increased in aged but not young transgenic mice. Although control LTP was impaired in the young transgenic mice, it was
not TNF�-dependent. In the older transgenic mice, however, LTP was impaired in a way that occluded further reduction by heterosyn-
aptic metaplasticity, whereas LTP was entirely rescued by incubation with a TNF� antibody, but not an IL-1� antibody. Thus, TNF�
mediates a heterodendritic metaplasticity in healthy rodents that becomes constitutively and selectively engaged in a mouse model of
Alzheimer’s disease.
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Introduction
Metaplasticity mechanisms have been proposed to modify the
threshold for learning ability (Abraham, 2008), help maintain
synaptic transmission within a dynamic range, and potentially

prevent excitotoxicity (Abraham and Bear, 1996). In most exper-
imental studies of metaplasticity, the effect of a prior bout of
neural activity or “priming” on subsequent LTP or LTD is inves-
tigated. In one unusual form of metaplasticity, high-frequency
priming stimulation in the stratum oriens (SO) of hippocampal
area CA1 inhibits subsequent LTP elicited in the stratum radia-
tum (SR) of the same area (Hulme et al., 2012). Evidence to date
indicates that this form of heterodendritic metaplasticity is inde-
pendent of postsynaptic depolarization, action potential firing,
and LTP generation in SO (Hulme et al., 2012), but requires the
activation of muscarinic acetylcholine receptors and the release
of Ca 2� from intracellular stores via activation of IP3 receptors
(Hulme et al., 2012). This pattern of results suggests that non-
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Significance Statement

The proinflammatory cytokine TNF� is known to be capable of inhibiting LTP and is upregulated several-fold in brain tissue,
serum, and CSF of Alzheimer’s disease (AD) patients. However, the mechanistic roles played by TNF� in plasticity and AD remain
poorly understood. Here we show that TNF� and its downstream signaling molecules p38 MAPK, ERK, and JNK contribute
fundamentally to a long-range metaplastic inhibition of LTP in rats. Moreover, the impaired LTP in aged APP/PS1 mice is rescued
by incubation with a TNF� antibody. Thus, there is an endogenous engagement of the metaplasticity mechanism in this mouse
model of AD, supporting the idea that blocking TNF� might be of therapeutic benefit in the disease.
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neuronal cells, such as astrocytes, may play a role in this long-
range communication as priming stimulation induces calcium
elevations not only in SO astrocytes but also in SR astrocytes
(Hulme et al., 2014). Moreover, the effect requires the opening of
connexin-43 channels located on astrocytes, and the conversion
of extracellular ATP to adenosine followed by activation of aden-
osine A2 receptors (Jones et al., 2013).

What are the glial mechanisms that could mediate the hetero-
dendritic metaplasticity? Gliotransmitters that can affect synaptic
plasticity include glutamate (Kang et al., 1998; Araque et al., 1999),
D-serine (Mothet et al., 2005; Panatier et al., 2006; Henneberger et
al., 2010), cytokines (Beattie et al., 2002; Schroeter and Jander,
2005; Stellwagen and Malenka, 2006), and ATP and adenosine
(Fields and Burnstock, 2006; Haydon and Carmignoto, 2006;
North and Verkhratsky, 2006). One proinflammatory cytokine
known to inhibit LTP prominently is TNF� (Tancredi et al.,
1992; Butler et al., 2004). Exogenously applied TNF� inhibits
LTP in both CA1 (Tancredi et al., 1992) and the dentate gyrus
(Cunningham et al., 1996) in vitro. Conversely, TNF� KO mice
show increased performance in spatial memory and learning
tasks compared with WT animals (Golan et al., 2004). TNF�
inhibits the early phase of LTP by activation of TNF� receptor 1
(TNFR1, p55) (Butler et al., 2004), and the downstream activa-
tion of p38 mitogen-activated protein kinase (p38 MAPK) (Pick-
ering et al., 2005), and c-Jun N-terminal kinase (JNK) (Liu et al.,
2007). In contrast, another target of TNFR1, extracellular signal-
related kinase (ERK), is usually required for LTP in CA1 (English
and Sweatt, 1996; Jin and Feig, 2010) and is crucial for
transcription-dependent long-term synaptic plasticity.

Given the regulation by p38 MAPK, JNK, and ERK of LTP and
their activation by TNF�, we tested the involvement of these
molecules in mediating the heterodendritic metaplasticity effect.
For comparison, we investigated another candidate cytokine,
IL-1�, which also causes inhibition of LTP in CA1 and CA3 (Kat-
suki et al., 1990; Bellinger et al., 1993; Hoshino et al., 2017), and in
the dentate gyrus (Cunningham et al., 1996), and may contribute
to aging- and stress-related impairments of LTP (Murray and
Lynch, 1998).

As both TNF� and IL-1� levels are elevated in Alzheimer’s
disease (Griffin et al., 1989; Brosseron et al., 2014), we also tested
the hypothesis that heterodendritic metaplasticity is constitutively
engaged in a double-transgenic (Tg, APP/PS1) mouse model of the
disease, accounting for the impairment of LTP in this model. Our
data revealed that TNF�, but not IL-1�, mediates heteroden-
dritic metaplasticity in area CA1 of both rat and mouse hip-
pocampus, and that this mechanism is endogenously active in
aged, but not young, APP/PS1 mice.

Materials and Methods
Animals. Adult Sprague Dawley male rats (6 – 8 weeks old; 200 –320 g),
male WT B6C3 mice, and male Tg APPswe/PS1�E9 (The Jackson Labora-
tory; https://www.jax.org/strain/004462) littermates (4 or 14 months
old) were used. All animals were bred in colonies maintained by the
University of Otago, Dunedin. Rats were group-housed (3–5 animals per
cage), while the mice were singly housed after weaning in individually
ventilated cages. Ambient temperature and the light/dark cycle were
maintained at 23 � 2°C and 12:12 h, respectively, with lights on at 6:00
A.M. All methods of animal handling and manipulation were performed
with approval by the University of Otago Animal Ethics Committee and
in accordance with New Zealand animal welfare legislation.

Slice preparation. Rats (6 – 8 weeks old, 180 –300 g) were anesthetized
with ketamine (100 mg/kg, i.p.) and decapitated using a guillotine. Brains
were rapidly dissected out and submerged into ice-cold sucrose cutting
solution (in mM as follows: 210 sucrose, 26 NaHCO3, 2.5 KCl, 1.25

NaH2PO4, 0.5 CaCl2, 3 MgCl2, 20 D-glucose) continuously bubbled with
carbogen (95% O2, 5% CO2). The hippocampus was then dissected out,
and the most ventral hippocampus removed. CA3 was subsequently re-
moved from the remaining dorsal hippocampus by a manual knife cut
and slices (3– 6 slices from each hemisphere) of 400 �m thickness pre-
pared using a VT1000 S vibroslicer (Leica Microsystems). Prepared slices
were incubated at 32°C in a humidified incubation chamber containing
ACSF (in mM as follows: 124 NaCl, 3.2 KCl, 1.25 NaH2PO4, 26 NaHCO3,
2.5 CaCl2, 1.3 MgCl2, 10 D-glucose) and bubbled with carbogen. The
slices remained thinly submerged for 30 min at 32°C and then at room
temperature for 90 min. The slices were then submerged in a recording
chamber containing recirculating ACSF at 32.5°C, and fEPSPs were
recorded.

WT and Tg mice were deeply anesthetized with pentobarbital (200
mg/kg, i.p.) and transcardially perfused with ice-cold sucrose cutting
solution. Immediate perfusion with cold cutting solution minimized
compression of brain tissue while cutting slices using the VT1000 S vi-
broslicer (Leica Microsystems). After decapitation, one hemisphere was
snap-frozen with dry ice for later ELISA and the other for preparation of
400 �m coronal slices of the whole hemisphere that included the dorsal
hippocampus for electrophysiology. The mouse slices were treated sim-
ilarly to the rat slices thereafter, except that the CA3 region was intact.

