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Identifying molecular mediators of neural circuit development
and/or function that contribute to circuit dysfunction when aber-
rantly reengaged in neurological disorders is of high importance.
The role of the TWEAK/Fn14 pathway, which was recently reported
to be a microglial/neuronal axis mediating synaptic refinement in
experience-dependent visual development, has not been explored in
synaptic function within the mature central nervous system. By com-
bining electrophysiological and phosphoproteomic approaches, we
show that TWEAK acutely dampens basal synaptic transmission
and plasticity through neuronal Fn14 and impacts the phosphoryla-
tion state of pre- and postsynaptic proteins in adult mouse hippo-
campal slices. Importantly, this is relevant in two models featuring
synaptic deficits. Blocking TWEAK/Fn14 signaling augments synaptic
function in hippocampal slices from amyloid-beta-overexpressing
mice. After stroke, genetic or pharmacological inhibition of TWEAK/
Fn14 signaling augments basal synaptic transmission and normal-
izes plasticity. Our data support a glial/neuronal axis that critically
modifies synaptic physiology and pathophysiology in different
contexts in the mature brain and may be a therapeutic target for
improving neurophysiological outcomes.
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Neural circuit patterning, refinement, and plasticity are en-
abled by the dynamic strengthening, weakening, and prun-
ing of chemical synapses in response to circuit activity. However,
synapse loss and reduced plasticity are early hallmarks of chronic
neurological disorders such as autism, schizophrenia and Alz-
heimer’s disease (AD) (1-3). It is therefore hypothesized that
the underlying molecular mechanisms of pruning, although
normally balanced in health, are dysregulated in disease. Par-
ticularly interesting is the notion that the mechanisms responsi-
ble for the reduction in functional synapses in disease reflect the
aberrant reactivation of pathways important for synapse elimi-
nation in development. For example, in an AD model, synapse
elimination was shown to be mediated by the complement
pathway in the hippocampus (HC), reflecting aberrant reac-
tivation of complement-dependent synapse elimination that oc-
curs in the dorsal lateral geniculate nucleus (dALGN) of the
thalamus during visual development (4). In such a paradigm, the
reactivation of developmental mechanisms enables pathways
that can act universally across different ages, circuits, and brain
regions. Thus, the mechanisms underlying normal circuit devel-
opment and their potential reactivation as key contributors to
neurological diseases are areas of deep interest.

In addition to chronic neurological disorders, circuitry changes
also occur in acute ischemic stroke, the second leading cause of
death worldwide and a cause of debilitating long-term disability.
Interruptions in blood flow that deprive neurons of oxygen and
nutrients result in significant cell death, followed by deficits in
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neurophysiological activity that are associated with poor motor
recovery (5). Remarkably, the adult brain can undergo some degree
of spontaneous poststroke recovery, apparently by engaging neu-
roplasticity mechanisms including remapping, synaptogenesis, and
synaptic strengthening (5, 6). Despite these adaptations, over half
of ischemic stroke patients fail to recover completely and continue
to experience persistent long-term disability (7). The underlying
signaling pathways that regulate synaptic physiology after stroke are
an active topic of investigation.

TNF-like weak inducer of apoptosis (TWEAK) protein, orig-
inally discovered as a cytokine produced by macrophages (8),
signals through its injury-inducible transmembrane receptor,
FGF-inducible molecule-14 (Fn14) (9). Consequently, the func-
tion of TWEAK/Fn14 signaling was elucidated as a driver of tissue
remodeling in contexts of injury and disease in a variety of organ
systems (10). Recently, findings have suggested a role for the
TWEAK/Fnl4 pathway in the central nervous system (CNS).
Namely, several compelling observations indicate that TWEAK

Significance

It is of great importance to elucidate mechanisms underlying
the loss or dysfunction of synapses in neurological diseases.
The concept that reduced functional synapses in disease reflect
aberrant reactivation of pathways mediating synapse elimi-
nation in development has yielded candidate mechanisms.
Here, we elucidate a role of the cytokine TWEAK and its re-
ceptor Fn14, previously shown to be critical in visual develop-
ment, in synaptic function in the adult brain. We show that
limiting this signaling pathway augments synaptic function in
models of Alzheimer’s disease and ischemic stroke. Our results
support a general role of TWEAK/Fn14 signaling as a regulator
of synaptic function across different ages and brain regions,
highlighting it as a therapeutic target in diseases featuring
synaptic dysfunction.

Author contributions: D.N., K.A.E., RW,, S.CS., CAH.,, $.G,, M.H,, and L.C.B. designed
research; D.N., K.AE, S.CS., CAH, RF.G,, RH.M,, CE., LJ, AM.T, and A.N. performed
research; D.N., K.A.E,, RW,, S.CS., CAH., RF.G, B.G,, R.H.M,, and C.E. analyzed data; and
D.N., K.A.E, RW.,, S.CS., CAH., S.G., M.H., and L.C.B. wrote the paper.

Competing interest statement: D.N., K.A.E.,, RW., CA.H., RF.G,, B.G,, R.H.M,, CEE., LJ,,
AM.T, AN, S.G., and L.C.B. are employees of Biogen. D.N., K.A.E., R.W., S.C.S., CAH.,
RF.G., B.G., R.H.M,, C.E., L.J., AM.T., A.N,, S.G., M.H., and L.C.B. are shareholders
of Biogen.

This article is a PNAS Direct Submission. B.S. is a guest editor invited by the
Editorial Board.

Published under the PNAS license.
"To whom correspondence may be addressed. Email: linda.burkly@biogen.com.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2001679118/-/DCSupplemental.

Published February 1, 2021.

https://doi.org/10.1073/pnas.2001679118 | 1 of 11

www.manaraa.com



http://orcid.org/0000-0002-4463-7690
http://orcid.org/0000-0001-7364-6046
http://orcid.org/0000-0002-7646-9046
http://orcid.org/0000-0002-3500-2036
http://orcid.org/0000-0003-0536-7891
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2001679118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:linda.burkly@biogen.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001679118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2001679118/-/DCSupplemental
https://doi.org/10.1073/pnas.2001679118
https://doi.org/10.1073/pnas.2001679118

Downloaded at Palestinian Territory, occupied on November 27, 2021

signaling through Fn14 might be a key molecular modulator of
synaptic function in contexts of neurological challenge. TWEAK
and Fnl4 are up-regulated in the CNS in AD (11, 12, 13 and SI
Appendix, Fig. S6A4) and after ischemic stroke in humans and mice
(14-16). Importantly, TWEAK/Fn14 signaling was also recently
shown to be a pathway necessary for synapse maturation during
experience-dependent visual development. Light-induced up-
regulation of Fnl4 in thalamocortical excitatory neurons and
corresponding up-regulation of TWEAK in microglia mediate the
elimination of weak synapses and strengthening of remaining
synapses in the dLGN (17, 18). Indeed, the communication
between neurons and supporting microglia has emerged as a
key mechanism regulating neuronal circuitry, with microglia
deploying their ramified processes to continuously survey and
refine synapses in response to neural activity. Interestingly,
TWEAK expression has also been shown to be microglia-
enriched in the mouse cortex (19), suggesting that it may play
a role in multiple brain regions. Thus, like the complement
pathway, the TWEAK/Fn14 pathway could be an important
regulator of synapse biology in visual development which is re-
engaged and acts generally in different ages and brain regions
to contribute to pathology.

