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ARTICLE INFO ABSTRACT

Keywords: Huntington's disease (HD) is a hereditary neurodegenerative disorder caused by an expansion of a CAG repeat in
Cognitive function the huntingtin (htt) gene, which results in an aberrant form of the protein (mhtt). This leads to motor and cogni-
DARPP-32 tive deficits associated with corticostriatal and hippocampal alterations. The levels of STriatal-Enriched protein
Hippocampus

tyrosine Phosphatase (STEP), a neural-specific tyrosine phosphatase that opposes the development of synaptic
strengthening, are decreased in the striatum of HD patients and also in R6/1 mice, thereby contributing to the
resistance to excitotoxicity described in this HD mouse model. Here, we aimed to analyze whether STEP inacti-
vation plays a role in the pathophysiology of HD by investigating its effect on motor and cognitive impairment
in the R6/1 mouse model of HD. We found that genetic deletion of STEP delayed the onset of motor dysfunc-
tion and prevented the appearance of cognitive deficits in R6/1 mice. This phenotype was accompanied by an
increase in pERK1/2 levels, a delay in the decrease of striatal DARPP-32 levels and a reduction in the size of
mhtt aggregates, both in the striatum and CA1 hippocampal region. We also found that acute pharmacological
inhibition of STEP with TC-2153 improved cognitive function in R6/1 mice. In conclusion, our results show that
deletion of STEP has a beneficial effect on motor coordination and cognition in a mouse model of HD suggesting
that STEP inhibition could be a good therapeutic strategy in HD patients.

Motor coordination

Mutant huntingtin aggregates
phosphoERK1/2

Striatum

1. Introduction HD patients present motor disturbances, manifested as involuntary

choreiform movements, and difficulty in controlling voluntary move-

Huntington's disease (HD) is an autosomal dominant progressive
neurodegenerative disorder caused by an expansion of a CAG repeat in
the exon-1 of the huntingtin (htt) gene (HDCR, 1993). Htt protein has
a ubiquitous expression all over the organism, and in the brain it is
mostly expressed in neurons (Landwehrmeyer et al., 1995). When the
mutation in the htt gene exceeds 36 CAG repeats the lengthening of the
polyglutamine (polyQ) chain of htt protein alters its biological functions
and induces self-association (Kremer et al., 1994). Mutant htt (mhtt) ag-
gregates localize mainly in the nucleus of striatal and cortical neurons
(Difiglia et al., 1997), being a pathological hallmark of HD.

ment mostly due to the preferential loss of GABAergic projection neu-
rons (medium-sized spiny neurons) in the caudate nucleus and putamen
(Vonsattel et al., 1985). However, lately it has been proposed that the
first symptoms in HD patients are cognitive deficits, such as altered ac-
quisition of new motor skills, planning and memory, and paired atten-
tion, which become more evident as the disease progresses. Cognitive
deficits are related to the dysfunction of the corticostriatal pathway and
the hippocampus (Puigdellivol et al., 2016).

Even though the molecular mechanisms underlying the pathophys-
iology of HD have not been fully elucidated yet, it is known that the
presence of mhtt induces the disruption of the tight balance between
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Fig. 1. Motor dysfunction and striatal DARPP-32 reduction are delayed in R6/1 STEP KO mice. The rotarod task (A) was performed weekly, at 16 rpm, in all groups from 9 to 24 weeks
of age (WT n=11; R6/1 n=9; STEP KO n =9 and R6/1 STEP KO n = 8). The accelerating rotarod task (B) was performed at 18 (WT n = 14; R6/1 n = 10; STEP KO n =9 and R6/1
STEP KO n = 8) and 24 (all genotypes n = 8) weeks of age. The latency to fall is expressed as mean = SEM. pERK1,/21¥:202/1y1204 (C) and DARPP-32 (D) protein levels were analyzed in the
striatum of mice at 12 (n = 11 per genotype), 18 (n = 9 per genotype) and 24 (n = 6 per genotype) weeks of age. Values obtained by densitometric analysis are expressed as percentage
of WT mice and are shown as mean + SEM. Representative immunoblots are shown. (E) Representative images showing DARPP-32 immunoreactivity in the striatum of all genotypes at
different ages. Scale bar 1000 pm. Graphs show the mean fluorescence intensity of DARPP-32 in all genotypes at 12, 18 and 24 weeks of age. Results are expressed as a percentage of WT
and are shown as mean + SEM (n = 3-4 for each genotype and age). Data were analyzed by two-way ANOVA with Bonferroni's as a post hoc. *p < .05 and ***p < .001 versus WT and STEP
KO mice (A, B, C and D); #p < .05 and #*##p < .001 versus R6,/1 mice (A, B and C); &p < .05 versus R6,/1 STEP KO mice (b and d). *p < .05, **p < .01 and *** p < .001 versus WT mice (C).
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<« Fig. 2. R6/1 STEP KO mice show improved hippocampal-dependent cognitive function. NOLT, NORT and T-SAT were used to analyze cognitive function in 12week-old (A) WT, R6/1,

