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Ubiquitin C-terminal hydrolase L1 (UCHL1) is a unique brain-specific
deubiquitinating enzyme. Mutations in and aberrant function of
UCHL1 have been linked to many neurological disorders. UCHL1
activity protects neurons from hypoxic injury, and binding of
stroke-induced reactive lipid species to the cysteine 152 (C152) of
UCHL1 unfolds the protein and disrupts its function. To investigate
the role of UCHL1 and its adduction by reactive lipids in inhibiting
repair and recovery of function following ischemic injury, a knock-
in (KI) mouse expressing the UCHL1 C152A mutation was gener-
ated. Neurons derived from KI mice had less cell death and neurite
injury after hypoxia. UCHL1 C152A KI and WT mice underwent
middle cerebral artery occlusion (MCAO) or sham surgery. White
matter injury was significantly decreased in KI compared with WT
mice 7 d after MCAO. Histological analysis revealed decreased tissue
loss at 21 d after injury in KI mice. There was also significantly
improved sensorimotor recovery in postischemic KI mice. K63- and
K48-linked polyubiquitinated proteins were increased in penumbra
of WT mouse brains but not in KI mouse brains at 24 h post MCAO.
The UCHL1 C152A mutation preserved excitatory synaptic drive to
pyramidal neurons and their excitability in the periinfarct zone;
axonal conduction velocity recovered by 21 d post MCAO in KI mice
in corpus callosum. These results demonstrate that UCHL1 activity is
an important determinant of function after ischemia and further
demonstrate that the C152 site of UCHL1 plays a significant role in
functional recovery after stroke.

UCHL1 | ischemia | axonal injury | electrophysiology | ubiquitin-
proteasome pathway

europrotective strategies that target excitotoxicity and other

hyperacute mechanisms have not been successfully trans-
lated into effective therapies for stroke. Furthermore, many
neuroprotective strategies target neuronal cell death mecha-
nisms but do not address injury to axons and myelin (1-3). New
approaches targeting delayed repair and recovery mechanisms
and white matter injury are needed.

Ubiquitin C-terminal hydrolase L1 (UCHL1) is a multifunc-
tional protein that is selectively expressed in neurons throughout
the brain at high levels (4). UCHLI may play an important role
in repair of axons and neurons after injury by removal of ab-
normal proteins by the ubiquitin—proteasome pathway (UPP)
and autophagy (5-8). UCHLLI closely interacts with proteins of
the neuronal cytoskeleton and may play an important role in
axonal transport and maintaining axonal integrity (9-11).
UCHL1 also regulates synaptic function and long-term potenti-
ation (LTP) and may be involved in memory function (12, 13).
Mutations in UCHLI1 result in axonal pathology and extensive
deficits in motor function. Preservation of axonal integrity and
synaptic function may play a pivotal role in restoration of motor
and cognitive function after stroke (14). UCHLI activity protects
primary neurons from hypoxia-induced cell death (15).

Reactive lipids such as cyclopentenone prostaglandins (CyPgs)
are produced after cerebral ischemia and may exacerbate injury
and impede recovery via inhibition of the UPP (15-18). CyPgs
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bind to UCHLI at cysteine 152 (C152), unfold the enzyme, and
inhibit its function (19). Our recent work (11) has shown that the
intrinsic hydrolase activity of the recombinant UCHL1 CI152A
mutant protein is similar to that of WT UCHLI1 protein. However,
hydrolase activity in the UCHL1 C152A mutant protein was better
preserved after CyPg treatment compared with the WT protein.
The UCHL1 C152A mutation ameliorates axonal pathology pro-
duced by treatment of primary neurons with CyPgs (11). To de-
termine if binding of reactive lipids such as CyPgs to the C152 site is
important in axonal injury, synaptic function, and behavioral out-
come in stroke, we subjected knock-in (KI) mice bearing a C152A
mutation and WT controls to middle cerebral artery occlusion
(MCAO). The effect of the C152A mutation on UPP function,
axonal conduction, synaptic function, neuronal excitability, and
histological and behavioral outcomes after MCAO was determined.