Electrophysiology. Teflon-coated tungsten monopolar stimulating
electrodes (50 �m) were placed centrally in both SR and SO of CA1 (see
Fig. 1a) to elicit fEPSPs. The evoked fEPSPs were recorded using glass
micropipettes (A-M Systems, 1.0 mm � 0.58 mm, 4 inch; catalog #601000)
filled with ACSF (1.7–2.7 M�). Recording electrodes were placed 400 �m
from their respective stimulating electrodes and connected to P511 AC
amplifiers via high impedance probes (Grass Instruments). Signals were
amplified (�1000) with half-amplitude filter cutoffs of 0.3 Hz and 3 kHz.

Baseline stimulation (0.1 ms half-wave duration) was set at 40% of
maximum fEPSP slope elicited at a stimulation strength of �0.2 mA.
Baseline stimulation was delivered every 30 s, alternating between stim-
ulating electrodes placed in SR and SO, and was given for at least 30 min
and until recordings were stable (�10% difference in synaptic responses
from the initial 30 min of baseline recording). Control experiments con-
sisted of 80 min of baseline stimulation followed by LTP induction in SR
and a further 60 min of stimulation. Priming experiments consisted of
45 min of baseline stimulation followed by two sets of priming stimula-
tion (separated by 5 min) in SO. A further 30 min of baseline stimulation
was delivered after priming, followed by LTP induction in SR and further
baseline stimulation for 60 min. Priming stimulation consisted of 2 sets
of 3 high-frequency stimulation (HFS) trains delivered in SO (each train
consisted of 100 Hz, 1 s, delivered 20 s apart; see Fig. 1b) (Wang and
Wagner, 1999; Hulme et al., 2012). For LTP induction, 2 trains of theta
burst stimulation (TBS, each train consisted of 10 bursts of 5 pulses at 100
Hz, 200 ms between bursts) were delivered in SR, 30 s apart. The stimu-
lation intensities for HFS priming stimulation in SO and TBS stimulation
in SR were the same as for their respective baseline test pulses.

Anti-rat TNF� Ab (catalog #MAB510), anti-rat IL-1� Ab (catalog
#MAB501), anti-mouse TNF� Ab (catalog #MAB4101), and anti-mouse
IL-1� Ab (catalog #MAB401) were purchased from R&D Systems. Tha-
lidomide, SB203580, PD98059, and SP600125 were purchased from
Tocris Bioscience and dissolved in DMSO (Sigma-Aldrich) and further
diluted to 1:1000 in ACSF to give the working concentration. Other
chemicals were purchased from Merck.

Data analysis. The initial slope values of the fEPSPs were analyzed
offline as a measure of synaptic efficacy. The baseline response value was
calculated by averaging the responses over the last 10 min before LTP
induction in SR, and all the synaptic responses throughout the experi-
ment were then normalized to the baseline value and expressed as a
percentage of baseline. LTP in SO due to priming stimulation was also
recorded, and the baseline for SO was calculated by averaging the base-
line responses 10 min before the first priming stimulation in SO. Finally,
LTP was calculated in SR and SO by averaging the responses generated in
the final 10 min of the experiment and normalized to their respective
baseline values.

Western blotting. Hippocampal slices were made and treated similarly
to those in electrophysiology slice preparation. Field recordings were
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made using the same protocol as for the electrophysiology experiments,
except slices were collected at the time the TBS would have been delivered
to induce LTP. Slices were then micro-dissected to isolate SR from other
regions of the hippocampus. The groups used were the control group
that received test pulses only and the SO primed group that received test
pulses plus SO priming stimulation identical to that used in the
electrophysiology experiments. All the groups used for Western blotting
experiments consisted of 12 samples, and each sample consisted of 5
micro-dissected SR slices from 1 animal pooled together. Slices were
stored at 	80°C before being thawed at room temperature for protein
extraction and Western blot.

Proteins were first extracted from thawed slices into a detergent-
containing buffer with both phosphatase and protease inhibitors: 50 mM

Tris buffer, pH 7.6, 10 mM EDTA, 10 mM EGTA, 1.0 mM PMSF (Sigma-
Aldrich, catalog #10837091001), 50 mM sodium fluoride, 80 �M sodium
molybdate, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate,
4 mM p-nitrophenyl phosphate, 1:50 phosphatase inhibitor III (Abcam,
catalog #201114), 1:2000 phosphatase inhibitor II (Sigma-Aldrich, cata-
log #P5726), 0.01% (v/v) Triton-X, and a protease inhibitor (Complete
Ultra Mini Tablet, Roche Diagnostics) used as per the manufacturer’s
instructions. Slices were homogenized by 30� pestle, and proteins were
solubilized by ice bath sonication (5 min) to produce a lysate mixture.
This solution was then spun in a centrifuge (Heraeus Biofuge Pico) at
13,000 rpm at 4°C for 20 min. The supernatant was taken and placed in a
separate tube. These sonication and spinning steps were repeated once,
and the supernatant was added to the first fraction. This combined
lysate was used as the sample. A detergent-compatible protein assay (Bio-
Rad) was used to quantify protein concentrations using BSA (Sigma
Aldrich) as a standard.

Protein samples were separated on 12% (w/v) bis-acrylamide (Bio-
Rad) gels before transferring to a nitrocellulose membrane (GE Health-
care). Blots were incubated in Odyssey blocking buffer (LI-COR) at
room temperature for 1 h. The primary Ab solution was prepared using
the following antibodies and concentrations in 0.1% NGS and 0.1% BSA
in PBS/Tween. From Abcam: mouse anti-total p38 MAPK (1:1000; cat-
alog #ab31828); from Novus Biologicals: rabbit anti-phospho-p38 MAPK
(1:1000; catalog #NB500-138), rabbit anti-total ERK (1:1000; catalog
#9102), mouse anti-phospho-ERK (1:1000; catalog #9106), rabbit anti-
total JNK (1:1000; catalog #9252), mouse anti-phospho-JNK (1:1000;
catalog #9255), and rabbit anti-�-tubulin (1:10,000; catalog #2144); and
from Thermo Fisher Scientific: rabbit anti-GAPDH Ab (1:10,000; catalog
#TAB1001).

The secondary Ab solution was composed of IRDye goat anti-rabbit
680 (1:10,000, LI-COR) and IRDye goat anti-mouse 800 (1:15,000, LI-
COR) in PBS/Tween. The blots were incubated in this solution for 1 h at
room temperature. Blots were imaged on a LI-COR Odyssey imaging
system, quantified using Image Studio Lite 5.2 (LI-COR) after normal-
izing to the loading control protein (�-tubulin or GAPDH). We used the
gray channel for the analysis of bands because it minimizes the back-
ground noise and provides better contrast. The results were normalized
to a loading control protein (�-tubulin or GAPDH) and calculated as a
proportion of all the samples on the blot. The relative level of phosphor-
ylation was measured by the ratio of phosphorylated to the total protein.

ELISA. The ELISA assay used an immobilized Ab specific for mouse
TNF� or IL-1� coated on a 96-well plate. ELISA kits specific to mouse
TNF� (catalog #BE69212), and IL-1� (catalog #IB49700) were pur-
chased from IBL America. The tissue homogenate group used for the
ELISA consisted of 10 samples each containing the hippocampus of a
single hemisphere from each animal (the other hemisphere was used for
electrophysiology experiments). Once dissected, these samples were flash
frozen on dry ice and stored at 	80°C. On the day of experiments,
samples were thawed at room temperature, and each sample was homog-
enized in the solubilization buffer containing 1 mM EGTA, 1 mM EDTA,
complete protease inhibitor, 1% (v/v) Triton-X, 1 mM PMSF, PBS, and
0.1% (w/v) SDS. The samples were dissolved in homogenization buffer
by gentle 20� piston up and down followed by probe sonication for 10 s
at room temperature. Tissue homogenate was centrifuged at �5000 rpm
for 5 min, and detergent-compatible protein assay (Bio-Rad DC Protein
Assay) was used to find the concentration of protein. Thereafter, the

ELISA procedure was performed according to the manufacturer’s
instructions.