STEP and R6/1 STEP KO mice and in 18 week-old (B) STEP KO and R6/1 STEP KO mice. Graphs show the percentage of preference for the object (NOLT and NORT) and the arm (T-SAT).
Bars represent mean = SEM (n = 11 for WT; n = 9 for R6/1; n = 7 for STEP KO; n = 5 for R6/1 STEP KO). pERK1/27yr202/Ty1204 Jevels were analyzed by Western blot of protein extracts
obtained from the hippocampus of all genotypes subjected to cognitive tests at 12 (A) and 18 (B) weeks of age. Representative immunoblots are shown. Data were analyzed by two-way
ANOVA with Bonferroni's as a post hoc (A) and Student's t-test (B). *p < .05; **p < .01; ***p <.001; ****p < .0001 compared to old object/location (in NOLT and NORT), to old arm

(T-SAT) or to WT, STEP KO and R6/1 STEP KO mice (pERK1/2 levels).

protein phosphatases and kinases (Saavedra et al., 2011a). STriatal-En-
riched protein tyrosine Phosphatase (STEP) is highly expressed in the
striatum and at lower levels in the cortex, hippocampus and amygdala
(Boulanger et al., 1995). It is encoded by Ptpn5 gene and alternative
splicing produces four isoforms (Lombroso et al., 1991). The active and
most common isoforms are the cytosolic STEP,,, only expressed in the
striatum, and the membrane-associated STEPg; (Boulanger et al., 1995;
Bult et al., 1997). STEP regulates the phosphorylation of several sub-
strates, all of them implicated in synaptic plasticity, such as ERK1/2
(Lombroso et al., 2016).

STEP levels and activity are altered in several neurodegenerative
and psychiatric disorders (Karasawa and Lombroso, 2014). In HD, STEP
mRNA levels are decreased in the brain of patients (Hodges et al., 2006)
and its activity is decreased in the striatum, hippocampus and cortex of
HD mouse models (Saavedra et al., 2011b). Furthermore, reduced STEP
activity, and consequent increased pERK1/2 levels, in the striatum of R6
mouse models of HD participates in the development of the resistance
to excitotoxity, indicating that the progressive reduction of STEP in HD
brain could be neuroprotective (Saavedra et al., 2011b). Indeed, the ex-
citotoxin-sensitive YAC128 HD mouse model has increased STEP activ-
ity at striatal postsynaptic densities (Gladding et al., 2012).

In the present study, we asked whether STEP inactivation could be
neuroprotective in HD. To answer this question, we evaluated the mo-
tor and cognitive effect of the genetic knock out and pharmacological
inhibition of STEP in R6/1 mice. Our results show that STEP inhibition
improves motor coordination and cognition in R6/1 mice.

2. Methods
2.1. Animals

Wild-type (mhtt~/~ STEP*/*+; WT), R6/1 (mhtt*/~ STEP*/*), STEP
KO (mhtt~/~ STEP~/-), and R6/1 STEP KO (mhtt*/~ STEP~/~) male mice
were maintained in a C57BL6 background and genotyped by poly-
merase chain reaction as described previously (Mangiarini et al., 1996;
Venkitaramani et al., 2009). Since the original background of R6/1 mice
was B6CBA (Jackson Laboratory, Bar Harbor, ME), we first backcrossed
them for ten generations to C57BL6 background, the same as STEP KO
mice, in order to avoid background interferences. To obtain R6/1 STEP
KO colony we crossed R6/1 females with STEP KO males and the re-
sultant mhtt*/~ STEP*/~ heterozygous mice were crossed with STEP KO
mice afterwards. Thus, WT animals were mated with R6/1 mice, obtain-
ing both genotypes, and STEP KO mice with R6/1 STEP KO mice (Fig.
S1). Our R6/1 and R6/1 STEP KO colonies have around 300 CAG re-
peats in the striatum and hippocampus (Supplementary Table 1). The
number of CAG repeats was analyzed using the Adellgene Huntington
Disease Kit (BDR, Spain) following the manufacturer's instructions. Ani-
mals were housed in cages lined with sawdust under a standard 12/12h
light/dark cycle (lights on at 08:00am) with food and water available
ad libitum. Every effort was made to minimize animal suffering and to
use the minimum number of animals per group and experiment.