Results

The UCHL1 C152A Mutation Protects Primary Neurons Against Hypoxia-
Induced Cell Death, Axonal Injury, and Functional Deficits. To assess
the effect of the UCHL1 C152A mutation on cell death induced
by hypoxia/ischemia in vitro, primary neurons derived from WT
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or UCHL1 C152A KI mice were subjected to oxygen/glucose
deprivation (OGD) or hypoxia. Cell viability was measured 24 h
after OGD or hypoxia by using the WST-1 assay and propidium
iodide (PI) staining. As shown in Fig. 1 4 and B, viability of
UCHLI1 C152A KI neurons was significantly greater than WT
neurons 24 h after hypoxia and OGD. Next, the role of the
UCHL1 C152A mutation on hypoxia-induced axonal injury was
measured 24 h after hypoxia or normoxia. Hypoxia induced
significant neurite damage as indicated by increased neurite
fragments and decreased the number of intact neurites. This
damage was significantly diminished in primary neurons from KI
mice compared with WT (Fig. 1C). Thus, the C152A mutation
protected neurites and neuronal cell bodies from injury.

To determine if the UCHL1 C152A mutation protects neu-
rons from ischemia in vivo, WT and KI mice were subjected to
60 min MCAO and killed 21 d post injury. Tissue loss was sig-
nificantly smaller in KI mice compared with WT controls
(16.62 + 3.45% vs. 29.75 + 2.34%, P < 0.01; Fig. 1E). Short-term
functional assessment was performed on post injury days (PIDs)
1-5 with four-limb symmetry and forelimb outstretch measures;
long-term functional assessment was performed by using the
cylinder test on PID 20-23. KI mice exhibited smaller functional
deficits than WT mice in four-limb symmetry and forelimb out-
stretch measures, suggesting better short-term motor function in
KI mice after cerebral ischemia. There was no significant dif-

ference between KI and WT mice with the sham surgery procedure.
Long-term functional deficits were attenuated in KI mice as dem-
onstrated by improved performance in the cylinder test (Fig. 1D).