The involvement of TWEAK/Fn14 signaling in synapse phys-
iology or pathophysiology outside of the developing visual system
is unknown. We considered it to be a strong candidate modifier
of synaptic function in adults given that Fn14 is up-regulated and
required for synaptic refinement in experience-dependent visual
development, and TWEAK and Fnl4 are up-regulated in con-
texts of neurological injury/disease, suggesting that the TWEAK/
Fn14 system is tuned to periods of substantial change in neuronal
activity levels or environment (e.g., eye opening, ischemic stroke).
We employed HC slices to test the hypothesis that the TWEAK/
Fnl4 pathway regulates synaptic function in adult mice and in
different disease contexts and delineate its mechanism of action.
Herein, we reveal that TWEAK, through neuronal Fn14, mediates
acute dampening of basal synaptic transmission and synaptic plas-
ticity in hippocampal slices from mature mice. Furthermore, we
demonstrate that TWEAK/Fnl4 signaling broadly impacts the
phosphorylation state of critical synaptic proteins, suggesting a
general role in synapse modulation. Finally, we show that pathway
deficiency or pharmacological inhibition of TWEAK/Fnl14 sig-
naling augments synaptic transmission and plasticity in amyloid-
beta (Af)—overexpressing mice and post ischemic stroke animals,
two model systems featuring synaptic functional deficits. Thus,
our results support that TWEAK/Fnl4 constitutes a synaptic
regulatory pathway with therapeutic potential for CNS disorders
in the adult brain.

Results

TWEAK Acutely and Dose-Dependently Attenuates Basal Synaptic
Neurotransmission and Plasticity in Hippocampus. In order to eval-
uate the effect of TWEAK on basal synaptic neurotransmission
and synaptic plasticity, we recorded the amplitudes of dendritic
field excitatory postsynaptic potentials (fEPSP) in the hippo-
campal CAl region in response to Shaffer collateral stimulation
(Fig. 14), using HC slices from naive, young (6 to 8 wk old)
C57BL/6 mice. After establishing a 10-min baseline period, Fc-
TWEAK or control protein were washed onto the slices for
30 min. The Fc-TWEAK wash-in caused an acute and dose-
dependent reduction in basal synaptic neurotransmission
(Fig. 1B). The mid (0.5 pg/mL) and high (1 pg/mL) doses resulted
in an acute decrease in fEPSP amplitudes, usually reaching a
plateau phase of attenuation 20 min later. Quantification showed
attenuation of 21 and 27%, respectively, compared to the baseline
amplitudes (Fig. 1C). The control protein (1 pg/mL) and the
lowest tested dose of Fc-TWEAK (0.1 pg/mL) had no significant
effect. Importantly, both Fc-TWEAK and agly-Fc-TWEAK, a
form of TWEAK with an inactive Fc region, comparably and
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significantly decreased basal synaptic neurotransmission relative
to the control protein-treated group (SI Appendix, Fig. S1 B and
(), confirming that TWEAK is the active component of the fusion
protein rather than the Fc domain.

We next investigated whether the attenuation of synaptic
transmission by TWEAK activity is reversible by incorporating a
wash-out period. Indeed, the normalized fEPSP amplitudes
gradually increased and returned to the baseline levels within
20 min after wash-out of the protein was initiated (SI Appendir,
Fig. S1F). These results indicate that the acute dampening of
basal transmission by TWEAK is not due to cell death.

Attenuated synaptic transmission could be secondary to
TWEAK-induced changes in cell health, metabolism, and/or ion
homeostasis. Therefore, to identify signaling proteins and mo-
lecular mechanism(s) underlying the dampening effects of
TWEAK, we examined whether TWEAK induced phospho-
proteomic changes in our brain slice model. Using a tandem
mass tag (TMT) labeling-coupled proteomics workflow on brain
slice homogenates (SI Appendix, Fig. S2 A and B), we quantified
20,774 phosphopeptides mapping to 4,340 proteins. We found
that the phosphorylation of 269 proteins (SI Appendix, Table S1)
significantly changed after 30 min of Fc-TWEAK exposure
(0.5 pg/mL). MetaCore enrichment analysis on these 269 TWEAK-
changed phosphoproteins identified “synaptic contact” as the
most significantly enriched process network (false discovery
rate [FDR]: 1.1e-3), and “synapse part” as the most enriched
gene ontology localization (FDR: 6.8e-30) (SI Appendix, Table
S2, A and B). These results link the modulation of synaptic
strength by Fc-TWEAK to the molecular machinery of synaptic
transmission.

To examine the effects of TWEAK on hippocampal synaptic
plasticity, we induced long-term potentiation (LTP) using theta-
burst stimulation (TBS) after the 30-min Fc-TWEAK or control
protein wash-in period. At all three tested doses (0.1, 0.5, and
1 pg/mL), pretreatment with Fc-TWEAK resulted in a signifi-
cantly lower LTP induction compared to the control protein-
treated (1 pg/mL) group (Fig. 1 D and E). Pretreatment with
agly-Fc-TWEAK had an effect comparable to that observed with
Fc-TWEAK (SI Appendix, Fig. S1 D and E).

To mechanistically separate the effects of Fc-TWEAK on
basal neurotransmission and synaptic plasticity, we increased the
amplitudes of the fEPSPs in TWEAK-exposed slices to the baseline
levels, by elevating the extracellular calcium concentration. In these
conditions, synaptic plasticity was significantly lower in the baseline-
adjusted Fc-TWEAK-treated group as compared to the control
protein-treated group (SI Appendix, Fig. S1I). This result suggests
that TWEAK can modulate LTP magnitude independent of its
dampening of basal synaptic transmission.

Taken together, these findings indicate that Fe-TWEAK wash-in
acutely and dose-dependently dampens basal synaptic neurotrans-
mission through reversible mechanisms, decreases the inducibility
of LTP, and modulates synaptic phosphoprotein signaling.
Because the 0.5-ug/mL Fc-TWEAK was the lowest dose that
significantly decreased both the basal synaptic neurotrans-
mission and synaptic plasticity, we used this dose in all subsequent
experiments.