2.2. Behavioral assessment

2.2.1. Body weight and clasping

Body weight and clasping were measured weekly from 8 to 24 weeks
of age. Clasping was measured suspending mice from their tail and ob-
serving the hind limb position for 30s. Mice were scored according
to the following criteria: 0 = no clasping, 1 = clasping two paws and
2 = clasping all paws (Anglada-Huguet et al., 2014).

2.2.2. Rotarod

Motor coordination was evaluated using the rotarod apparatus
(30mm diameter). A batch of 8-week-old animals was trained at a con-
stant speed (4rpm) until the animal remained during 60s above the ap-
paratus. Next week, mice were evaluated once a week at 16rpm un-
til they were 24 week-old. Each mouse performed three separate trials
at a maximum of 180s and the latency to fall was recorded. Different
batches of mice of 8, 12, 18 and 24 weeks of age performed the accel-
erating version. In this task, the rotation speed gradually increases from
4 to 40rpm over the course of 5min. Each animal performed 12 trials
during three consecutive days and the latency to fall was recorded.

2.2.3. Novel object location test (NOLT)

The object location memory task evaluates spatial memory and is
based on the ability of mice to recognize when a familiar object has been
relocated. Mice (12 and 18 weeks of age) were first habituated to the
arena (40 X 40 x 70cm) in the absence of objects (2 sessions of 10 min).
On the third day, during the acquisition phase, mice were allowed to
explore for 10 min two duplicate objects that were placed in the far cor-
ners of the arena. Four different cues were placed on the top of the wall
of the arena, far enough from mice to avoid physical contact. After a de-
lay of 24h, 1 object was placed in the corner diagonally opposite. Thus,
both objects in this phase were equally familiar, but one was in a new
location. The position of the new object was counterbalanced between
mice. The location preference was measured as the time exploring each
location X 100/time exploring both locations (Anglada-Huguet et al.,
2014). Animals were tracked and recorded with SMART Junior software
(Panlab, Spain).

2.2.4. Novel object recognition test (NORT)

This paradigm is based on the natural tendency of mice to spend
more time exploring a novel object than a familiar one. Mice (12 and
18weeks of age) were first habituated to the arena (40 x 40 X 70cm)
in the absence of objects (2 sessions of 10min). On the third day,
two similar objects were presented to each mouse during 10min, af-
ter which they were returned to their home cage. 24 h later (long-term
memory), the same animals were retested for 5min in the arena with
a familiar and a new object. The object preference was measured as
the time exploring each object x 100/time exploring both objects
(Anglada-Huguet et al., 2014). Animals were tracked and recorded with
SMART Junior software.

2.2.5. T-magze Spontaneous Alternation Task (T-SAT)

The apparatus consisted of 3 arms (45 X 8 X 20cm), two of them
situated at 180° from each other, and the third representing the stem
arm of the T, situated at 90° with respect to the other two. Two identi-
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< Fig. 3. The size of striatal and hippocampal mhtt aggregates is reduced in R6/1 STEP KO mice. Mhtt aggregates were analyzed by immunohistochemistry in 12, 18, and 24 week-old
R6/1 and R6/1 STEP KO mice striatum (A, C) and hippocampus (B, D). Representative images are shown. Scale bar 50 pm. (A, B) Graphs show the mean area and (C, D) the density of
mhtt aggregates expressed as a percentage of R6/1 mice and shown as mean + SEM (n = 3 for R6/1 and n = 4 for R6/1 STEP KO). Data were analyzed by the Student's t-test. *p < .05;

**p <.01; ***p < .001; ****p < .0001 compared to R6/1 mice.
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Fig. 4. Pharmacological inhibition of STEP improves cognitive function in R6/1 mice. Vehicle or TC-2153 (10mg/kg) was administered to 12week-old WT and R6/1 mice 3h prior to
training sessions of NOLT and NORT. Graphs show the percentage of preference for the object and are expressed as mean + SEM (n = 5 for WT and R6/1 + vehicle and R6/1 + TC-2153;
n =7 for WT + TC-2153). Data were analyzed by two-way ANOVA with Bonferroni's as a post hoc. *p < .05; **p < .01; ***p < .001; ****p < .0001 compared to old object.