The UCHL1 C152A Mutation Preserves Myelin Integrity and Decreases
Axonal Injury After MCAO. White matter integrity in KI and WT
mice was determined 7 d and 21 d after MCAO by immunode-
tection of myelin basic protein (MBP), a marker of myelin in-
tegrity, and nonphosphorylated pathological neurofilaments
(SMI-32), an index of axonal injury (14, 20). Fluorescence in-
tensities of MBP and SMI-32 were not significantly different
between sham-operated WT and KI mice; however, there was
decreased MBP fluorescence and increased SMI-32 fluorescence
in the ipsilateral corpus callosum (CC) of WT mice 7 d post
MCAO compared with KI (Fig. 24). Similar changes were also
observed in SMI-32 expression at 21 d after MCAO (SI Appen-
dix, Fig. S1). MBP in ipsilateral penumbra 7 d after MCAO was
significantly decreased in WT mice compared with WT sham
mice, but there was no significant difference between sham and
MCAO in KI mice (Fig. 2B). MBP detected by immunoblot was
significantly decreased 7 d after MCAO in WT mice compared
with sham WT in ipsilateral penumbra; there was no significant
difference in KI mice (Fig. 2B). These data support the hy-
pothesis that the UCHL1 C152A mutation preserves myelin in-
tegrity and decreases axonal injury after cerebral ischemia.
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Fig. 1. The UCHL1 C152A mutation attenuates hypoxia/ischemia-induced neuronal injury and improves behavioral outcome. (A and B) In vitro cell viability
and cell death in WT and mutant UCHL1 C152A (KI) primary neuronal culture after OGD (A) and hypoxia (B). (A) Cell viability based on WST-1 assay with
MK801 (MK) as 100% survival control and staurosporine (SP; 30 pM) as 100% cell death control 24 h after 15 min OGD. Data are expressed as percent MK (n =
12 wells per group). (B, Upper Left) Cell viability 24 h after 3.5 h hypoxia based on WST-1 assay (n = 18 wells per group). (B, Upper Right) Cell death as
measured by percent Pl (red) or DAPI (blue) staining (n = 10 wells per group). (Scale bar: 20 um.) (C) Effects of the C152A mutation on hypoxia-induced neurite
damage. Primary neurons from WT or KI mice underwent 2.5 h hypoxia (Hyp) or normoxia (NM) treatment followed by immunohistochemical staining with
anti-neurofilament (red) antibody. (Left) Representative confocal images. Yellow arrows indicate neurite fragments; white arrows are intact neurites. (Right)
Fragment and intact neurite analysis 24 h post hypoxia (n = 8-15 fields per group). Blue indicates DAPI nuclear stain. (D) The UCHL1 C152A mutation at-
tenuates behavioral deficits after 60 min MCAO. (Left and Center) Four-limb symmetry and forelimb outstretch scores on days 1-5 post ischemia. (Right)
Cylinder test scores at days 20-23 post injury (L, ipsilateral; R, contralateral; B, both). (E) Whole-brain tissue loss in WT and KI mice 21 d post injury. (Upper)
Representative H&E-stained slices. Dotted line indicates and infarct border. (D and E) n = 8-10 per group. Data are means + SEM (*P < 0.05 and **P < 0.01,
independent-samples t test; ¥P < 0.001, two-way ANOVA with Tamhane's T2 post hoc test; %P < 0.001, two-way repeated-measures ANOVA with Bonferroni
post hoc test; #P < 0.05, ANOVA; *P < 0.01, Mann-Whitney U test). Black/gray bars indicate WT; white bars indicate KI.
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Fig. 2. The UCHL1 C152A mutation preserves white matter integrity and synaptic structure 7 d post ischemia. UCHL1 C152A KI and WT mice underwent
60 min MCAO or sham surgery. (A) White matter injury in CC. Brain slices at bregma —1.9 mm were immunostained by using anti-MBP (green) and anti-
nonphosphorylated SMI-32 (red; at white arrows) antibodies. Fluorescence intensity was measured at infarct in ipsilateral (marked as “i”) and contralateral
("c") CC (400 pm x 400 um; black arrows; n = 9-10 per group). (Scale bar: 25 pm.) (B) Representative immunoblots and immunofluoromicrographs using anti-
MBP antibody. (Left) Tissue lysates from penumbral cortex and densitometric analysis (n = 7-10 per group). (Right) MBP immunofluorescence intensity at
penumbral cortex (area within red dashed line) at bregma 1.0 mm (n = 9-10 per group). (Scale bar: 500 pm.) Data are means + SEM and are normalized to
contralateral (*P < 0.05 and ***P < 0.001, two-way ANOVA with Tukey post hoc analysis; *P < 0.05, two-way ANOVA with Tamhane’s T2 post hoc analysis).

NS, not significant.

The UCHL1 C152A Mutation Preserves Axonal Conduction, Neuronal
Excitability, and Synaptic Function After MCAO. The observation
that the UCHL1 C152A mutation preserves MBP and decreases
axonal injury as detected by SMI-32 antibody suggests that the
mutation may also preserve axonal function after MCAO. Axo-
nal function was assessed by measuring axonal conduction ve-
locity in brain slices in CC. Significantly decreased conduction
velocity in myelinated axons was observed at 7 d after MCAO
compared with sham in WT and KI mice (Fig. 3C). MCAO also
resulted in decreased conduction velocity for nonmyelinated
axons on day 7 compared with sham in WT and KI mice (Fig.
3C). This decrease in axonal conduction velocity in myelinated
and nonmyelinated axons persisted in WT mice but was miti-
gated in KI mice compared with sham 21 d post MCAO (Fig.
3D). Thus, axonal function recovered in KI mice after MCAO by
21 d, but not in WT mice.

To investigate the effects of the UCHL1 C152A mutation on
neuronal activity in the periinfarct zone, intrinsic excitability of
pyramidal neurons was assessed in WT and UCHL1 KI mice
after MCAO or sham operation. Decreases in neuronal excit-
ability could contribute to insufficient activation of pyramidal
neurons and subsequent decline in the excitatory synaptic drive
and thus further exacerbate the ischemic pathology. Pyramidal
neurons exhibited lower frequency of firing produced by depo-
larizing current pulses 7 d post ischemia in WT mice compared
with sham, but not on day 21 (Fig. 3E). In UCHLI KI mice, no
differences in firing frequency were observed between sham and
MCAO conditions at day 7 or day 21 (Fig. 3 E and F). In ad-
dition, pyramidal neurons in WT mice exhibited higher action
potential threshold on days 7 and 21 after MCAO compared with
sham (Fig. 3G); action potential thresholds between sham and
MCAO groups were unchanged in KI mice. These data indicate
that the UCHL1 C152A mutation preserves excitability of py-
ramidal neurons after MCAO.