TWEAK Dampens Synaptic Function through Neuronal Fn14. To test
our hypothesis that the TWEAK receptor Fnl4 is required for
the modulation of synaptic functions by Fc-TWEAK, we first
employed constitutive Fnl4 knockout (Fn14KO) mice as a tool
to globally inhibit Fnl4 signaling (20). After determining that
Fnl4 deficiency causes no gross anatomical, histological, or
functional changes in the cortex or hippocampus in adult mice
(SI Appendix, Fig. S3 A-G), we tested the effects of Fc-TWEAK
on brain slices from Fn14KO animals. We observed that the
significant dampening of fEPSP amplitudes and LTP in wild-type
(WT) slices by Fc-TWEAK was no longer evident in Fn14KO
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Fig. 1. TWEAK acutely and dose-dependently attenuates basal synaptic transmission and plasticity in the hippocampus. (A) Schematic time line of compound

wash-in and electrophysiological recordings. HC slices were prepared from 6- to 8-wk-old male and female C57BL/6 WT mice. n = 5 to 6 slices/group. (B)
Relative changes in basal neurotransmission following ex vivo wash-in of control protein or Fc-TWEAK. Group means plotted + SEM. (Insets) Representative
fEPSP traces from the various doses tested. (C) Quantification of the changes in basal neurotransmission after control protein or Fc-TWEAK wash-in. Box plots
show the minimum to maximum values and means of the last 10 min of the wash-in period. Dotted line indicates the prewash-in baseline levels. One-way
ANOVA, Tukey’s multiple comparisons test. ***P < 0.001. (D) Time line of LTP recordings following ex vivo wash-in of control protein or Fc-TWEAK. Group
means plotted + SEM. (Insets) Representative fEPSP traces from the various doses tested. Semitransparent traces represent signals from baseline, while solid
traces show post-TBS signals. (E) Quantification of the LTP recordings following ex vivo wash-in of control protein or Fc-TWEAK. Box plots show the minimum
to maximum values and means of the 10- to 50-min period after LTP induction. One-way ANOVA, Tukey’s multiple comparisons test. ***P < 0.001.

slices, indicating that Fnl4 is required for the attenuation of
basal synaptic neurotransmission (Fig. 2 A-D). Consistent with
these observations, we found that 89.2% of TWEAK-induced
synaptic phosphoproteomic changes were dependent on Fnl4
(SI Appendix, Table S1). Overall, our results suggest that
TWEAK impacts synaptic transmission via Fn14.

Next, we interrogated the cell-type specificity of Fnl4 signaling
using a viral strategy to isolate the role of neuronal Fnl4 in mature
brain circuits. We designed viral constructs of short-hairpin RNA
(shRNA) targeting Fnl4 “or scrambled control sequence under
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control of a neuron-specific promoter synapsin (PHP.eB-hSYN1-
GFP-shTnfrsf12a and PHP.eB-hSYN1-GFP-shScrambled vectors,
respectively) and injected them into postnatal day 0 (P0O) neonatal
pups to generate neuronal Fn14 knockdown (nFn14KD) and nScr
mice, respectively (Fig. 2E). Using immunofluorescence, we found
colocalization of 89% of GFP-expressing cells with the neuronal
marker NeuN (Fig. 2F), but no visible colocalization with the as-
trocyte marker GFAP (SI Appendix, Fig. S44). Furthermore, in situ
hybridization showed that the Fnl4 expression was significantly
reduced in neuronal nuclei, but not in other nuclei, in nFn14KD
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Fig. 2. Neuronal Fn14 is required for TWEAK attenuation of synaptic transmission and plasticity. (A-D) HC slices were prepared from 6- to 8-wk-old male and
female WT or Fn14KO mice and treated with control protein (1 pg/mL) or Fc-TWEAK (0.5 pg/mL). n = 8 slices/group. (A) Relative changes in basal neuro-
transmission following wash-in. Group means plotted + SEM. (B) Quantification of the changes in basal neurotransmission following wash-in. Box plots show
the minimum to maximum values and means of the last 10 min of the wash-in period. Dotted line indicates the prewash-in baseline levels. One-way ANOVA,
Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Time line of LTP recordings following wash-in. Group means plotted + SEM. (D)
Quantification of the LTP recordings following wash-in. Box plots show the minimum to maximum values and means of the 10- to 50-min period after LTP
induction. One-way ANOVA, Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01. (E) Schematic of PO injection of PHP.eB-hSYN1-GFP-shTnfrsf12a or
PHP.eB-hSYN1-GFP-shScrambled vectors. HC slices were prepared from 6- to 8-wk-old animals. (F) Representative immunofluorescence images of GFP (green)
expressed from PHP.eB-hSYN1-GFP-shTnfrsf12a viral vector and the neuronal marker NeuN (red). Images show low magnification of the hippocampus and
cortex (i), and high magnification of the cortex (ii) and CA1 region of the hippocampus (iii). (Scale bar, 500 pm.) Plot shows proportion of GFP+ cells colocalized
with the neuronal marker NeuN (iv). Means plotted + SEM. n = 6 animals/group. (G-J) HC slices were prepared from 6- to 8-wk-old male and female nFn14KD
or nScr mice and treated with control protein (1 pg/mL) or Fc-TWEAK (0.5 pg/mL). n = 8 slices/group. (G) Relative changes in basal neurotransmission following
wash-in. Group means plotted + SEM. (H) Quantification of the changes in basal neurotransmission after wash-in. Box plots show the minimum to maximum
values and means of the last 10 min of the wash-in period. Dotted line indicates the prewash-in baseline levels. One-way ANOVA, Tukey’s multiple com-
parisons test. **P value < 0.01, ***P < 0.001. (/) Time line of LTP recordings following wash-in. Group means plotted + SEM. (J) Quantification of the LTP
recordings following wash-in. Box plots show the minimum to maximum values and means of the 10- to 50-min period after LTP induction. One-way ANOVA,
Tukey’s multiple comparisons test. **P < 0.01, ***P < 0.001.

40f 11 | PNAS Nagy et al.
https://doi.org/10.1073/pnas.2001679118 Developmental synaptic regulator, TWEAK/Fn14 signaling, is a determinant of synaptic

function in models of strok&/WWiVielbadd@f&anCOIM


https://doi.org/10.1073/pnas.2001679118

Downloaded at Palestinian Territory, occupied on November 27, 2021

mice (SI Appendix, Fig. S4B). Together, these results confirm the
neuronal selectivity of the targeting vector.