cal guillotine doors were placed in the entry of each arm. Light inten-
sity was 51x throughout the maze. In the training session, one arm was
closed (new arm) and 12 and 18 week-old mice were placed in the stem
arm of the T and allowed to explore this arm and the other available
arm (old arm) for 10 min, after which they were returned to the home
cage. After 4h (long-term memory), mice were placed in the stem arm
of the T-maze and allowed to freely explore all 3 arms for 5min. Arm
preference was determined by calculating the time spent in each arm X
100/time spent in both arms (familiar and novel) (Anglada-Huguet et
al., 2014). Animals were tracked and recorded with SMART Junior soft-
ware.

2.2.6. Pharmacological treatment

Twelve-week-old WT and R6/1 male mice were administered i.p.
with vehicle (2% DMSO in saline) or TC-2153 (10mg/kg) 3h prior
training sessions of NOLT and NORT, as described elsewhere (Xu et al.,
2014). The same mice were used in both tests with a washout period of
two days between them.

2.2.7. Total protein extraction and Western blot analysis

Animals were killed by cervical dislocation and the hippocampi
and striata were rapidly removed on ice. Tissue was homogenized in
lysis buffer [50mM Tris-HCl (pH7.5), 150mM NaCl, 10% glycerol,
1% Triton X-100, 100mM NaF, 5uM ZnCl, and 10mM EGTA] plus
protease inhibitors [phenylmethylsulphonyl fluoride (2mM), aprotinin
(1 pg/ml), leupeptin (1 pg/ml) and sodium orthovanadate (1 mM)] and
centrifuged at 16,100g for 20min. The supernatants were collected
and the protein concentration was measured using the DC protein as-
say kit (Bio-Rad, Hercules, CA, USA). Western blot analysis was per-
formed as previously described (Saavedra et al., 2011b). The follow-
ing primary antibodies were used: anti-STEP (23E5; 1:1000), pan-ERK
(1:1000), anti-phospho-ERK1,/2Ty1202/Tyr204 (pERK1/2; 1:1000), all from
Santa Cruz Biotechnology (Santa Cruz, CA, USA), and anti-DARPP-32
(1:1000; BD Bioscience, San Jose, CA USA). All of them were incu-
bated overnight at 4°C. Mouse monoclonal antibody against a-tubu-
lin (1:50,000; Sigma, St. Louis, MO, USA) was used to obtain a load-
ing control. After incubation with primary antibodies, membranes were
washed with Tris-buffered saline containing 0.1% Tween-20 (TBS-T),
incubated for 1h (15min for loading controls) at room temperature
with the corresponding horseradish peroxidase-conjugated antibody

(1:2000; Promega, Madison, WI, USA) and washed again with TBS-T.
Immunoreactive bands were visualized using the Western Blotting Lu-
minol Reagent (Santa Cruz Biotechnology) and quantified by a com-
puter-assisted densitometer (Gel-Pro Analyzer, version 4, Media Cyber-
netics).

2.3. Immunohistochemistry

Coronal sections (30pm) of the whole brain were obtained.
Anti-DARPP-32 (1:1000; BD Bioscience, San Jose, CA, USA) antibody
was used for free-floating immunofluorescence that was performed as
described elsewhere (Rué et al., 2016). After primary antibody incuba-
tion, slices were washed three times and then incubated for 2h shak-
ing at room temperature with Cyanine-3 anti-mouse (1:300; Jackson Im-
munoResearch, West Grove, PA, USA). Nuclei were stained with DAPI —
Fluoromount (SouthernBiotech, Birmingham, AL, USA). DARPP-32 stri-
atal staining was examined and photographed at 2 X using an Olympus
BX60 epifluorescence microscope (Olympus, Tokyo, Japan) equipped
with an Orca-ER cooled CCD camera (Hamamatsu Photonics, Hama-
matsu, Japan). Anti-EM48 (1:150; Millipore, Billerica, MA, USA) anti-
body was used for htt aggregates detection. Sections were incubated
with biotinylated secondary antibody (1:200; Thermo Fisher, Rockford,
IL, USA), and developed with Diaminobenzidine (DAB), as previously
described (Anglada-Huguet et al., 2014). DARPP-32 and EM48 stainings
were examined in 8 slices per animal separated by 240 um (covering
the entire striatum or CA1 hippocampal regions) by using Computer-As-
sisted Stereology Toolbox (CAST) software (Olympus Danmark A/S). All
images were analyzed using CellProfiler Analyst software (Jones et al.,
2008).