To assess excitatory synaptic drive in pyramidal neurons, the
frequency and amplitude of the spontaneous excitatory post-
synaptic currents (SEPSCs) in WT and KI mice were examined in
slice preparations. Whereas amplitude of those events reflects
possible changes on the postsynaptic site, their frequency might
be indicative of the number of presynaptic terminals on those
neurons. SEPSCs were recorded from pyramidal neurons iden-
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tified by morphological and electrophysiological properties (S/
Appendix, Fig. S3). MCAO resulted in decreased SEPSC fre-
quency compared with sham on day 7 in WT mice, consistent
with a decreased number of synaptic inputs; however, there was no
difference in SEPSC frequency between sham and MCAO in KI
mice (Fig. 3I). There were no significant differences in SEPSC
amplitudes between groups. No significant differences were ob-
served in SEPSC frequency in KI and WT mice at 21 d after
MCAO (SI Appendix, Fig. S44). In a similar fashion to the SEPSCs
results, there was a decrease in miniature excitatory postsynaptic
current (mEPSC) frequency 7 d post ischemia compared with
sham animals in WT mice, but there were no significant differ-
ences between sham and MCAO in KI mice (Fig. 3/). By 21 d post
ischemia, there was no difference in mEPSC frequency between
sham and MCAO animals in WT or KI groups (S Appendix, Fig.
S4B). Amplitude of mEPSCs did not differ between MCAO and
sham in WT or KI mice at 7 or 21 d post ischemia (Fig. 3/ and S/
Appendix, Fig. S4B). Taken together, these results are consistent
with the hypothesis that the UCHL1 C152A mutation preserves
synaptic function after ischemia.

The UCHL1 C152A Mutation Attenuates Polyubiquitinated Protein
Accumulation and Autophagy Activation After MCAO. To detect
the effects of the UCHL1 C152A mutation on ischemia-induced
UPP function and autophagy, UCHL1, polyubiquitinated (poly-
Ub) proteins, proteasome components, monoubiquitin, and
autophagy markers beclin-1 and LC3B were detected in ipsilat-
eral and contralateral penumbral cortex 24 h after MCAO by
immunoblotting. The 20S proteasome activity was also measured
24 h post MCAO. There was increased accumulation of total
poly-Ub proteins, UPP-independent K63-linked poly-Ub pro-
teins, and K48-linked UPP-dependent poly-Ub proteins in WT
mice compared with sham controls, but this effect was not found
in KI mice. The ubiquitin monomer and UCHLI proteins were
unchanged after MCAO in WT and KI mice (Fig. 4). There were
no differences in the expression of the proteasome subunits 19S
and 20S (SI Appendix, Fig. S54). The chymotrypsin-like 20S
proteasome activity was significantly decreased in ipsilateral
penumbra in WT mice 24 h after MCAO, but there was no
significant difference between post-MCAO WT and KI groups
(SI Appendix, Fig. S5B).
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Fig. 3. (A) Position of stimulating and recording electrodes in CC for conduction velocity measurements in B-D. (B) Representative axonal activation re-

cordings in CC. (C and D) Conduction velocity in myelinated and nonmyelinated fibers 7 d (C) and 21 d (D) post ischemia (n = 12-17 per group). (E) Firing
frequency in sham and MCAO WT and UCHL1 mice 7 d and 21 d post ischemia (n = 10-14 per group). (F) Representative firing patterns of pyramidal neurons
from mouse neocortex elicited by depolarizing current steps in WT (blue), KI (green), and sham surgery mice 7 d post ischemia. (G) Action potential threshold
in 7 d (Left) and 21 d (Right) postischemic or sham surgery WT and Kl mice (n = 10-13 per group). (H) Representative action potential at 7 d post ischemia in
sham (black), MCAO WT (blue), and KI (green) mice. Arrows indicate action potential threshold. (/) sEPSC amplitude and frequency (Left) and representative
recordings (Right) 7 d post ischemia with examples at red arrows (n = 9-11 per group). (J) mEPSCs at 7 d post ischemia with examples at red arrows (n = 6-
9 per group). (K) Whole-cell electrode placement for sSEPSC measurements in / and J. Data are means + SEM (*P < 0.05 and **P < 0.01, two-way ANOVA with
Tukey post hoc test; %P <0.05, two-way ANOVA with least significant difference post hoc test; *¥P < 0.05 and TP < 0.01, two-way ANOVA with Tamhane’s
T2 post hoc testing). Black bars indicate WT; white bars indicate KI. Blue recording is WT MCAO; green recording is KI MCAO.