Statistical analysis. Data are mean � SEM unless stated otherwise, and
n indicates the number of slices for electrophysiology (n 
 7–10 slices
per group), numbers of samples for Western blots (n 
 12/group), and
ELISAs (n 
 10/group). To assess statistically the differences between
groups, Student’s t tests and ANOVA were conducted using SPSS Statis-
tics software (version 24, IBM). Post hoc tests using Fisher’s least signifi-
cant difference tests were used to identify between-group differences, as
appropriate. Statistical significance was determined as p � 0.05.

Results
Heterodendritic inhibition of LTP in CA1 is mediated
by TNF�
TBS delivered to SR successfully induced LTP in SR of nonprimed
rat hippocampal slices (148 � 4%, n 
 8), without affecting re-
sponses in SO (96 � 3%, n 
 8; Fig. 1c). HFS in SO, used for
priming, produced significant LTP in that pathway (240 � 12%,
n 
 8), also without directly affecting responses in SR (98 � 3%,
n 
 8; Fig. 1d). Consistent with previous findings (Wang and
Wagner, 1999; Hulme et al., 2012); however, the SO priming
stimulation induced a strong heterodendritic inhibition of SR
LTP induced 30 min later (SR control LTP 
 148 � 4%, n 
 8; SR
Primed LTP 
 119 � 3%, n 
 8; t(15) 
 11.78, p 
 0.01; Fig. 1e).
Although the priming stimulation, in this case, did produce rapid
heterosynaptic depression at SR synapses, the responses quickly
recovered fully before the LTP stimulation (Fig. 1e).

Bath application of a TNF� Ab (25 �g/50 ml) was conducted
for 30 min before and during priming stimulation before washing
out for 30 min before SR TBS. There was a significant main effect
of group for SR LTP (F(2,22) 
 22.38, p 
 0.01). Post hoc analysis
revealed that there was significant inhibition of LTP by the prim-
ing stimulation (Control ACSF: 146 � 6%, n 
 7; Primed ACSF:
120 � 3%, n 
 8; p 
 0.001), whereas the TNF� Ab significantly
reduced the extent of this priming effect on SR LTP (Primed
ACSF: 120 � 3%, n 
 8; Primed TNF� Ab: 132 � 4%, n 
 8; p 

0.043; Fig. 2a). The TNF� Ab had no effect on control SR LTP by
itself (t(12) 
 0.38, p 
 0.42). The SO LTP that occurred due to the
priming stimulation in SO was also unaltered by the TNF� Ab
treatment (Primed ACSF: 220 � 9%, n 
 9; Primed TNF� Ab:
222 � 11%, n 
 8, t(15) 
 0.48, p 
 0.96; Fig. 2b).

A second set of experiments aimed to obtain a more complete
block of the priming effect. After the initial incubation for 30 min
at 32°C in ACSF, hippocampal slices were transferred to a closed
incubation chamber kept at room temperature continuously
gassed with carbogen where they were incubated with the TNF�
Ab (25 �g/ml ACSF) for at least 90 min at room temperature.
After incubation with the TNF� Ab, slices were transferred to the
recording chamber and maintained at 32.5°C in standard ACSF
without further Ab treatment. Under these conditions, there was
again an overall significant effect of the treatment group on SR
LTP (F(2,18) 
 13.05, p 
 0.001). Post hoc analysis revealed that
there was significant inhibition of LTP by priming (Control
ACSF: 142 � 4%, n 
 7; Primed ACSF: 126 � 3%, n 
 7; p 

0.004) and, in this case, the TNF� Ab fully blocked the priming
effect in SR (Control TNF� Ab: 145 � 7%, n 
 7; Primed TNF�
Ab: 141 � 4%, n 
 7; p 
 0.94; Fig. 2c). The TNF� Ab had no
effect on control SR LTP by itself (t(12) 
 0.81, p 
 0.73). The SO
LTP due to priming was also unaltered by preincubation with the
TNF� Ab (Primed ACSF: 219 � 12%, n 
 8; Primed TNF� Ab:
197 � 13%, n 
 7, t(13) 
 1.04, p 
 0.86; Fig. 2d).

The TNF� mRNA synthesis inhibitor thalidomide (Moreira
et al., 1993; Tramontana et al., 1995; Tavares et al., 1997) was also
investigated to test whether it could abolish the heterodendritic
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metaplasticity effect. Thalidomide was bath-applied at 5 �M dis-
solved in DMSO throughout the experiments, as this concentra-
tion was found to be effective in downregulating TNF� mRNA
synthesis (Enomoto et al., 2004). As for the TNF� Ab, there was

an overall significant treatment effect on SR LTP (F(2,18) 
 10.21,
p 
 0.001), such that there was significant inhibition of LTP by
priming (Control DMSO: 147 � 6%, n 
 7; Primed DMSO:
127 � 6%, n 
 7; p 
 0.002). Thalidomide completely blocked

Figure 1. Stimulation pattern and the heterodendritic metaplasticity effect in area CA1. a, Photograph of a hippocampal (CA3 removed) slice placed between the top and bottom nets within a
recording chamber when viewed through a dissection microscope. Placement of the stimulating and recording electrodes for extracellular recording is shown. S1 and S2, Stimulating electrodes in
SO and SR, respectively; R1 and R2, recording electrodes in SO and SR, respectively. The pyramidal neuron image shows its processes extending from stratum pyramidale (SP) toward SO (basal
dendrites) and SR (apical dendrites). b, The stimulation pattern for priming consisted of 2 sets of 3 HFS (3 � 1 s at 100 Hz, spaced by 20 s) with 5 min between sets delivered in SO. LTP stimulation
consisted of 2 trains of TBS (each train consists of 10 bursts and each burst consists of five pulses at 100 Hz with a 200 ms interburst interval) delivered in SR. *Interburst interval in the priming HFS.
**Interpulse interval in the LTP-inducing TBS. ***Interburst interval in the TBS. c, Two trains of TBS successfully induced LTP in SR of nonprimed rat hippocampal slices. SO recordings were not
affected by the TBS in SR. d, Priming HFS in SO induced LTP in SO; however, SR recordings were unaffected. e, Priming stimulation in SO inhibited LTP in SR, that is, priming stimulation induced
heterodendritic inhibition of LTP compared with control, nonprimed slices. *p � 0.05, significant difference between the control and primed groups. Data are mean � SEM. n 
 8 slices per group.
Inset, Representative waveforms for the figures are averages of the final 10 sweeps taken before (pre) and 50 – 60 min after TBS (post) for SR and 80 –90 min after HFS (post) for SO graphs,
respectively.
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Figure 2. Blocking TNF� activity prevented the heterodendritic metaplasticity effect at SR synapses. a, Priming-mediated inhibition of LTP was significantly reduced by the TNF� Ab treatment
(25 �g/50 ml), although not completely. b, In contrast, priming stimulation elicited homosynaptic LTP in SO, which was unaltered by the TNF� Ab treatment. c, Preincubating slices with the TNF�
Ab (25 �g/ml) completely prevented the inhibition of LTP in SR due to priming in SO. d, However, SO LTP remained unaltered by the TNF� Ab preincubation treatment. e, Application of thalidomide
throughout the experiment prevented the inhibition of LTP in SR due to priming in SO. f, LTP in SO was unaltered by thalidomide treatment. *p � 0.05. Data are mean � SEM. n 
 7–9 slices per
group. Inset, Representative waveforms for the figures are averages of the final 10 sweeps taken before (pre) and 50 – 60 min after TBS (post) for SR and 80 –90 min after HFS (post) for SO graphs,
respectively. The numbers above the waveforms correspond to the treatment group, as indicated in the figure legend.
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the priming effect in SR (Control Thalidomide: 150 � 4%, n 
 7;
Primed Thalidomide: 153 � 7%, n 
 7; p 
 0.910; Fig. 2e),
whereas thalidomide by itself had no effect on control SR LTP
compared with Control DMSO group (t(14) 
 0.15, p 
 0.42).
The final level of SO LTP due to priming stimulation was unal-
tered by thalidomide (Primed DMSO: 176 � 11%, n 
 8; Primed
Thalidomide: 191 � 12%, n 
 7, t(13) 
 0.41, p 
 0.76). However,
significant enhancement in the early SO LTP induction phase
(first 5 min after TBS) was observed in the primed thalidomide
group compared with the primed DMSO control group (Primed
DMSO: 189 � 17%, n 
 8; Primed Thalidomide: 283 � 12%, n 