Consistent with the data from the global Fn14KO mice,
Fc-TWEAK treatment in nFn14KD mice failed to significantly
decrease either basal synaptic transmission or LTP compared to
Fc-TWEAK-treated nScr mice or control protein treatment groups
(Fig. 2 G-J). Together, these observations suggest that Fe-TWEAK
attenuates the basal synaptic neurotransmission and synaptic plas-
ticity in a neuronal Fnl4-specific manner in adult mice.

Thus far, we present evidence that TWEAK/Fn14 signaling
dampens synaptic function through neuronal Fnl4. This raised
the possibility that these synaptic effects may be generated via
NF-kB signaling (10), an established downstream effector of
Fn14. Therefore, we implemented a computational approach to
identify putative mediators between TWEAK/Fn14 and their syn-
aptic targets identified by phosphoproteomic analysis. We built a
protein interaction network based on TWEAK, Fnl14, and the 12
TWEAK/Fnl4-changed phosphoproteins in the most highly
enriched network, i.e., synaptic contact, identified by MetaCore
enrichment (SI Appendix, Table S2, C and D). This analysis iden-
tified a set of nine proteins, including Racl and Traf2, linking Fn14
to multiple TWEAK/Fn14-altered synaptic phosphoproteins (S/
Appendix, Fig. S2C). In contrast, Fnl4 signaling through NF-xB
appeared to influence only a single synaptic protein. Taken to-
gether, these analyses suggest that TWEAK/Fn14 signaling impacts
synaptic function primarily through non-NF-xB pathways.

TWEAK Attenuates Synaptic Transmission through Presynaptic
Mechanisms. To further investigate the dampening effects of Fc-
TWEAK on synaptic physiology, we next asked whether the
activation of TWEAK/Fn14 signaling acts via pre- and/or post-
synaptic mechanisms. To address this question, we used two in-
dependent approaches: measuring presynaptic neurotransmitter
release probability in acute HC slices by calculating the paired-
pulse ratio (PPR), as well as recording spontaneous single-unit
activity in cultured mouse neurons after TWEAK wash-in. PPR,
which is the ratio of the second fEPSP amplitude to that of the
first, depends on the probability of vesicular release at the pre-
synaptic site (21). We found that Fc-TWEAK treatment signifi-
cantly increased the PPR of CA3 to CAl fEPSPs at the shortest
25-ms interstimulus interval (ISI) compared to its own baseline or
to the control treatment group, indicating decreased neurotrans-
mitter release probability (Fig. 3 4 and B). In addition, whole-cell
recordings of miniature excitatory postsynaptic currents (mEPSCs)
of dissociated primary mouse neurons revealed that a 30-min pe-
riod of Fc-TWEAK exposure significantly reduced the frequency,
but not the amplitudes, of spontaneous mEPSCs (Fig. 3 C and D
and SI Appendix, Fig. S5), a change best described by a reduction in
presynaptic release probability (22, 23). Taken together, the results
from two independent electrophysiological approaches suggest that
Fc-TWEAK treatment modulates synaptic transmission through a
presynaptic mechanism(s).

Blocking TWEAK Augments Basal Synaptic Transmission and Plasticity
in Aged WT and Tg2576 Hippocampal Slices. Having shown a role for
TWEAK/Fn14 signaling in synaptic function, we next evaluated
its potential involvement in disease models. The expression of
Fn14 has been shown to be significantly increased in several
brain regions of AD patients (SI Appendix, Fig. S64). Thus, we
employed aged Tg2576 mice, a commonly used AD model fea-
turing synaptic deficits due to amyloid-beta overexpression (24,
25). We confirmed reduced basal transmission (SI Appendix, Fig.
S6B) and reduced plasticity at the initial phase after LTP in-
duction in aged Tg2576 mice as compared to WT mice. We
therefore probed whether TWEAK/Fnl4 signaling regulates
synaptic function in hippocampal slices from aged Tg2576 and
WT mice in a study design (Fig. 44) similar to that used above.
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Interestingly, Fc-TWEAK caused an acute and significant
decrease in fEPSP amplitudes in brain slices from 9-mo-old WT
(~22%, Fig. 4B) and Tg2576 (~18%, Fig. 4C) animals compared
to their control protein-treated groups, with no difference be-
tween the genotypes (Fig. 4D). In addition, to address whether
endogenous TWEAK can modulate synaptic transmission and
plasticity in brain slices from aged Tg2576 and WT mice, we
employed a monoclonal antibody (mAb) that binds TWEAK and
blocks its interaction with Fnl14. Blocking endogenous TWEAK/
Fnl14 signaling by anti-TWEAK mAb significantly increased
fEPSP amplitudes (~15%) in both WT (Fig. 4B) and Tg2576
(Fig. 4C) slices compared to their control protein-treated groups,
without genotype differences (Fig. 4E). This enhancement of
synaptic activity by anti-TWEAK supports the relevance of en-
dogenous TWEAK in the regulation of synaptic transmission.

Next, we investigated the potential effect of TWEAK/Fn14 on
synaptic plasticity in aged 9-mo old Tg2576 and WT animals
(Fig. 4 F and G). We found that slices from Tg2576 mice exhibit
a significant deficit in synaptic potentiation, however, only at the
initial stage after LTP induction (0 to 10 min post TBS) as
compared to age-matched WT mice (Fig. 4H). Activation of
Fn14 signaling by Fc-TWEAK significantly reduced LTP to a
similar extent in both genotypes relative to their control protein-
treated groups (Fig. 4H), while anti-TWEAK treatment signifi-
cantly improved the deficit at the induction phase of LTP
(Fig. 4I). These observations are not accounted for by genotype
differences in Fc-TWEAK or anti-TWEAK wash-out (SI Ap-
pendix, Fig. S7).

Given the similar effect of TWEAK/Fn14 modulation in WT
and Tg2576 mice, we examined Fnl4 expression in the hippo-
campus of Tg2576 animals. Consistent with our synaptic re-
cordings, we found that Fnl4 expression was comparable in
9-mo-old Tg2576 and age-matched WT HC slices (SI Appendix,
Fig. S6C). Although TWEAK/Fnl4 synaptic regulatory effects
are not enhanced in the Tg2576 hippocampus, these data suggest
that endogenous TWEAK/Fnl4 signaling retains its synaptic
regulatory role in the context of aging and amyloid-beta over-
expression and that inhibition of the pathway can rescue synaptic
deficits induced by aging and/or disease.