Impaired clearance of damaged proteins caused by compro-
mised UPP function after brain ischemia may result in compensa-
tory activation of autophagy. The ratio of LC3BII to LC3BI was
significantly increased in ipsilateral penumbra in WT mice 24 h
after MCAO, indicating activation of autophagy; this effect was not
observed in KI mice (SI Appendix, Fig. S2). Another autophagy-
related molecule, the Bcl2-interacting protein beclin-1, remained
unchanged between WT and KI mice in MCAO and sham groups
(SI Appendix, Fig. S2). These results indicate that activation of
autophagy may occur through a beclin-1-independent mechanism.

Discussion

UCHL1 exhibits dual actions: it ligates ubiquitin onto proteins
and hydrolyzes ubiquitin from proteins (8). UCHLI has been
shown to ligate K-48 and K-63 ubiquitin chains to proteins (8).
Thus, UCHLI has been proposed to be an important component
of the UPP and has important signal-transduction effects in
neurons. As the UPP is a crucial mechanism by which accu-
mulations of abnormal proteins within neurons are degraded,
UCHLI may play an important role in removing abnormal
protein aggregations within neurons after ischemia (15, 21, 22).
In the present study, there was significantly less accumulation of

4646 | www.pnas.org/cgi/doi/10.1073/pnas.1821282116

K-48-linked poly-Ub proteins and a decrease in the ratio of
LC3BII to LC3BI in ischemic cortex of KI mice compared with
WT. These results suggest that the UCHL1 C152A mutation
preserves UPP function and that activation of autophagy is not
required to remove damaged proteins after stroke. Excessive
amounts of ubiquitin proteins form protein aggregates within
neurons after transient ischemia and have been hypothesized to
result in the unfolded protein response and neuronal cell death
(23). Thus, preservation of gray matter demonstrated by de-
creased tissue loss in the ischemic cortex of KI mice may be the
result of preservation of UPP function.

Polymerization of ubiquitin at its lysine 63 (K-63) site is not
associated with the UPP; rather, K-63 polyubiquitination has been
shown to alter the structure and function of a host of proteins and
has therefore been implicated in a variety of signal transduction
and transport pathways (24). Therefore, UCHL1 may have func-
tions in addition to protein degradation. The selective expression
of UCHLI in neurons suggests that it may have neuron-specific
functions (21, 25-27). UCHLI closely interacts with proteins of the
neuronal cytoskeleton and may play an important role in axonal
transport and maintaining axonal integrity (8, 12). Mutation or
disruption of UCHLI1 in mice leads to severe axonal pathology and
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Fig. 4. UCHL1 C152A KI and WT mice underwent MCAO or sham surgery and were killed at 24 h post injury. Brain tissue lysates were prepared from ip-
silateral (marked as “i”) and contralateral (“c") cortical penumbral samples. (A, Left) Representative immunoblots of lysates probed with anti-poly-Ub, poly-
Ub K48 (K48), poly-Ub K63 (K63), and monoubiquitinated (mono Ub) antibodies. (A, Right) Densitometric analysis of immunoblots normalized to respective
contralateral tissue lysate. (B, Upper) Immunoblot of lysates probed with anti-UCHL1 antibody. (B, Lower) Densitometric analysis of immunoblots of ipsilateral
normalized to WT sham ipsilateral (n = 8-10 per group; *P < 0.05 and **P < 0.01, two-way ANOVA with Bonferroni post hoc testing; ¥*P < 0.05, two-way
ANOVA with Tamhane’s T2 post hoc testing). NS, not significant. Data are means + SEM, with B-actin as loading control.