8, t(14) 
 4.11, p 
 0.035; Fig. 2f).

IL-1� Ab treatment does not affect heterodendritic
metaplasticity in area CA1
To explore whether a cytokine other than TNF� was also re-
cruited by priming stimulation to inhibit LTP, the role of IL-1�
was investigated (Bellinger et al., 1993; Cunningham et al., 1996;
Li et al., 1997). The hippocampal slices were preincubated with an
IL-1� Ab (25 �g/ml ACSF) and treated thereafter as described for
the second TNF� Ab experiment. For this experiment, there was
no main group effect but an overall significant ANOVA interac-
tion (F(2,20) 
 6.54, p 
 0.0417). Post hoc analysis revealed that,
while there was significant inhibition of SR LTP by priming
(Control ACSF: 140 � 4%, n 
 8; Primed ACSF: 120 � 3%, n 

7; p 
 0.005), the IL-1� Ab had no effect on priming mediated
inhibition of SR LTP (Control IL-1� Ab: 143 � 4%, n 
 9;
Primed IL-1� Ab: 122 � 3%, n 
 7; p 
 0.008; Fig. 3a). The IL-1�
Ab by itself had no effect on either the control SR LTP (t(15) 

0.81, p 
 0.73) or the SO LTP due to priming (Primed ACSF:
179 � 10%, n 
 8; Primed IL-1� Ab: 168 � 14%, n 
 7, t(13) 

0.22, p 
 0.139; Fig. 3b). These data suggest a selective involve-
ment of TNF� over IL-1� in generating the inhibition of LTP by
priming stimulation.

Pharmacological priming by TNF� and IL-1�
We next investigated whether incubation with the TNF� protein
could reproduce the metaplastic inhibition of LTP in the absence

of electrical priming stimulation. As predicted, bath application
of TNF� protein (1.18 nM, 10 min) followed by a 30 min washout
period inhibited LTP in SR to a similar extent as the electrical
priming in SO reported above (Control ACSF: 149.5 � 6%, n 

7; 1.18 nM TNF�: 127.8 � 8%, n 
 7; t(14) 
 	7.48, p 
 0.003;
Fig. 4a). In contrast, neither the same concentration of IL-1�
(1.18 nM) nor a higher concentration (1.5 nM) affected SR LTP
(F(2,19) 
 0.031, p 
 0.970; Fig. 4b). On the other hand, a much
higher concentration of IL-1� (5 nM) did produce an inhibition
of SR LTP (Control ACSF: 155.1 � 12%, n 
 7; 1.5 nM IL-1�:
132.1 � 8%, n 
 7; p 
 0.007; Fig. 4c).

Given that IL-1� at 5 nM could generate the priming effect, we
needed to assess whether the IL-1� Ab that failed to block the
electrical priming effect actually had function-blocking capabil-
ity. Therefore, to achieve this, a mixture of IL-1� (5 nM) and
IL-1� Ab (25 �g/ml) was prepared at least 1 h before the perfu-
sion of the mixture commenced, 25 min before first priming
activity. Analysis revealed an overall treatment effect on SR LTP
(F(2,18) 
 5.971, p 
 0.01), such that the mixture of IL-1� and its
Ab blocked the priming effect, leaving LTP intact (IL-1�: 132.1 �
8%, n 
 7; mixture: 152.4 � 13%, n 
 7; p 
 0.009; Fig. 4c). Thus,
the failure of the IL-1� Ab to prevent the electrical priming of
LTP (Fig. 3a) was not due to an inability to inhibit IL-1� activity.

Phosphorylation of p38 MAPK, ERK, and JNK following
priming stimulation
We next investigated possible downstream targets of TNF� acti-
vated by priming stimulation in SO, using a Western blot ap-
proach. Each slice used received electrical stimulation just like
electrophysiology experiments until just before the induction of
LTP. The control group slices received test pulses only and were
allowed to incubate in the recording chamber for 80 min. How-
ever, in the primed group, along with test pulses, the slices were
electrically primed using two sets of high-frequency electrical
stimulation and were allowed to incubate in the recording cham-
ber for 30 min after priming (i.e., until just before LTP-inducing
TBS would have been delivered). Since we were interested in
finding the effect on SR due to priming in SO, we microdissected

Figure 3. IL-1� Ab pretreatment did not affect inhibition of LTP due to priming. a, Preincubating slices with the IL-1� Ab (25 �g/ml) treatment did not affect inhibition of LTP in SR due to
priming in SO. b, Priming stimulation elicited homosynaptic LTP in SO, which was not altered by the IL-1� Ab preincubation. *p � 0.05. Data are mean � SEM. n 
 7–9 slices per group. Inset,
Representative waveforms for the figures are averages of the final 10 sweeps taken before (pre) and 50 – 60 min after TBS (post) for SR and 80 –90 min after HFS (post) for SO graphs, respectively.
The numbers above the waveforms correspond to the treatment group, as indicated in the figure legend.
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the slices to isolate SR from other regions of the hippocampus for
Western blot samples.

Western blot analysis showed an increase in p38 MAPK phos-
phorylation relative to total p38 MAPK due to priming (Control:
1.07 � 0.03, n 
 12; Primed: 2.14 � 0.087, n 
 12; t(22) 
 2.19,
p 
 0.018; Fig. 5a), whereas there was no significant effect of
priming on the total p38 MAPK levels (Control total p38 MAPK:
0.108 � 0.02, n 
 12; Primed total p38 MAPK: 0.141 � 0.03;
t(22) 
 0.33, p 
 0.19; Fig. 5a). Similarly, there was an increase in
phosphorylated JNK (JNK1/2 combined) relative to total JNK
levels in primed relative to control groups (Control: 1.09 � 0.09,
n 
 12; Primed: 2.08 � 0.06, n 
 12, t(22) 
 2.18, p 
 0.004; Fig.
5b), without a significant effect on total JNK levels (Control total
JNK: 0.180 � 0.01, n 
 12; Primed total JNK: 0.17 � 0.01; t(22) 

0.21, p 
 0.64; Fig. 5b). Similar to p38 MAPK and JNK, there was
an increase in phosphorylated ERK (ERK 1/2 combined) relative
to total ERK levels in primed versus control groups (Control:
0.79 � 0.02, n 
 12; Primed: 1.37 � 0.09, n 
 12, t(22) 
 2.89, p 

0.007; Fig. 5c), whereas there was no significant effect of priming
on total ERK levels (Control total ERK: 0.06 � 0.01, n 
 12;
Primed total ERK: 0.05 � 0.006; t(22) 
 0.49, p 
 0.68; Fig. 5c).