Disruption of TWEAK/Fn14 Signaling Is Protective from Synaptic
Transmission and Plasticity Deficits Emerging after Ischemic Stroke.
Ischemic stroke is a disease state that features elevated levels of
TWEAK and Fn14 in humans and mouse models (14-16). Given
our findings revealing the TWEAK/Fn14 pathway as a modula-
tor of synaptic function in the adult brain, we hypothesized that
activation of TWEAK/Fn14 signaling after ischemic brain chal-
lenge may contribute to the delayed neurophysiological deficits
that follow.

To test the role of the TWEAK/Fnl4 pathway on stroke-
induced synaptic deficits, we leveraged the distal middle cere-
bral artery occlusion + hypoxia (DH-MCAQO) mouse model of
ischemic stroke which manifests delayed impairment in hippo-
campal neuronal activity after infarction of the somatosensory
cortex (26) detectable at 8 and 14 wk post stroke (SI Appendix,
Fig. S8 A-G). The model also features increased TWEAK and
Fnl14 expression in this delayed time frame (Fig. 5B).

We first asked whether acute ex vivo wash-in of the anti-
TWEAK mAb would reverse the synaptic deficits in HC slices
from WT DH-MCAO mice (Fig. 54 and C). We found that anti-
TWEAK mAb wash-in significantly increased the amplitudes of
fEPSPs in both sham (~29%) and DH-MCAO (~29%) animals
compared to their control protein-treated groups (Fig. 5 D and
E). Notably, the LTP deficit in WT stroke animals was reversed
by anti-TWEAK mAb wash-in compared to control protein-
treated mice at 12 wk post stroke (Fig. 5 F and G).

Having established that acute pharmacological inhibition of
TWEAK/Fn14 signaling can improve deficits in synaptic transmission
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Fig. 3. TWEAK attenuates synaptic transmission through presynaptic mechanisms. (A) Paired-pulse recordings showing the ratio of the second to the first
fEPSP (52/51) using 25-, 50-, and 100-ms ISls at baseline and after control protein (1 pg/mL) or Fc-TWEAK (0.5 pg/mL) ex vivo wash-in in HC slices from 6- to
8-wk-old male and female WT mice. n = 6 to 10 slices/group. Data are expressed as the mean + SEM. One-way ANOVA, Tukey’s multiple comparisons test.
*P < 0.05, compared to control protein-treated group. (B) Representative traces of paired-pulse recordings showing the first (51) and the second (S2) fEPSPs
with 50-ms ISI after control protein or Fc-TWEAK wash-in. (C) Representative mEPSC recording traces in baseline conditions and following TWEAK wash-in.
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and plasticity, we next investigated if global Fn14 reduction would
protect against DH-MCAO-induced neurophysiological deficits.
Fnl14 deletion did not affect infarct size at 24 h poststroke, sug-
gesting that Fn14 did not mediate acute protection from cell death
in this model (Fig. 5 I and J). This finding contrasts with the re-
duced infarct volume observed in Fnl4KO mice in a different
stroke model, D-MCAO (27), possibly reflecting the increased se-
verity of our model due to postocclusion hypoxia (i.e., DH-MCAO
vs. D-MCAO). However, when we examined synaptic function in
hippocampal slices from DH-MCAO mice at 8§ to 12 wk post
stroke, we found that Fn14KO mice had a significant improvement
(~28%) in basal synaptic transmission following DH-MCAO
compared to WT animals, albeit not to the levels of the sham-
operated control group (Fig. 5 K and L). Remarkably, Fn14 dele-
tion completely protected against the stroke-induced LTP deficit
observed in the HC slices from WT littermates at 12 wk post stroke
(Fig. 5 M and N).

In order to avoid potential effects of Fnl4 deficiency throughout
embryonic development, we again employed nFn14KD and nScr
mice (PO injections of PHP.eB-hSYNI1-GFP-shTnfrsfl2a or
PHP.eB-hSYN1-GFP-shScrambled). Male mice were subjected to
DH-MCADO stroke at 16 wk of age, followed by ex vivo slice re-
cordings 8 to 10 wk later (SI Appendix, Fig. S94). At this time point
(24 to 25 wk post shRNA injection), we observed a 42% reduction
of Fn14 messenger RNA in nFn14KD compared to nScr mice (S7
Appendix, Fig. S9B), which is similar to the knockdown observed
at 6 to 8 wk post injection (S Appendix, Fig. S4B). Importantly,

60of 11 | PNAS
https://doi.org/10.1073/pnas.2001679118

nFn14KD significantly improved the DH-MCAO-induced defi-
cits in both basal synaptic transmission and LTP (S Appendix,
Fig. S9 E and F), confirming that postnatal neuronal Fnl4 re-
duction is sufficient to impact the pathophysiology in the DH-
MCAO stroke model.

Notably, our results using three independent approaches in-
dicate that inhibition of TWEAK/Fn14 signaling with blocking
antibodies or via genetic down-regulation of Fnl4 protects from
deficits in synaptic transmission and plasticity that manifest after
ischemic stroke.

Discussion

Here, we provide evidence that TWEAK signaling acutely and
dose-dependently reduces basal synaptic transmission and plas-
ticity via neuronally expressed Fnl4 in the mature CNS. Neu-
rophysiologically, we link TWEAK/Fn14 signaling to presynaptic
mechanisms, while phosphoproteomic analyses suggest a global
modulatory role of synaptic machinery. In two independent
disease models, characterized in part by synaptic dysfunction (Ap
overexpression and ischemic stroke), we find that pharmaco-
logical TWEAK blockade enhances synaptic transmission,
highlighting a role for endogenous TWEAK. Finally, we dem-
onstrate that genetic ablation of Fnl4 normalizes chronic is-
chemic stroke-induced neurophysiological deficits. Our results
support targeting the TWEAK/Fnl4 pathway as a potential
therapeutic approach to augment synaptic function.
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way ANOVA, Tukey’s multiple comparisons test. **P < 0.01, ***P < 0.001. (F-G) Time line of LTP recordings in WT (F) and Tg2576 (G) mice. Group means
plotted + SEM. Representative fEPSP traces are shown. Semitransparent traces represent signals from baseline while solid traces show post-TBS signals. (H-I)
Quantification of the LTP recordings in WT or Tg2576 mice. Box plots show the minimum to maximum values and means of the initial period (0 to 10 min)
after LTP induction. Two-way ANOVA, Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001.