synaptic dysfunction (28). A mutation in UCHLI1 produces gracile
axonal dystrophy (GAD) characterized by axonal degeneration
and spheroid formation and dying-back-type axonal degeneration
(29). GAD mice have extensive sensory ataxia followed by pro-
gressive motor paresis (30, 31). Loss of UCHLI function caused by
a missense mutation in humans (UCHL1 E7A) leads to early-onset
progressive neurodegeneration characterized by childhood-onset
blindness, cerebellar ataxia, nystagmus, dorsal column dysfunction,
and spasticity with upper motor neuron dysfunction (6). UCHLI1
also regulates synaptic function and LTP under normal and path-
ological conditions and may play an important role in memory (13).
UCHL1-null mice have abnormal synaptic transmission at the
neuromuscular junction and accumulation of tubulovesicular
structures at the presynaptic nerve terminals (6, 7). UCHLI-
null mice exhibit neurodegeneration with progressive motor
impairment and pathology in dendritic spines of the cortico-
spinal neurons (31-33). These and other findings suggest that
UCHLL1 may play a major role in maintaining axonal transport
and synaptic function and is essential in maintaining normal
motor function (13, 34, 35).

In the present study, we found that there is increased detection
of K-63 Ub-proteins 24 h after MCAO in WT mice, but no sig-
nificant increase in K-63 Ub-proteins in KI mice. These finding
are in contrast to the observation that UCHLI1 dimerization-
dependent ligase activity results in K-63 polyubiquitination of
a-synuclein in vitro (8); however, the role of UCHL1 dimers in
vivo is uncertain (36). The finding in the present study is con-
sistent with the observation that UCHLI1 inhibition increases
accumulation of K63-linked Ub-proteins in tissue, perhaps as a
result of loss of UCHLI hydrolase activity (37). There were no
differences in expression of UCHL1 between WT and KI in sham
vs. MCAO mice. Thus, the increased detection of K-48 and
K-63 poly-Ub proteins is consistent with a decreased activity of
UCHLI1 after ischemia, in keeping with inactivation of the en-
zyme by binding of reactive lipids to the C152 site on UCHLI1.

Many neuroprotective strategies have been developed that
target exclusively neuronal cell death mechanisms and gray
matter injury, but none have succeeded in clinical trials (38).
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One hypothesis for this failure of translation is that stroke also
produces extensive white matter injury by distinct mechanisms
(1). There is increasing evidence that long-term behavioral out-
come may be more dependent on white matter function than
selective neuronal cell death (39). Stroke has been shown to
produce substantial degradation in axonal function that can lead
to a complete loss of conduction in axons (40). These patho-
logical alterations in axons can be the result of damage of oli-
godendrocytes produced by ischemia or by damage to axons
themselves (41-43) and are not reversed by therapies that target
neuron-specific mechanisms.

The present data support an important role for UCHLI1 in
maintaining the integrity and recovery of function of axons after
cerebral ischemia. UCHL1 C152A KI mice exhibited signifi-
cantly less axonal injury vs. WT after MCAO as detected by SMI-
32 antibody. There was also significantly less loss of myelin de-
tected by MBP immunohistochemistry in mice bearing the
C152A mutation. In keeping with these data, conduction velocity
in the CC of KI mice was significantly greater than WT controls
7 d after MCAO. By 21 d after ischemia, conduction velocity in
KI CC was not significantly different from sham controls, but
there was persistent reduction in velocity in WT CC after MCAO
compared with sham controls. Taken together, these results
suggest that white matter injury is attenuated by the C152A
mutation in UCHLI1 and that UCHL1 may play an important
role in preserving axonal function and promoting axonal re-
covery after ischemia.

Firing activity of neurons in the postischemic brain may be
affected by the changes of the intrinsic membrane properties.
Previous studies have shown that expression of intrinsic ion
channels in neurons are down-regulated after ischemia (44—47).
In the present report, there were changes in excitability of layer
2/3 pyramidal neurons in the periinfarct zone. Importantly, the
UCHLI1 mutation helped to preserve excitability of neurons, as
no changes in firing frequency or action potential threshold were
observed in KI mice at 7 d and 21 d post ischemia. A decrease in
excitability of periinfarct pyramidal neurons might exacerbate
the decrease in synaptic excitation observed in those neurons,

PNAS | March5,2019 | vol. 116 | no.10 | 4647

NEUROSCIENCE



L T

/

1\

=y

shutting down neuronal activity critically important for postischemic
recovery (48). Because UCHLI may regulate protein stability in a
variety of neuronal proteins through the UPP, it may also be im-
portant in preserving normal intrinsic excitability of neurons in
addition to axonal and synaptic function.