Inhibition of TNF� cascade kinases abolishes
heterodendritic metaplasticity
We next determined which of p38 MAPK, JNK, and ERK con-
tributes to the inhibition of LTP in SR due to priming in SO. To
test the contribution of p38 MAPK, the inhibitor SB203580
(10 �M) was bath-applied before and during priming stimulation
before being washed out before SR TBS. There was a significant
overall treatment effect (F(2,20) 
 16.87, p 
 0.0006) such that
there was a significant inhibition in LTP by priming (Control
DMSO: 150 � 8%, n 
 7; Primed DMSO: 127 � 6%, n 
 7; p 

0.006). Application of SB203580 blocked the priming effect in SR
(Control SB203580: 156 � 6%, n 
 7; Primed SB203580: 151 �
4%, n 
 9; p 
 0.355; Fig. 6a), whereas SB203580 by itself had no
effect on control SR LTP (t(12) 
 0.77, p 
 0.92). The SO LTP was
also unaltered by SB203580 (Primed DMSO: 170 � 8%, n 
 8;
Primed SB203580: 157 � 6%, n 
 9, t(15) 
 1.54, p 
 0.68;
Fig. 6b).

To investigate the role of JNK1/2 in heterodendritic metaplas-
ticity, SP600125 (10 �M), a selective inhibitor of JNK that com-
petes with ATP to inhibit the phosphorylation of c-Jun (Wei et
al., 2011), was bath-applied to the slices. There was an overall
significant treatment effect on SR LTP (F(2,18) 
 20.62, p 

0.0003). Post hoc analysis revealed that there was significant inhi-
bition of LTP by priming (Control DMSO: 150 � 3%, n 
 7;
Primed DMSO: 124 � 4%, n 
 7; p 
 0.009) that was blocked by
SP600125 (Control SP600125: 154 � 3%, n 
 7; Primed
SP600125: 163 � 5%, n 
 7; p 
 0.0007; Fig. 6c). SP600125 had
no effect on control SR LTP by itself (t(15) 
 0.19, p 
 1.11), nor
on SO LTP (Primed ACSF: 157 � 12%, n 
 8; Primed SP600125:
163 � 8%, n 
 7, t(13) 
 0.39, p 
 0.86; Fig. 6d).

To investigate the role of ERK1/2 in heterodendritic meta-
plasticity, PD98059 (10 �M), which specifically inhibits MEK-
mediated activation of ERK1/2, was bath-applied to the slices
(Dudley et al., 1995). There was again a significant effect of treat-
ment on SR LTP (F(2,20) 
 6.622, p 
 0.006) whereby there was
significant inhibition of LTP by priming (Control DMSO: 153 �
7%, n 
 8; Primed DMSO: 127 � 4%, n 
 7; p 
 0.002) that was
blocked by PD98059 (Control PD98059: 149 � 3%, n 
 8;
Primed PD98059: 142 � 4%, n 
 8; p 
 0.31; Fig. 6e). In the
control experiments, after washout, PD98059 had no effect on SR
LTP by itself (t(14) 
 0.39, p 
 1.12). The final level of SO LTP due

Figure 4. Pharmacological priming with TNF� and IL-1� protein. a, The priming effect was
established by 1.18 nM TNF� in the acute rat slices. b, In contrast, IL-1� failed to produce
priming effect at either the 1.18 or 1.5 nM concentration. c, IL-1� did produce a priming effect
at the higher concentration of 5 nM, and this was abolished by 25 �g/ml IL-1� Ab preincuba-
tion. *p � 0.05. Data are mean � SEM. n 
 7–9 slices per group. Inset, Representative
waveforms for the figures are averages of the final 10 sweeps taken before (pre) and 50 – 60
min after TBS (post) for SR. The numbers above the waveforms correspond to the treatment
group, as indicated in the figure legend.
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to the priming was also not significantly affected by PD98059
(Primed DMSO: 205 � 12%, n 
 8; Primed PD98059: 185 � 8%,
n 
 8, t(14) 
 0.29, p 
 0.94; Fig. 6f), although there was a
significant attenuation of SO LTP induction in the first 5 min

after TBS (Primed DMSO: 279 � 16%, n 
 8; Primed PD98059:
216 � 15%, n 
 8, t(14) 
 10.92, p 
 0.033; Fig. 6f).

Blockade of TNF� priming by P38 MAPK, ERK, and
JNK inhibitor
To confirm that p38 MAPK, ERK, and JNK were contributing
to the TNF�-mediated heterodendritic metaplasticity effect, we
tested whether inhibitors of these kinases would also block the
pharmacological priming effect by TNF�. The inhibitors used in
the study below were allowed to perfuse for 10 min before TNF�
(1.18 nM) was delivered to the slices and then washed out for 30
min before the SR TBS to induce LTP.

There was an overall significant treatment effect of SB203580
on SR LTP (F(2,18) 
 6.071, p 
 0.01), such that LTP was signif-
icantly inhibited by TNF� (Control ACSF: 149.5 � 6%, n 
 7;
TNF�: 127.8 � 8%, n 
 7; p 
 0.008). This effect was blocked by
treatment with SB203580 (10 �M) (TNF�: 127.8 � 8%, n 
 7;
TNF� � SB203580: 153.6 � 9%, n 
 7; p 
 0.007; Fig. 7a),
confirming a role for p38 MAPK in the inhibition of LTP by
TNF�. Similar results were obtained for the JNK1,2 inhibitor
SP600125 (10 �M), for which there was an overall treatment ef-
fect on SR LTP (F(2,18) 
 5.621, p 
 0.013), with SP600125 block-
ing the TNF� priming effect (TNF�: 127.8 � 8%, n 
 7; TNF� �
SP600125: 154.3 � 10%, n 
 7; p 
 0.008; Fig. 7b). In experi-
ments testing the effects of the ERK inhibitor PD98059 (10 �M),
there was again an overall significant treatment effect on SR LTP
(F(2,18) 
 6.335, p 
 0.008), with PD98059 blocking the TNF�
mediated priming effect in SR (TNF�: 127.8 � 8%, n 
 7; TNF� �
PD98059: 143.7 � 8%, n 
 7; p 
 0.039; Fig. 7c).

Together, these experiments confirm that TNF� plays a key
role in mediating the heterodendritic metaplasticity, as TNF� by
itself can reproduce the priming effect, through activating the
same signaling cascades as electrical priming.

Role of TNF� in APP/PS1 mice
Role of TNF� in mediating LTP impairment in APP/PS1 mice
We next addressed whether TNF� has a role to play in the im-
pairment of LTP in a mouse model of the AD. We focused on two
different mouse ages, 4 and 14 months, as Congo Red staining
(Ryan et al., 2018) has demonstrated a negligible amount of A�
plaque deposition in this APP/PS1 model at 4 months of age whereas
A� plaque deposition was considerable in Tg mice 14–15 months
of age.

We first performed ELISAs to quantify the amount of TNF�
and IL-1� in WT and Tg brain tissue to correlate with the impair-
ment of LTP as previously reported in this mouse model of AD. A
one-way ANOVA revealed an overall group difference in TNF�
(F(3,36) 
 64.8, p 
 0.0012). Although there was no significant
difference in the concentration of TNF� between young WT ver-
sus Tg mice (young WT: 44.2 � 13.8 pg/mg total protein, n 
 10;
young Tg: 56.7 � 14.4 pg/mg total protein, n 
 10; p 
 0.07), the
TNF� concentration in aged mice was twofold higher in Tg mice
compared with their WT littermates (aged WT: 49.6 � 14.3
pg/mg total protein, n 
 10; aged Tg: 121.5 � 18.4 pg/mg total
protein, n 
 10; p 
 0.0002; Fig. 8a).