Our experiments delineated the ability of TWEAK to acutely
regulate synaptic transmission and plasticity. We found that Fc-
TWEAK wash-in acutely decreases the amplitudes of fEPSPs
and the inducibility of LTP in WT, but not in Fn14KO or
nFn14KD hippocampus, suggesting that TWEAK-induced
modulation of synaptic functions is mediated by its interaction
with neuronal Fnl4. Our phosphoproteomics analysis revealed
TWEAK-induced changes in phosphoproteome, with nearly half
of these changes also altered by CNQX (SI Appendix, Table S1),
an AMPA receptor antagonist used as a positive control to re-
duce glutamatergic synaptic transmission. MetaCore enrichment
further verified that the TWEAK/Fnl4-altered underlying mo-
lecular processes are highly synaptic enriched (SI Appendix,
Table S2C), pointing to the association with synaptic transmis-
sion. In another report, it was shown that intracerebroventricular
administration of TWEAK in adult mice can acutely trigger
neuronal apoptosis leading to depression-like behavior and
cognitive dysfunction (28). However, the ability of TWEAK to
induce cell death is generally relatively weak and requires long
exposure time (9) or combination with other agents such as
gamma-interferon (8, 29). Indeed, in our study, we found that
the decrease in synaptic function by a short 30-min TWEAK
wash-in was reversible, indicating that the acute dampening in
basal synaptic neurotransmission and plasticity is not the con-
sequence of cell death. Our additional control experiment
revealed that synaptic plasticity was significantly lower in the
TWEAK-treated group compared to the control protein-treated

Nagy et al.

group even after the fEPSPs were readjusted to the prewash-in
(baseline) levels before LTP induction. Furthermore, the lowest
dose of TWEAK tested failed to impact the amplitude of fEPSPs
while it significantly decreased LTP inducibility, suggesting that
the effects of TWEAK on basal neurotransmission and synaptic
plasticity are separable.

Importantly, we demonstrate that anti-TWEAK wash-in to
WT HC slices acutely improves basal neurotransmission and
synaptic plasticity, supporting the regulatory role of endogenous
TWEAK in synapse physiology in the healthy brain. Moreover,
both anti-TWEAK treatment of WT DH-MCAO brain slices and
Fnl14 deficiency (genetic or via sShRNA knockdown) in mice re-
verses the synaptic deficits observed in the DH-MCAO model of
stroke, confirming a role for endogenous TWEAK/Fn14 in this
disease context. Although naive Fnl4KO and nFnl4KD mice
showed basal neurotransmission and synaptic plasticity responses
comparable to WT mice, suggesting that developmental Fn14
deficiency results in compensation, they had a significant effect
in the challenging circumstance of DH-MCAO. Therefore, both
the present study and that of Cheadle et al. (17) identify cir-
cumstances with significant TWEAK/Fn14 impact on synaptic
function following ischemic stroke and during the visual critical
period, respectively. Taken together, these disparate model sys-
tems suggest that the TWEAK/Fn14 system is tuned to periods
of substantial change in neuronal activity levels (eye opening) or
environment (ischemic stroke).
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To investigate mechanistically the TWEAK/Fn14 effects on
synaptic transmission, we employed two independent electro-
physiological approaches and a proteomic analysis. We found
that TWEAK wash-in increased the PPR in ex vivo HC slices and
specifically reduced the frequency of spontaneous mEPSCs. Both
results indicate decrease in neurotransmitter release probability and
suggest that acute TWEAK exposure can modulate synaptic phys-
iology through presynaptic mechanisms, which could include de-
creased calcium influx, inactivation of release sites, and vesicle
depletion (30). Unbiased phosphoproteomic analysis supports this
view, identifying a set of differentially phosphorylated presynaptic
proteins such as SYN1/3 and CACNABI, which could account for
deficits in presynaptic function in both action potential-dependent
(PPR) and -independent (mEPSC) assays. Importantly, phospho-
proteomic analysis revealed that TWEAK treatment also changes
the phosphorylation states of a large set of postsynaptic proteins
such as SHANK1/3- and PSD-95-associated proteins. Interestingly,
the functional network-building analysis (SI Appendix, Fig. S2C)
showed that TWEAK/Fn14 affects synaptic function possibly via
Racl and/or Traf2, consistent with the role of Racl in LTP (31)
and a prior report of Racl-dependent Fnl4 regulation of actin
cytoskeletal reorganization directly or indirectly via a TRAF
adaptor protein (32).

Having established an acute role for TWEAK/Fn14 regulation
of broad synaptic function in adult mice, we investigated whether
the TWEAK/Fnl4 pathway modulates synaptic function in
models of neurological disorders. For our current study, we
chose two different disease contexts, namely models of AD and
ischemic stroke, given that AD and ischemic stroke patients
exhibit significant up-regulation of TWEAK and/or Fnl4 ex-
pression in their CNS or cerebrospinal fluid (14-16).

Tg2576 mice are a well-described model of AD that exhibit
synaptic pathophysiology due to AP overexpression (24, 25). Al-
though this animal model is widely used to study amyloid-
dependent synaptic dysfunctions, reported findings vary regarding
the extent to which basal neurotransmission and LTP are affected
(33-37). Possible explanations for the high variability in this model
include differences in the age of the Tg2576 animals and various
experimental parameters (38). Our functional characterization of
aged 9-mo-old Tg2576 mice revealed reduced basal neurotrans-
mission and synaptic plasticity compared to age-matched WT mice;
however, the decrease in LTP reached significant levels only at the
early initial phase (0 to 10 min), which can be considered a short-
term plasticity effect. While ex vivo wash-in of Fc-TWEAK further
deteriorated these synaptic functions, our data indicate that inhi-
bition of the pathway by acute anti-TWEAK wash-in improves
basal neurotransmission and synaptic plasticity in both WT and
Tg2576 mice, normalizing the LTP induction phase in the latter.
Our findings suggest that TWEAK/Fn14 signaling retains a synaptic
modulatory capacity in aging and AD-like synaptic pathophysiology
without an AB-dependent exaggeration of the TWEAK/Fn14 syn-
aptic effect. Given that synapse loss is correlated with cognitive
dysfunction in AD patients (39), we speculate that tempering this
pathway may be beneficial for improving cognitive deficits associ-
ated with AD either by acutely augmenting synaptic transmission
and/or reducing further synaptic deficits.