Axonal injury may also lead to a decrease in synaptic function
and neuronal activity by decreasing the number of functional
synaptic inputs to neurons. Immediately after stroke, there is an
acute decrease in neuronal activity in the periinfarct zone that
may be caused by reduction in excitatory inputs (49, 50). In the
following days and weeks, synaptogenesis and restoration of
axonal function in the periinfarct zone may result in recovery of
synaptic function and restoration of normal neuronal activity (51,
52). Increased excitatory signaling has been detected as early as
3-7 d after stroke (53, 54). An increase in evoked EPSPs in
periinfarct zones has been observed as early as 5 d after stroke
(48). In the present study, there were deficits in excitatory sig-
naling in the periinfarct cortex in WT mice after ischemia: fre-
quency of sSEPSCs and mEPSCs was decreased 7 d after MCAO.
Reduction in sSEPSC and mEPSC frequency may result from a
reduction in the number of excitatory inputs. The loss of excit-
atory inputs is likely caused by loss of axonal terminals as a result
of axonal damage or death of neuronal cell bodies in gray matter.
These changes may hinder recovery by thwarting plasticity as-
sociated with glutamatergic synapses. The EPSC data from KI
mice indicate that the UCHL1 C152A mutation is responsible
for preservation or more efficient recovery of synaptic function
in mice bearing this mutation.

Restoration of axonal integrity, synapses, and intrinsic neu-
ronal properties may underlie recovery of function after stroke.
In the present study, postischemic mice bearing the C152A
mutation had improved short-term motor function as measured
by four-limb symmetry and forelimb outstretch tests and im-
proved long-term motor behavior observed in the cylinder test
compared with postischemic WT mice. Thus, preserved axonal
integrity and synaptic function in mice bearing the UCHLI1
C152A mutation are associated with improved motor recovery,
suggesting that these mechanisms are important determinants of
long-term functional outcome.

The mechanisms that underlie recovery of function after stroke
are complex and interdependent, and it is therefore difficult to
ascertain from these data how much of the observed improvements
in electrophysiological and behavioral recovery are the results of
acute neuroprotective effects vs. more robust recovery mecha-
nisms. Additional studies with in vitro models are needed to ad-
dress the role of UCHLI in repair and recovery mechanisms.

White matter injury is an important cause of disability after
stroke, but there are few therapeutic strategies available that
target its preservation (1). Results from this study demonstrate
that mutation of the UCHL1 C152 site reduces damage to gray
and white matter, resulting in recovery of motor function after
MCAO. These findings support the hypothesis that UCHLI1
activity plays an important role in ischemic neuronal injury and
preserving axonal function after stroke, and that binding of
substrates to the C152 site of UCHLL is important in the path-
ophysiology of injury and recovery. Inhibition of substrate binding
to the C152 site or augmentation of expression of UCHLI1 after
stroke could be useful strategies to preserve gray and white matter
and improve functional outcome after stroke.

Materials and Methods

Generation of the UCHL1 C152A KI Mouse. The BAC technique was used to
construct a UCHL1 C152A Kl mouse as previously described (11). Animal
studies were performed in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health (55). The protocol was approved by the University of Pittsburgh
Institutional Animal Care and Use Committee (protocol no. 1S00001941).
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Cortical Primary Neuron-Enriched Culture from WT and UCHL1 C152A KI Mice.
Mouse cortical primary neuronal cultures were prepared from embryonic
day 17 fetal WT or KI mice as previously described and used for experiments
after 9 days in vitro (17). Cells from the same genotype were pooled before
plating and grown in serum-free Neurobasal medium (Invitrogen) supple-
mented with B27 and GlutaMAX (Invitrogen).

In Vitro Axonal Injury Analysis. In vitro axonal injury analysis was performed as
described previously with minor modifications (11). Axon degeneration quanti-
fication was performed by a blinded investigator as described previously (56, 57).