One-way ANOVA also revealed a significant overall group
difference in the concentration of IL-1� (F(3,36) 
 21.92, p 

0.007). As for TNF�, there was no significant difference in IL-1�
concentration between young WT and Tg mice (young WT:
24.7 � 3.6 pg/mg total protein, n 
 10; young Tg: 29.3 � 7.4
pg/mg total protein, n 
 10; p 
 0.08), whereas the IL-1� con-
centration in aged Tg mice was significantly higher than in litter-
mate WT mice, but only by �50% (aged WT: 28.2 � 4.4 pg/mg

Figure 5. Priming-induced phosphorylation of p38 MAP, JNK, and ERK. a, A representative
Western blot image of total p38 MAPK (41 kDa) and phosphorylated p38 MAPK and �-tubulin
(50 kDa) in control (C) and primed (P) slices. The summary histogram for total p38 MAPK shows
no difference in the control versus primed group. However, the ratio of phosphorylated p38
MAPK to total p38 MAPK was significantly increased in the primed group compared with the
control group. b, A representative Western blot image of total JNK1 (46 kDa) and JNK2 (54 kDa)
and phosphorylated JNK1, JNK2, and GAPDH (35 kDa) in control (C) and primed (P) slices. The
summary histogram for total JNK exhibited no difference in the control versus primed group.
However, the ratio of phosphorylated JNK to total JNK was significantly increased in the primed
group compared with the control group. c, A representative Western blot image of total ERK1
(44 kDa) and ERK2 (42 kDa) and phosphorylated ERK1, ERK2, and �-tubulin (50 kDa) in control
(C) and primed (P) slices. The summary histogram for total ERK exhibited no difference in the
control versus primed group. However, the ratio of phosphorylated ERK to total ERK was signif-
icantly increased in the primed group than for the control group. For JNK and ERK, the bands for
their two isoforms were treated as a single band for analysis. *p � 0.05. Data are mean � SEM.
n 
 12 samples (each sample consisted of 5 micro-dissected SR slices).
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Figure 6. Electrical priming-mediated inhibition of LTP is mediated by p38 MAPK, JNK, and ERK. a, SB203580 (p38 MAPK inhibitor; 10 �M) treatment before and during priming prevented the
inhibition of LTP in SR due to priming in SO. b, Priming stimulation elicited homosynaptic LTP in SO, which was unaltered by SB203580 treatment. c, SP600125 (JNK 1/2 inhibitor; 10 �M) treatment
before and during priming prevented the inhibition of LTP in SR due to priming in SO. d, Priming stimulation elicited homosynaptic LTP in SO that was unaltered by SP600125. e, Similar to SB203580
and SP600125, PD98059 (ERK 1/2 inhibitor; 10 �M) treatment before and during priming prevented the inhibition of LTP in SR due to priming in SO. f, However, priming stimulation elicited
homosynaptic LTP in SO that was unaltered by PD98059. *p � 0.05. Data are mean � SEM. n 
 7–9 slices per group. Inset, Representative waveforms for the figures are averages of the final 10
sweeps taken before (pre) and 50 – 60 min after TBS (post) for SR and 80 –90 min after HFS (post) for SO graphs, respectively. The numbers above the waveforms correspond to the treatment group,
as indicated in the figure legend.
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total protein, n 
 10; aged Tg: 43.1 � 6.91 pg/mg total protein,
n 
 10; p 
 0.003; Fig. 8b). Similar concentrations of TNF� and
IL-1� in APP/PS1 brain slices have been reported previously
(Patel et al., 2005).

TNF� mediates heterodendritic metaplasticity in young WT but
not Tg mice
We next addressed whether TNF�-mediated heterodendritic
metaplasticity also occurs in young WT and Tg mice. As for rats,
a one-way ANOVA revealed that there was a significant treat-
ment effect on SR LTP in young WT mice (F(3,28) 
 4.6, p 

0.013), with a significant inhibition of SR LTP by priming (Con-
trol ACSF: 159 � 8%, n 
 7; Primed ACSF: 131 � 5%, n 
 7; p 

0.012), and its prevention by preincubation with the TNF� Ab
(25 �g/ml) (Control TNF� Ab: 156 � 7%, n 
 8; Primed TNF�
Ab: 155 � 12%, n 
 8; p 
 0.24). The TNF� Ab had no effect on
control SR LTP by itself (t(13) 
 0.22, p 
 0.39; Fig. 9a) nor on the
priming-mediated LTP in SO (Fig. 10a).

The SR LTP for the young Tg mice was already inhibited, even
without priming compared with their WT littermates (Control
ACSF (WT) 
 159 � 8%, n 
 7; Control ACSF (Tg): 133 � 5%,
n 
 10; t(15) 
 2.03, p 
 0.042). However, for the Tg mice, there
was still an overall significant treatment effect on SR LTP (F(3,33) 

10.05, p 
 0.03). Post hoc analysis revealed that there was a small
but significant inhibition of LTP by priming (Control ACSF:
133 � 5%, n 
 10; Primed ACSF: 122 � 4%, n 
 13; p 
 0.042),
that was prevented by the TNF� Ab (Control ACSF: 133 � 5%,
n 
 10; Primed TNF� Ab: 146 � 4%, n 
 7; p 
 0.03; Fig. 9b);
however, the inhibited LTP in the Tg control group was not res-
cued to WT levels by the TNF� Ab (t(15) 
 1.05, p 
 0.24). In
contrast to SR LTP, SO LTP in the Tg mice was not different from
the SR LTP in their WT littermates. Preincubation with TNF� Ab
also did not affect the SO LTP (Fig. 10a). These data indicate that,
while there is an endogenous inhibition of LTP in the young Tg
mice, it is TNF�-independent and only apparent in SR. This is in
contrast to the additional inhibition of LTP by priming stimula-
tion that was TNF�-dependent.

TNF� mediates heterodendritic metaplasticity in aged WT and
endogenous inhibition of LTP in Tg mice
For the aged WT mice, there was a significant treatment effect on
SR LTP (F(2,21) 
 3.05, p 
 0.027), such that priming impaired
LTP in control mice (Control ACSF: 142 � 5%, n 
 9; Primed
ACSF: 121 � 3%, n 
 9; p 
 0.01), while the priming effect was
blocked by preincubation with the TNF� Ab (25 �g/ml) (Control
TNF� Ab: 146 � 8%, n 
 9; Primed TNF� Ab: 140 � 8%, n 
 9;
p 
 0.02; Fig. 9c). The TNF� Ab had no effect on control SR LTP
by itself (t(16) 
 0.93, p 
 0.83), nor on the SO LTP elicited by
priming stimulation (Fig. 10b). Thus, the heterodendritic meta-
plasticity effect was evident in both young and aged WT mice.

Compared with WT littermates, the SR LTP for Tg mice was
significantly impaired (Control ACSF (WT): 142 � 5%, n 
 9;
Control ACSF (Tg): 128 � 5%, n 
 9; t(16) 
 3.77; p 
 0.018).
Moreover, there was an overall significant treatment effect on SR
LTP for the Tg mice (F(2,24) 
 5.01, p 
 0.025) whereby, in
contrast to the young Tg mice, there was no significant further
inhibition of due to priming (Control ACSF: 128 � 5%, n 
 9;
Primed ACSF: 123 � 3%, n 
 9; p 
 0.22). Moreover, the endog-
enous inhibition of LTP was completely rescued by preincuba-
tion with the TNF� Ab in nonprimed Tg mice (Control ACSF:
128 � 5%, n 
 9; Control TNF� Ab: 142 � 8%, n 
 9; p 
 0.017;
Fig. 9d). Priming stimulation elicited homosynaptic LTP in SO,
but this was not affected by the TNF� Ab treatment in Tg mice
(Fig. 10b). Interestingly, two-way ANOVA demonstrated that

Figure 7. Pharmacological priming with TNF� and its block by inhibitors of p38 MAPK, JNK,
and ERK. a, TNF� produced a priming effect that was blocked by application of p38 MAPK
inhibitor SB203580. b, The JNK inhibitor SP600125 also blocked the priming effect produced by
TNF�. c, Similarly, application of ERK inhibitor PD98059 blocked the priming effect produced by
TNF�. *p � 0.05. Data are mean � SEM. n 
 7–9 slices per group. Inset, Representative
waveforms for the figures are averages of the final 10 sweeps taken before (pre) and 50 – 60
min after TBS (post) for SR. The numbers above the waveforms correspond to the treatment
group, as indicated in the figure legend.
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there was a significant genotype effect present for the aged mice
(i.e., less SO LTP in the aged mice albeit not as strongly impaired
as in SR), but there was no TNF� Ab treatment effect for either
genotype in the SO pathway (Fig. 10b).