2.4. Statistical analysis

All data are expressed as mean = SEM. Different statistical analyses
were performed with Prism 5.0 (GraphPad Software, La Jolla, CA, USA)
using the Student's t-test or the one- or two-way ANOVA, followed by
Bonferroni's post hoc test as appropriate and indicated in the figure leg-
ends. Any value lower or higher than two times standard deviation away
from the mean was considered an outlier and was excluded from the
study. Values of p < .05 were considered statistically significant (95%
confidence).
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3. Results

3.1. Lack of STEP delays motor coordination dysfunction and DARPP-32
levels reduction in R6/1 mice

It has been widely reported that HD mice present motor coordination
impairment in the rotarod test (Puigdellivol et al., 2016). Therefore, we
analyzed motor coordination from 8 to 24 weeks of age in all the geno-
types. Our data confirmed that R6/1 mice presented a progressive mo-
tor dysfunction with an onset at 15 weeks of age (Fig. 1A). Interestingly,
R6/1 STEP KO mice did not show significant motor coordination im-
pairment until 19 weeks of age (Fig. 1A). We also analyzed motor learn-
ing at 8, 12, 18 and 24 weeks of age by using the accelerating rotarod
test. Our results showed that all genotypes performed similarly this task
at 8 and 12 weeks of age (Fig. S2A). However, R6/1, but not R6/1 STEP
KO mice, presented a severe motor dysfunction at 18 weeks of age when
compared with WT and STEP KO mice (Fig. 1B). At 24 weeks of age,
both R6/1 and R6/1 STEP KO mice presented statistically significant
worse performance compared with WT and STEP KO mice (Fig. 1B). Al-
though STEP is a striatal-enriched protein, we did not find alterations
in the fixed or accelerating rotarod in STEP KO mice at any age tested
(Fig. 1A, B) in line with previous studies (Venkitaramani et al., 2011).
In parallel, we measured body weight and clasping neurological reflex.
Our data showed that R6/1 and R6/1 STEP KO mice presented a signifi-
cant reduction of their body weight during the studied period compared
with WT and STEP KO mice (Fig. S2B). However, R6/1 mice started pre-
senting this phenotype at week 12th, one week earlier than R6/1 STEP
KO mice. In the same way, both R6/1 groups presented clasping neuro-
logical reflex, an indicative of neurological dysfunction, but R6/1 STEP
KO mice developed this phenotype later than R6/1 mice (Fig. S2C).

Next, we analyzed the molecular consequences of the lack of STEP
activity in the striatum. First, we confirmed the absence of STEP,,; and
STEPg; in the striatum of STEP KO and R6/1 STEP KO mice, and we
detected the decrease of both isoforms levels in the striatum of R6/1
mice at 12, 18 and 24 weeks of age (Fig. S3) as previously described
(Saavedra et al., 2011b). As a readout of the lack of STEP activity, we
analyzed the levels of pERK1/2, one of the substrates of STEP, We ob-
served increased pERK1/2 levels in the striatum of STEP KO and R6/1
STEP KO mice from 12 to 24 weeks of age (Fig. 1C).

We also analyzed DARPP-32, a striatal medium-sized spiny neurons
marker, whose levels are reduced in HD mice from early stages of the
disease (Bibb et al., 2000). Western blot results showed that R6/1 mice
presented a significant decrease in DARPP-32 levels in all the ages an-
alyzed when compared with WT and STEP KO mice (Fig. 1D). Inter-
estingly, in R6/1 STEP KO mice the decrease in DARPP-32 levels was
delayed since it was detected from 18 weeks of age onwards (Fig. 1D).
In addition, 18 week-old double mutant animals showed significantly
higher DARPP-32 levels compared to R6/1 mice (Fig. 1D). Addition-
ally, we analyzed striatal DARPP-32 mean intensity and striatal volume
by immunohistochemistry. As observed by Western blot, R6/1 mice dis-
played a significant reduction of DARPP-32 mean intensity in all the
ages analyzed in comparison to WT and STEP KO mice (Fig. 1E). In con-
trast, DARPP-32 mean intensity in double mutant mice was only signifi-
cantly reduced at 24 weeks of age compared with WT and STEP KO mice
(Fig. 1E). Striatal volume was similar in all the genotypes and ages ana-
lyzed (Fig. S4).