MCAO. MCAO was induced in WT and KI male mice by making a midline
incision at the trachea, retracting soft tissues, and advancing a silicon-coated
nylon suture into the MCA for a duration of 60 min, as previously described
with some modifications, by a surgeon blinded to the genotype of the mice
(58). Core infarct and penumbral brain tissues were rapidly dissected and
frozen or perfusion-fixed at 24 h, 7 d, and 21 d for analysis by immuno-
blotting or immunohistochemistry (n = 7-10 per group). Mice undergoing
sham surgery were used as controls. Outcome measurements were made by
observers unaware of the experimental group.

Behavioral Assessment. Mouse four-limb symmetry and forelimb outstretch
testing was performed by using methods established by Garcia et al. (59).
Cylinder testing was performed by using methods outlined by Schallert et al.
(60) and Hua et al. (61). Test results were video recorded for analysis by an
investigator blinded to the group.

Brain Tissue Loss Measurement. Mice were euthanized at 21 d after MCAO or
sham surgery by using CO,, followed by brain perfusion fixation with 4%
paraformaldehyde. Brains were embedded in paraffin, cut at 7 pm, and stained
with H&E. The method of Kim et al. was used to quantify tissue loss (62). Tissue
loss is calculated by subtracting surviving gray matter volume in lesioned
hemispheres from gray matter volumes in unlesioned hemispheres and is
expressed as percent unlesioned gray matter volume (63). ImageJ version 1.50i
(National Institutes of Health) was used to measure all areas to avoid bias.

Electrophysiological Recordings. Whole-cell recordings were made from py-
ramidal neurons in layers 2-3 of the mouse neocortex located ~1 mm from
the edge of the infarct visualized by IR differential interference contrast
videomicroscopy by using a Zeiss Axioskop microscope (Carl Zeiss) with a 40x
water immersion objective and a digital video camera (CoolSnap; Photo-
metrics). Voltage and current recordings were performed with a Multi-
Clamp 700A amplifier in bridge-balance mode (Axon Instruments).

Assessment of Excitatory Inputs. sEPSCs were recorded at a holding potential
of =70 mV. mEPSCs were recorded at a holding potential of =70 mV in the
presence of tetrodotoxin to inhibit action potential-mediated excitatory
postsynaptic currents. Spontaneous and miniature events were analyzed by
using the MiniAnalysis program (Synaptosoft).

Analysis of Intrinsic Membrane Properties. Membrane properties of neurons
were analyzed by using Clampfit 10.2 software (Molecular Devices).

Estimation of Axonal Conduction Velocity. Compound action potentials (CAPs)
were evoked from the CC (64, 65). A stimulating electrode was placed ipsi-
lateral to the MCAO-affected area, and a recording electrode was placed
contralateral to the MCAO site (Fig. 3C). We used the approach by Reeves et al.
(65) that enabled separate quantification of CAPs generated by two pop-
ulations of callosal axons. Axonal conduction velocity was estimated as the
ratio of the distance between recording and stimulating electrodes and the
time between the onset of stimulation and the first negative peak for
myelinated fiber response and the second peak for unmyelinated fiber
response.

Proteasome Activity Assay. Chymotrypsin-like activity of the 20S proteasome
was measured in WT and UCHL1 C152A KI mice 24 h after MCAO or sham
surgery. Fluorogenic substrate Suc-[Leu-Leu-Val-Tyr (LLVY)]-7-amino-4-
methylcoumarin cleavage was measured by using a fluorescence-based
assay kit (APT280; Millipore Sigma) following the manufacturer’s instructions.

Data Sharing. Reagents and model organisms will be made available to other
researchers via applicable material transfer agreements and/or licensing
agreements. Data related to this work are available on figshare (https:/doi.
org/10.6084/m9.figshare.7651916).
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Statistical Analysis. Data sets were examined for normality and equal var-
iance before statistical analysis, and outliers were removed as determined by
using 1.5x interquartile range (SPSS version 24; IBM). Data are expressed as
means + SEM and were analyzed by using two-way ANOVA with Tukey (equal
variances) or Tamhane’s T2 (unequal variances) post hoc testing unless oth-
erwise noted. Cell viability was analyzed by using an independent-samples
t test, and brain tissue loss was analyzed with the nonparametric Mann-
Whitney U test. Results were considered significant at P < 0.05.
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