IL-1� independent heterodendritic metaplasticity in aged
WT mice
Although the TNF� Ab completely prevented the heteroden-
dritic metaplasticity in aged WT mice, we nonetheless also inves-
tigated whether the IL-1� Ab would be equally effective. For the
aged WT mice, there was a significant group effect for SR LTP
(F(2,22) 
 3.51, p 
 0.041), with a significant inhibition of LTP by
priming (Control ACSF: 146 � 8%, n 
 8; Primed ACSF: 119 �
6%, n 
 8; p 
 0.002), but no effect of the IL-1� Ab (25 �g/ml)
treatment (Control IL-1� Ab: 141 � 8%, n 
 8; Primed IL-1�
Ab: 125 � 11%, n 
 9; p 
 0.027; Fig. 9e). The IL-1� Ab also had
no effect on either the control level of SR LTP (t(14) 
 1.12, p 

0.97) or the SO LTP (data not shown).

For the aged Tg group, and as reported above for the TNF�
experiment, SR LTP was significantly inhibited in the nonprimed
control group compared with their WT littermates (Control
ACSF (WT): 146 � 8%, n 
 8; Control ACSF (Tg): 128 � 4%,
n 
 9; t(16) 
 4.14, p 
 0.02). However, unlike for the TNF� Ab,
there was no overall group effect for the aged Tg mice (F(2,27) 

0.88, p 
 0.098). While, as before, there was no inhibition of LTP
due to priming (Control ACSF: 128 � 4%, n 
 9; Primed ACSF:
121 � 5%, n 
 9; p 
 0.71), the endogenous inhibition of LTP in
the nonprimed control group was not affected by the IL-1� Ab
(Control ACSF: 128 � 4%, n 
 9; Control IL-1� Ab: 131 � 4%,
n 
 9; t(16) 
 0.57, p 
 0.12; Fig. 9f), and thus there was no rescue
of the LTP to WT levels. Two-way ANOVA of the SO LTP data
confirmed an overall impairment in the Tg mice, but the IL-1�
Ab (as for the TNF� Ab) had no effect on LTP for either genotype
(data not shown).

Discussion
Synaptic strengthening in area CA1 of the rat hippocampus can
be constrained by episodes of prior neural activity that affects
subsequent plasticity thresholds (Wang and Wagner, 1999;
Hulme et al., 2012) via metaplasticity mechanisms (Abraham and

Bear, 1996). Since priming stimulation in
the basal dendritic region impairs LTP in
the apical dendritic region (Jones et al.,
2013), it is possible that this long-range
communication uses intercellular interac-
tions between neurons and glia, as has been
reported for spinal cord LTP (Kronschläger
et al., 2016). Astrocytes are known to re-
spond to M1-AChR activation by releasing
gliotransmitters that regulate plasticity
(Takata et al., 2011; Navarrete et al.,
2012), and thus astrocytes activated in
CA1 following priming stimulation (Kang
et al., 1998; Hulme et al., 2014) might be
the missing link in mediating the heteroden-
dritic metaplasticity effect. Alternatively, elec-
trical stimulation-activated astrocytic Ca 2�

waves elevate microglial activity (Schipke
et al., 2002), causing release of cytokines
(Elkabes et al., 1996; Hanisch, 2002) as
well as neurotransmitters (Hayashi et al.,
2006; Pascual et al., 2012) from microglia.
Therefore, we hypothesized that electrical
priming stimulation in SO inhibits LTP in

SR by eliciting the widespread release of cytokines from neuron-
glia interactions that spread across CA1 strata.

In the present experiments, acute treatment of rat slices with
TNF� antibodies as well as thalidomide, but not IL-1� anti-
bodies, blocked the LTP inhibition due to priming stimulation.
Moreover, treatment with exogenous 1.18 nM TNF�, but not
IL-1�, at the same concentration was sufficient to metaplastically
impair LTP to the same extent as produced by electrical priming.
These findings extend prior studies that concurrently adminis-
tered TNF� impairs LTP in the hippocampus (Liu et al., 2017;
Samidurai et al., 2018). At a higher concentration, however,
IL-1� (5 nM) was able to produce the priming effect. As the IL-1�
Ab blocked this effect, the failure of the IL-1� Ab to block the
electrical priming effect was thus not due to an inability to block
the actions of IL-1� protein, confirming a selective contribution
by TNF� to the metaplasticity effect.

We then addressed the intracellular signaling pathways acti-
vated by TNF� to generate the effect. TNF� induces phosphory-
lation of p38 MAPK (Barbin et al., 2001), ERK (McLeish et al.,
1998), and JNK (Barbin et al., 2001). Our Western blot analyses
revealed that priming caused substantial increases in phosphor-
ylation of all three kinases at the time that the SR TBS would have
been delivered. Correspondingly, we found that bath-applying
inhibitors of each of the three kinases abolished the inhibition
of LTP by both electrical priming and by exogenous TNF�. Al-
though whether these kinases work in parallel or serial cascade
fashion, and in the same cellular compartments, remains to be
studied, the results indicate that TNF� signal transduction cas-
cades are recruited by priming stimulation to generate the inhi-
bition of LTP.

The importance of p38 MAP kinase and JNK activation for the
inhibition of LTP is consistent with previous studies of these
kinases (Saleshando and O’Connor, 2000; Butler et al., 2004;
Costello and Herron, 2004), but the connection between ERK
and LTP inhibition was surprising given that it has traditionally
been associated with the activation of protein synthesis and late-
phase LTP (English and Sweatt, 1996; Jin and Feig, 2010). How-
ever, protein synthesis is also essential for late-phase LTD and
metabotropic glutamate receptor-dependent LTD (Gallagher et