3.2. Lack of STEP improves hippocampal-dependent cognitive function and
increases hippocampal pERK1/2 levels in R6/1 mice

As previously described by our group, R6/1 mice show long-term
memory (LTM) deficits in recognition and spatial memory from

Neurobiology of Disease xxx (2018) xxx-xxx

12weeks of age (Giralt et al., 2011). In order to determine the effect of
constitutive STEP genetic deletion on the cognitive ability of R6/1 mice,
we performed the NOLT, NORT and T-SAT. We started evaluating cog-
nition at 12weeks of age. In the NOLT and NORT, during the training
session all mice explored equally the two identical objects (A and A"),
indicating no object preference (Fig. S5). During the test session in the
NOLT and NORT, WT, STEP KO and R6/1 STEP KO mice explored sig-
nificantly more time the object that was re-located or changed, while
R6/1 mice did not show significant preference for the new object/lo-
cation (Fig. 2A). Similarly, in the T-SAT, the analysis of the time spent
exploring the familiar and the novel arm showed that WT, STEP KO and
R6/1 STEP KO mice spent significantly more time in the novel arm than
in the familiar one, whereas R6/1 mice explored both equally (Fig. 2A).

To analyze whether the cognitive improvement observed in
12week-old R6/1 STEP KO mice was maintained or lost at later stages,
we tested cognition at 18 weeks of age. Since our previous results al-
ready showed hippocampal-dependent memory deficits in R6/1 mice at
12weeks of age, we only tested cognition at 18 weeks of age in double
mutant mice, and compared them to STEP KO mice as controls. As pre-
viously described (Venkitaramani et al., 2011), we observed that STEP
KO mice had preserved memory since they explored significantly more
time the re-located object in the NOLT, the novel one in the NORT and
the new arm in the T-SAT (Fig. 2B). Interestingly, R6/1 STEP KO mice
also presented conserved memory in these three tests (Fig. 2B).

After confirming the absence of STEPg; in the hippocampus of STEP
KO and R6/1 STEP KO mice (Fig. S6A), we next analyzed pERK1/2, a
key STEP substrate in LTM formation (Adams and Sweatt, 2002). No
significant differences in basal pERK1/2 levels were detected between
genotypes at 12 and 18 weeks of age (Fig. S6B). However, when analyz-
ing the levels in those animals subjected to cognitive tests at 12weeks,
sacrificed 1h after the T-SAT, we found an increase of 38.91 + 12.24%
in pERK1/2 levels in R6/1 STEP KO mice compared with R6/1 mice
(Fig. 2A). Regarding those animals subjected to cognitive tests at
18 weeks of age, we observed similar pERK1/2 levels in STEP KO and
R6/1 STEP KO mice (Fig. 2B).

3.3. Lack of STEP reduces mhtt aggregate size in R6/1 mice

Since the presence of mhtt aggregates is the principal hallmark of
HD (Difiglia et al., 1997), we analyzed whether the lack of STEP could
affect their presence in the striatum and hippocampus of R6/1 mice. We
found that R6/1 STEP KO mice, in comparison to R6/1 mice, presented
a reduction in the mean area (Fig. 3A), but not in the density (Fig. 3C),
of striatal mhtt aggregates at all the ages analyzed. Similarly, in CAl
hippocampal region mhtt aggregates were smaller in R6/1 STEP KO in
comparison to R6/1 mice at 12 and 18 weeks of age (Fig. 3B). Regarding
mhtt aggregates density in this region, there was a significant decrease
at 12 weeks of age in double mutant mice compared to R6/1. Neverthe-
less, this difference was lost at 18 weeks of age (Fig. 3D).

3.4. Acute STEP inhibition improves hippocampal-dependent memory in
R6/1 mice

To investigate whether an acute inhibition of STEP could repro-
duce the cognitive improvements found when STEP was genetically
removed, we used TC-2153, a highly specific STEP inhibitor (Xu et
al., 2014). We treated 12week-old WT and R6/1 mice with 10mg/kg
TC-21531i.p. 3h prior the training sessions of NOLT and NORT. No ob-
ject preference was observed in the training session of both NOLT and
NORT (Fig. S7). In the testing sessions, we found that WT mice, inde-
pendently of the treatment received, explored significantly more time
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the new location/object in the NOLT and NORT. On the other hand, and
as expected, vehicle-treated R6/1 mice were not able to discern between
the old and the new object/location and explored equally both objects
in the two tests. Interestingly, R6/1 mice treated with TC-2153 showed
preserved memory and explored significantly more time the new loca-
tion and object in the NOLT and NORT, respectively (Fig. 4).