Strikingly, we found that TWEAK/Fn14 signaling is necessary for
the deficits in synaptic transmission and plasticity that manifest after
ischemic stroke. To delineate this pathophysiological contribution of
the TWEAK/Fnl4 axis, we leveraged a model featuring delayed
impairment of neuronal activity that could be detected in HC slices
after ischemic infarction of the somatosensory cortex in DH-MCAO
mice. Infarct volume, which is due to excitotoxic cell death, was
unaltered by genetic loss of TWEAK/Fn14 signaling in this model.
The initial infarction is followed by dynamic regional changes in the
surviving neurons over the course of weeks, including changes in
basal neurotransmission and plasticity in the hippocampus (40).
Therefore, we investigated whether a loss of TWEAK/Fn14 signaling
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would protect against ischemic stroke-induced synaptic pathophysi-
ology. In agreement with previous studies, we found a significant
unilateral attenuation of hippocampal basal neurotransmission and
plasticity 12 wk post stroke. Multiple lines of evidence suggest that
inhibition of TWEAK/Fn14 signaling can rescue poststroke synaptic
deficits. Acute pharmacological inhibition of TWEAK signaling post
stroke increased basal synaptic transmission and plasticity. Addi-
tionally, genetic ablation of TWEAK/Fn14 signaling in the Fn14KO
mice and down-regulation of Fn14 with shRNA in nFn14KD mice
rescued deficits in basal synaptic transmission and returned LTP
magnitude to close to normal levels. Interestingly, Fn14 knockdown
by ~40% was sufficient for this beneficial effect on stroke-induced
electrophysiological deficits. Together, these data suggest aberrant
activation of TWEAK/Fn14 signaling is necessary for synaptic dys-
function in ischemic stroke and that inhibition of this pathway in the
context of synaptic dysfunction is restorative.

Other prominent cytokines, such as interleukin-1 beta (IL-1p)
and tumor necrosis factor alpha (TNFa), appear up-regulated in
microglia and/or macrophages after ischemic stroke (41) where
they contribute to neuronal death (42). These cytokines have also
been reported to modulate synaptic function, supporting a para-
digm in which glial cells secrete immune-related signaling mole-
cules that alter synaptic transmission and plasticity (43, 44). The
enrichment of TWEAK in microglia reported by others (18, 19)
and our finding that TWEAK regulates synaptic function through
neuronal Fnl4 suggest that a glial-neuronal axis fits this paradigm.
Importantly, TWEAK/Fn14 signaling is a nonredundant determi-
nant of synaptic function after ischemic stroke and in AD models.

In summary, we identified TWEAK/Fn14 signaling as a dis-
tinct modulator of synaptic physiology and pathophysiology in
the mature brain. We propose that this pathway, which is nor-
mally activated during visual development, remains active in
contexts of aging and neurodegenerative diseases and is engaged
under challenging circumstances, such as in ischemic stroke, and
contributes to synaptic dysfunction in these disorders. Therefore, our
data suggest that inhibition of TWEAK/Fn14 signaling could have
broad therapeutic potential to normalize neuropathophysiological
changes observed in aging, Alzheimer’s disease, ischemic stroke,
and potentially other disorders featuring synaptic deficits.

Materials and Methods

Experimental Models and Subject Details. All animal experiments were per-
formed in compliance with protocols approved by the Institutional Animal
Care and Use Committee at Biogen (protocols #780, #660, and #820). All
animals were housed under standard conditions in ventilated cages on a
12-h light/dark cycle and provided food and water ad libitum. Dose-
response experiments used male and female C57BL/6 mice supplied by
Jackson Laboratories (catalog #000664). No apparent sex differences were
detected between male and female mice in response to Fc-TWEAK wash-in.
Male B6;SJL-Tg(APPSWE)2576Kha (TG2576) (45) hemizygous mice with appropri-
ate WT littermate controls were supplied by Taconic Farms (catalog #1349). Male
mice deficient in the TWEAK receptor Fn14, known as B6.Tnfrsf12atm!O)Biogen
(Fn14KO) (20), were bred from a heterozygous cross; KO and WT littermate
controls were used for experiments. For some experiments, PO pups from
C57BL/6 timed matings were injected with viral vectors with nFn14KD or
control scrambled vector (nScr). The ages of the mice used for each experi-
ment are specified in the figure legends.

Recombinant Proteins and Antibodies. Recombinant murine Fc-TWEAK fusion
protein and anti-mouse TWEAK monoclonal antibody (clone mP2D10) were
generated by Biogen as described (46). An irrelevant isotype-matched control
protein, anti-hen egg lysozyme, mlgG2a subclass, was generated by Biogen
using standard methods. Aglycosylated murine Fc-TWEAK fusion protein,
agly-Fc-TWEAK, was similarly constructed but with the N297Q mulgG1 Fc se-
quence, thereby creating an Fc-effector function-deficient protein.

Brain Slice Electrophysiology.

Acute slice preparation. Animals were decapitated with a guillotine and brains
were rapidly dissected in ice-cold media consisting of 228 mM sucrose, 26 mM
NaHCOs3, 10 mM glucose, 7.0 mM MgSOy, 2.5 mM KCl, 1.0 mM NaH,PO,, and
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0.5 mM CaCl,, equilibrated with 95% O, and 5% CO, (carbogen). The
forebrain was mounted to a cutting stage and 350-pm-thick coronal slices
containing the hippocampus were prepared using a vibratome (Leica, VT
1000 S). Slices were transferred to an incubation chamber containing arti-
ficial cerebrospinal fluid (ACSF) consisting of 122 mM NacCl, 26 mM NaHCOs3,
11 mM glucose, 2.5 mM CaCl,, 2.5 mM KCl, 1.3 mM MgCl,, and 1.0 mM
NaH,PO,4 and constantly saturated with carbogen. Slices were incubated for at
least 60 to 90 min at room temperature (22 °C) before use. Experiments were
performed 1 to 6 h after the incubation period. Slices were transferred to a
temperature-controlled submerged type recording chamber continuously per-
fused (2 to 3 mL/min) with heated (32°C to 33 °C) and carbogen-saturated ACSF
containing 10 mM glucose, 126 mM NacCl, 2.5 mM KCl, 1.25 mM NaH,PO,,
1.3 mM MgCl,, 2.5 mM CaCl,, and 26 mM NaHCOs, pH 7.4. The fEPSPs were
recorded from the stratum radiatum of the hippocampal CA1 subregion using a
glass recording electrode filled with ACSF with resistances ranging from 1 to
3 MQ. A concentric bipolar tungsten stimulating electrode (WPI) was placed in
the CA1 Shaffer-collaterals ~200 pm retrograde from the recording electrode.
A detailed description of data acquisition and analysis are included in S/ Ap-
pendix, Materials and Methods.