Figure 8. Quantification of TNF� and IL-1� concentrations in young and aged mouse hippocampus. Scatter plot with histo-
gram represents the concentration of TNF� and IL-1� (pg/mg protein) analyzed by ELISA in the hippocampus of young (4 months)
and aged mice (14 months). a, In the young mice, the concentration of TNF� was not different between genotypes. However, in
aged Tg mice, the concentration of TNF� was elevated more than twofold compared with their WT littermates. The elevation in the
concentration of TNF� in aged mice was also significantly different from the concentration of TNF� in young Tg mice. b, In the
young mice, the concentration of IL-1� was not different between genotypes. In aged Tg mice, the concentration of IL-1� was
elevated compared with their WT littermates. The elevation in the concentration of IL-1� in aged mice was also significantly
different from the concentration of IL-1� in young Tg mice. *p � 0.05. Data are mean � SEM. n 
 10 samples, each sample
containing the hippocampus from a single hemisphere.
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Figure 9. TNF�-dependent heterodendritic metaplasticity in WT and aged APP/PS1 but not young APP/PS1 mice. a, At SR synapses in young WT mice, priming-mediated inhibition of LTP was
prevented by TNF� Ab preincubation. b, Control LTP in young Tg mice was impaired compared with WT mice and was not rescued by the TNF� Ab. However, treatment with the TNF� Ab in the
primed group prevented the impairment caused by priming. c, At SR synapses in aged WT mice, priming-mediated inhibition of LTP was entirely prevented by the TNF� Ab preincubation. The control
ACSF group LTP was not significantly different from the Control TNF� Ab group LTP, so only Control TNF� Ab data are shown in the graphs for clarity. d, Endogenous impairment of LTP in aged Tg
mice was TNF�-dependent. At SR synapses, TNF� Ab rescued the endogenous inhibition of LTP in aged Tg mice. e, At SR synapses, IL-1� Ab did not affect priming-mediated inhibition of LTP in aged
WT mice. The control ACSF group LTP was not significantly different from the Control IL-1� Ab group LTP, so only Control IL-1� Ab data are shown in the graphs for clarity. f, IL-1� Ab did not affect
the endogenous inhibition of LTP in aged Tg mice. *p � 0.05. Data are mean � SEM. n 
 7–9 slices per group. Inset, Representative waveforms for the figures are averages of the final 10 sweeps
taken before (pre) and 50 – 60 min after TBS (post) for SR. The numbers above the waveforms correspond to the treatment group, as indicated in the figure legend.
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al., 2004), and any activation of these mechanisms or other ERK-
mediated mechanisms by TNF� might act to suppress the LTP
mechanisms. Another possibility is that the TNF� mechanisms
are upstream of extrasynaptic GluN2B-containing NMDA recep-
tor activation in area CA1. It has been demonstrated that TNF�
promotes glutamate release (Santello et al., 2011) and the activa-
tion of GluN2B-containing receptors that leads to cognitive im-
pairment (Hu et al., 2009). Previous studies have indicated that
glutamate-mediated activation of GluN2B-containing receptors
inhibits LTP and enhances LTD under specific conditions (Li et
al., 2011; Yang et al., 2017). Moreover, GluN2B antagonists block
the LTP impairment due to amyloid-� (Hu et al., 2009). These
arguments, therefore, suggest a possible critical role of GluN2B
receptors in mediating inhibition of LTP in both healthy and
disease conditions.

Interestingly, the SO LTP was not changed by any of these
antagonists, even though ERK antagonists have in particular been
found to impair LTP in SR of CA1 (Winder et al., 1999). One
possible explanation is that the requirements for plasticity induc-
tion in SR differ from those in SO due to the difference in their
protein-synthesis dependency, suggesting distinct roles in medi-
ating short- and long-term plasticity (Hagena and Manahan-
Vaughan, 2013). Alternatively, HFS (for SO priming) and TBS
(for SR LTP) can trigger synaptic plasticity by activating different
intracellular pathways (Zhu et al., 2015), potentially accounting
for why SO LTP was unaffected by the ERK inhibitor. The differ-
ence between SO and SR LTP is emphasized by the lack of effect of
soluble amyloid-� on SO LTP (Zhao et al., 2018), and the relative
lack of LTP impairment in SO in the Tg mice in the present study.
Thus, LTP in SO and SR involves at least partially different mech-
anisms, likely due to their different morphologies, biophysical
properties, and molecular mechanisms (Son et al., 1996; Kramár
and Lynch, 2003), which impart different characteristics to the
two compartments.

The other objective for this study was to test the hypothesis
that the heterodendritic metaplasticity mechanism is aberrantly
engaged in the APP/PS1 mouse model of AD, thus accounting for
the impaired SR LTP in these mice. We first confirmed that TNF�
Ab blocked the heterodendritic metaplasticity in young WT
mice, similar to young adult rats. Young Tg mice already dis-

played an impairment of LTP under con-
trol conditions and only a small further
impairment following SO priming. The
TNF� Ab blocked the small priming effect
but could not reverse the endogenous im-
pairment of LTP, indicating that the en-
dogenous impairment of LTP in young Tg
mice was independent of TNF�. This was
consistent with the lack of an increased
level of TNF� in the tissue of young Tg
mice. Thus, the constitutive release of
TNF� in the young Tg (and WT) mouse
brain is insufficient to inhibit LTP, and
only by raising the level of TNF� released
into the extracellular space by priming
stimulation can the LTP impairment be
revealed. At this point, the TNF� inhibi-
tors become active and rescue the im-
paired LTP to normal levels. What then
explains the moderate impairment of LTP
in the young Tg mice? Since soluble A�
aggregates are likely to account for this
endogenous inhibition of LTP (Takeda

et al., 2013), other non-TNF� mechanisms must be in play,
such as internalization of NMDA receptors from the plasma
membrane (Snyder et al., 2005).

The priming effect was also visible in aged WT mice, and the
TNF� Ab again blocked the effect, indicating a ubiquitous mech-
anism across species and ages. However, Tg littermates already
exhibited a strong endogenous inhibition of LTP, even without
priming that completely occluded any further reduction in LTP
by the priming stimulation. Importantly, the TNF� Ab com-
pletely rescued the endogenously inhibited LTP to WT levels, and
this finding was consistent with the highly elevated levels of
TNF� in the aged Tg brains detected by ELISA. We speculate that
the presence of the A� plaques in the extracellular space at this
age (Palop and Mucke, 2010) causes activation of astrocytes
(Rojo et al., 2008), which has been linked with active forms of p38
MAPK, JNK, and ERK (Migheli et al., 1997; Mandell and Van-
denBerg, 1999; Roy Choudhury et al., 2014), or microglia (Yin et
al., 2017), potentially mediating the constitutive release of TNF�
into the extracellular space. This supports our hypothesis that
constitutive release of TNF� in the disease condition could lead
to aberrant endogenous engagement of the TNF�-mediated meta-
plasticity mechanisms, thereby causing the impairment of LTP.
Unlike the TNF� Ab, the IL-1� Ab did not affect the heteroden-
dritic metaplasticity effect in aged WT and the endogenous im-
pairment in aged Tg mice. Therefore, this study provides
evidence that IL-1� does not play a role in heterodendritic meta-
plasticity in WT brain, nor the Tg brain, even though the cytokine
is at an elevated level in the latter. However, it remains possible
that IL-1� becomes involved at a later age of Tg mice, or in a
different model.

Overall, we propose that heterodendritic metaplasticity may
be an important form of homeostatic synaptic plasticity regula-
tion and potentially memory storage in the hippocampus that
entails the release of the cytokine TNF�. However, when this
mechanism is aberrantly engaged, it mediates the impairment of
LTP in at least one model of AD. Although such metaplasticity
could work to reduce excitotoxicity from the hyperexcitability
seen in such amyloid-based mouse models of AD (Hall and Rob-
erson, 2012), it could come at the cost of impairing memory and
cognition. Nonetheless, given the potential involvement of TNF�

Figure 10. Summary of TNF� Ab treatment effects on SO LTP in young and aged mice. a, In young Tg mice, SO LTP was not
impaired, and not affected by preincubation with the TNF� Ab. In young Tg mice, LTP in SO was similar to that in WT age-matched
littermates and also not affected by preincubation the TNF� Ab. Thus, TNF� did not affect SO LTP in young Tg mice or WT mice.
b, In aged WT and Tg mice, priming stimulation in SO elicited homosynaptic LTP. The WT LTP was similar to young WT LTP (Fig. 4a),
and preincubation with the TNF� Ab did not affect the SO LTP. In contrast, SO LTP in aged Tg mice was already inhibited compared
with the LTP in the WT littermates. However, there was no significant effect of the TNF� Ab. *p � 0.05. Data are mean � SEM.
n 
 7–9 slices per group.
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in AD as suggested by preclinical experiments (He et al., 2007;
McAlpine et al., 2009), it is worth exploring the optimal dosage
and route of administration of TNF� antagonists/inhibitors in
the treatment of this currently incurable disease (Clark and Vis-
sel, 2016; MacPherson et al., 2017).
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