4. Discussion

In the present study, we show that the genetic lack of STEP delays
motor coordination and learning impairment and prevents hippocam-
pal-dependent cognitive deficits in the R6/1 mouse model of HD. In ad-
dition, the acute pharmacological inhibition of STEP also improves cog-
nitive ability in R6/1 mice.

Here we found that genetic deletion of STEP in the R6/1 mouse
model had a slightly beneficial effect on body weight and clasping re-
flex, since R6/1 STEP KO mice presented alterations one week later than
R6/1 mice. This time course of body weight loss was similar to that pre-
viously described in transgenic R6/1 mice in hybrid (CBA x C57BL6)
(Clifford et al., 2002; Dowie et al., 2010) and inbred (C57BL6) (Brooks
et al., 2012) background. Since STEP is a neural protein, it is not surpris-
ing to find only a little effect on body weight in those animals lacking
this protein. Regarding clasping reflex, our C57BL6 R6/1 mice started
presenting this alteration at 12weeks of age, slightly before than pre-
viously reported for R6/1 hybrid mice (Anglada-Huguet et al., 2014;
Mangiarini et al., 1996).

Remarkably, we found that lack of STEP notably delayed the on-
set of motor dysfunction in HD mice as shown by the performance
of R6/1 STEP KO mice in the rotarod. While R6/1 mice started to
present deficits in motor coordination at 12-13weeks of age in the
fixed rotatod, earlier than previously described for R6/1 hybrid mice
(Anglada-Huguet et al., 2014), it was not until 19 weeks of age when the
double mutant mice started performing worse. Similarly, at the accel-
erating rotarod, R6/1 presented deficits in motor learning at 18 weeks
of age, but it was not until 24 weeks of age when R6/1 STEP KO mice
showed alterations in this task. As previously reported (Venkitaramani
et al., 2011), STEP KO mice did not present alterations in motor tasks,
since their performance in fixed and accelerating rotarod was compa-
rable to those of WT. Altogether, these results suggest that the lack of
STEP delays the onset of alterations in motor coordination and motor
learning in R6/1 mice.

In addition to this phenotype, we observed a constitutive increase of
PERK1/2 levels in the striatum of R6/1 STEP KO mice. Accordingly, a
recent work supports that the inhibition of STEP, and the consequent
increase in the phosphorylation of its substrates, including pERK1/2, is
beneficial for motor learning (Chagniel et al., 2014). On the other hand,
we found a decrease of DARPP-32 levels in R6/1 mice at all the ages an-
alyzed, consistent with previous studies showing decreased DARPP-32
levels as a hallmark of striatal degeneration in HD (Bibb et al., 2000;
Rué et al., 2016; Vonsattel et al., 1985). In contrast, the levels of stri-
atal DARPP-32 in double mutant mice were maintained until 18 weeks
of age, a week before the onset of motor deficits in the rotarod. In-
terestingly, we observed a reduction in the size of mhtt aggregates in
the striatum of double mutant mice. Previous studies have described
a correlation between the reduction in the size of mhtt aggregates
and motor improvement in pharmacologically treated (Anglada-Huguet
et al., 2014; Chen et al., 2011) and genetically manipulated (Yang
et al., 2017) HD mouse models. Altogether, our results suggest that
lack of STEP induces a general improvement in striatal neuronal func-
tion through the decrease in the size of mhtt aggregates, increased
PERK1/2 levels and the maintenance of DARPP-32 protein levels. How-
ever, it is not enough to counteract the accumulative toxic effects of
mhtt and striatal medium-sized spiny neurons finally become dysfunc-
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tional, as indicated by decreased DARPP-32 levels at 18 weeks of age
and the appearance of motor symptoms.