Synaptic Current Recordings from Primary Mouse Neurons. The mEPSCs were
recorded in dissociated mouse cortical cultures. Embryonic day 18 (E18) mouse
cortex was dissociated, and 125,000 neurons were plated on 25-mm
poly-D-lysine-coated coverslips. Cultures were maintained in BrainPhys media
(Stem Cell Technologies) for 18 to 21 d before recordings. Coverslips were
transferred to a recording chamber perfused with room temperature, carbogen-
saturated (95%0,/5%CO;) recording ACSF (~1 mL/min) containing 1 pM tetro-
dotoxin and 10 uM Gabazine for 10 min prior to recordings. Whole-cell re-
cordings were performed with thick-walled borosilicate glass pipettes pulled to a
resistance of 3 to 5 MQ and filed with 130 mM cesium methanesulfonate, 10 mM
CsCl, 10 mM Hepes, 4 mM Mg-ATP, 0.3 mM Na-GTP, 0.2 mM EGTA, 10 mM Na-
phosphocreatine, adjusted to pH 7.2. Further details of data acquisition and
analysis are provided in S/ Appendix, Materials and Methods.

Phosphoproteomics. Brain-slice samples from 6- to 8-wk-old male WT and
Fn14KO mice were treated with Fc-TWEAK or CNQX, an AMPA receptor
antagonist used as a positive control for reduction of glutamatergic synaptic
transmission, for 30 min according to the same experimental design and con-
ditions as in the electrophysiology study (Fig. 1A). Six biological replicates per
treatment condition in WT or Fn14KO mice were subjected to TMT (47)
labeling-coupled phosphoproteomics study. Further details about sample pro-
cessing and data analysis are provided in S/ Appendix, Materials and Methods.

Neuronal Knockdown of Tnfrsf12a (Fn14) Using Viral Vectors in Mice. Neuronal
specific knockdown of Tnfrsf12a (gene alias name, Fn14) was achieved
through use of viral vectors expressing shRNA targeting Tnfrsfi2a:
PHP.eB-hSYN-GFP-shTnfrsf12a. Two hairpins used to knock down expression
of murine Tnfrsf12a (NM_013749) were cloned into a Pol Il expression system
downstream of the human synapsin-1 promoter-driven GFP reporter gene to
restrict the knockdown to neurons. The shRNA sequences are the following:
5-GCTGACCAGGAAACTAGAAACCAGCGTTTTGGCCACTGACTGACGCTGGTT-
TGTTTCCTGGTCAG-3' and 5-GCTGGAATGAATGAATGGACGACGA.GTTTTG-
GCCACTGACTGACTCGTCGTCTTCATTCATTCCAG-3'. These target NM_013749
bases 303 to 323 in the open reading frame and 438 to 458 in the 3’ un-
translated region, respectively. The cloning and packaging were performed
by Vector Biolabs. Viral expression constructs were generated by packaging
a 1:1 mix of the two vector plasmids in AAV9 with the PHP.eB capsid mod-
ification (48), resulting in the PHP.eB-hSYN1-GFP-shTnfrsf12a viral vector. A
similarly constructed viral vector with a scrambled sequence (PHP.eB-
hSYN1-GFP-shScrambled) served as a control. These viral vectors were in-
jected into the ventricles of PO C57BL/6 mice to generate mice with neuronal
knockdown of Tnfrsf12a (nFn14KD) or controls (nScr). PO pups were anes-
thetized on ice until unresponsive by toe pinch. For intracerebroventricular
injections, pups were injected at a 30° angle from the head, halfway
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between lambda and bregma, 1 mm lateral from the midline suture, with
2 mm depth. Injections were performed bilaterally with 2 pl/injection using
a Hamilton gas-tight syringe (1701 RN) with custom 33-gauge, 45 degree-
beveled needles (9.5 mm, catalog #7803-05). The viral vectors were injected
at 7.5 E12 gdmL in a solution of 10% Fast-Green dye (Electron Microscopy
Sciences, catalog #26364-05). An injection was considered successful if vector
dye was visualized in both ventricles. Inmediately following injections, pups
were warmed on a closed-circulation heating pad until fully recovered,
rolled around in cage bedding, and returned to the original cage with the
mother. A detailed description of evaluation of Fn14 expression in mice
injected with the PHP.eB-hSYN1-GFP-shTnfrsf12a viral vector is included in S/
Appendix, Materials and Methods.

DH-MCAO Surgery and Quantification of Infarct. Male 14- to 16-wk-old C57BL/
6 WT and Fn14KO littermates and male 16- to 18-wk-old nScr and nFn14KD
mice were used for distal middle cerebral artery occlusion (DMCAO) as
previously described (49), followed by 1 h of hypoxia (8% oxygen and 92%
nitrogen), with the hypoxia chamber maintained at 37 °C to prevent hypo-
thermia. This combination of DMCAO + hypoxia (DH-MCAO) produces a
more reproducible and larger infarct size as compared to DMCAO (49). Sham
surgeries were identical to stroke surgeries except for the lack of cauterization
of the middle cerebral artery. Infarcted regions were visualized 24 h after DH-
MCAO surgery using 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich,
catalog #17779) as previously described (40). Brains were extracted and sliced
coronally into 1-mm sections, for a total of eight to nine sections spanning the
length of the infarcted regions. Free-floating slices were then stained for
15 min at room temperature in 1 mL of 1.5% TTC solution in phosphate-
buffered saline and then transferred to a 10% formalin solution to stop the
reaction. Slices were then imaged and analyzed using NIH ImageJ to quantify
the area of infarct cortex in the ipsilateral hemisphere. Infarct quantification is
expressed as percentage of the infarcted region of the total ipsilateral hemi-
sphere. For volumetric quantifications, measurements were multiplied by the
distance between sections (1 mm) and summed across the entire brain for in-
farct measurement. The experimenter was blinded to the genotypes.

Quantification and Statistical Analysis. For electrophysiological experiments,
the details of data acquisition are described in S/ Appendix, Materials and
Methods. Analysis of fEPSPs and EPSCs was done in Spike 2 version 8
(Cambridge Electronic Design), Clampfit (Molecular Devices), and Prism 7
(GraphPad Software). For histological experiments, analysis of IBA-1 and
GFAP was performed with custom image analysis algorithms using Visio-
pharm image analysis software; additional data acquisition details are de-
scribed in S/ Appendix, Materials and Methods. Density of dendritic spines
was calculated in Excel by dividing spine number over dendrite length.
Statistical analysis for spine density was performed using Matlab (Math-
Works). All electrophysiology, histology, dendritic spine density, and stroke
experiments were performed blinded to genotype and treatment condition.
All treatments and the order of the recordings were randomized. All sta-
tistical analyses for electrophysiology experiments were performed using
Prism 7 software. The statistical analyses and “n"” numbers for each experi-
ment are given in the figure legends. Data analysis was performed blinded
to genotypes. Error bars represent SEM. Statistical significance in plots is
indicated with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Data Availability. All study data, custom reagents, and tools associated with
this paper are included in the article and S/ Appendix. The phosphopro-
teomics dataset has been deposited in the Proteomics Identification Data-
base (50) and is available with identifier PXD021582.
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