Regarding hippocampal-dependent memory, we found that STEP KO
mice performed similar to WT mice in NOLT, NORT and T-SAT, as
previously described (Zhang et al., 2010). Interestingly, STEP deletion
prevented LTM deficits in R6/1 mice at 12weeks of age, when this
mouse model already presents cognitive dysfunction. In order to eluci-
date whether this was a permanent improvement or a delay in the on-
set of the deficits, we tested cognition at 18 weeks of age. The present
results and data in the literature have already shown that R6/1 mice
present hippocampal-dependent cognitive dysfunction from 12 weeks of
age (Anglada-Huguet et al., 2014; Giralt et al., 2011; Saavedra et al.,
2013). Thus, we only tested cognition in R6/1 STEP KO mice and com-
pared them to STEP KO mice as controls. Interestingly, we also found an
intact cognitive ability in the double mutant mice, suggesting that lack
of STEP prevents the appearance of cognitive symptoms at least until
18 weeks of age in R6/1 mice. Our results are in accordance with previ-
ous studies showing an important role of STEP in learning and memory
function (Fitzpatrick and Lombroso, 2011; Venkitaramani et al., 2009,
2011). In addition, the genetic reduction of STEP has been proved to
prevent cognitive deficits in a mouse model of Alzheimer's disease (AD)
(Zhang et al., 2010). Thus, low levels of STEP appear to be beneficial in
HD more than participating in the pathophysiology.

In correlation with cognitive improvement in hippocampal-depen-
dent tasks, we observed increased hippocampal pERK1/2 levels in dou-
ble mutant mice after cognitive tests. In line with our results, a previ-
ous study (Venkitaramani et al., 2011) showed a correlation between
increased hippocampal pERK1/2 levels and enhanced performance of
STEP KO mice in hippocampal-dependent learning and memory tasks
(Morris and radial-arm water mazes), reinforcing the importance of
ERK1/2 phosphorylation in memory formation. In fact, decreased lev-
els of hippocampal pERK1/2 have been related to impaired memory in
a mouse model of chronic stress and in a rat model of focal cerebral
ischemia (Li et al., 2016, 2017). Those deficits could be rescued by in-
creasing phosphorylation of ERK1/2 with different pharmacological ap-
proaches (Li et al., 2016; Yabuki et al., 2015). Moreover, phosphoryla-
tion levels of ERK1/2 have been also associated to age-related cognitive
decline (Hu et al., 2015).

In addition to increased pERK1/2 levels, we also found a reduc-
tion in the size of mhtt aggregates in the CA1 hippocampal region. Im-
portantly, this region is critical for new memory formation (Remondes
and Schuman, 2004; Tsien et al., 1996). In this line, it has been shown
that post-hypoxic damage in CAl results in memory impairments (Li
et al., 2016), whereas alterations in cognitive function in AD and HD
have been related to CA1 atrophy and synaptic alterations, respectively
(Bulley et al., 2012; Kerchner et al., 2012; Murphy et al., 2000). In fact,
pharmacological treatment with a prostaglandin E2 EP1 receptor antag-
onist reduced the number of mhtt aggregates in the CA1 hippocampal
region and improved memory alterations in R6/1 mice (Anglada-Huguet
et al., 2014). This suggests that the smaller size of mhtt aggregates may
improve synaptic function in the CA1l region, playing a role, together
with the increase in pERK1/2 levels, in the preservation of memory in
double mutant mice.

How STEP deletion results in a reduction in the size of mhtt aggre-
gates is not clear, but it seems to be an indirect effect. Indeed, we ob-
served that the size of mhtt aggregates in striatum, a STEP-enriched re-
gion, and in CAl hippocampal region, where STEP expression is not
particularly enriched (Kohara et al., 2014; Shinohara et al., 2012), is
equally modulated by the deletion of STEP. This suggests that the bio-
chemical changes observed in both regions result in an overall wellbe-
ing of the cells that allows them to better process the mhtt aggregates.
In this line, the improvement in biochemical parameters and cognitive
function in a mouse model of AD with genetic deletion of STEP was not
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associated with an increased clearance of amyloid plaques (Zhang et al.,
2010).

Interestingly, we show that not only genetic knock out of STEP,
but also pharmacological inhibition of its activity, improved LTM per-
formance in 12week-old R6/1 mice. These results are in accordance
with previous studies describing a beneficial role of TC-2153 on mem-
ory in mouse models of AD and schizophrenia (Xu et al., 2015, 2014).
Thus, taken together, our results suggest that STEP inhibition produces
a mnemonic effect in R6/1 mice.

5. Conclusion

Here, we show that deletion of STEP has a beneficial role on motor
alterations and cognitive deficits in HD, suggesting that the decreased
levels and/or activity previously found in the brain of HD mouse models
do not take part in the pathophysiology, but are beneficial instead. In
addition, our results showing that acute inhibition of STEP activity im-
proves cognitive function suggest that lowering of STEP activity could
be a therapeutic intervention for HD patients.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.08.024.
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