
Serine 421 regulates mutant huntingtin toxicity and clearance in
mice

Ian H. Kratter, … , Eliezer Masliah, Steven Finkbeiner

J Clin Invest. 2016;126(9):3585-3597. https://doi.org/10.1172/JCI80339.
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HD. HTT has a highly conserved Akt phosphorylation site at serine 421, and prior work in HD models found that
phosphorylation at S421 (S421-P) diminishes the toxicity of mutant HTT (mHTT) fragments in neuronal cultures.
However, whether S421-P affects the toxicity of mHTT in vivo remains unknown. In this work, we used murine models to
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a BAC to express either an aspartic acid or an alanine at position 421, mimicking tonic phosphorylation (mHTT-S421D
mice) or preventing phosphorylation (mHTT-S421A mice), respectively. Mimicking HTT phosphorylation strongly
ameliorated mHTT-induced behavioral dysfunction and striatal neurodegeneration, whereas neuronal dysfunction
persisted when S421 phosphorylation was blocked. We found that S421 phosphorylation mitigates neurodegeneration by
increasing proteasome-dependent turnover of mHTT and reducing the presence of a toxic mHTT conformer. These data
indicate that S421 is a potent modifier of mHTT toxicity and offer in vivo validation for S421 as a therapeutic target in HD.
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Introduction
Huntington’s disease (HD) is a devastating neurodegenerative 
disorder with no cure or disease-altering treatment. HD patients 
present clinically with any combination of abnormal movements, 
dementia, and affective changes and eventually succumb to pre-
mature death (1, 2). Pathological inspection of brains of HD patients 
reveals profound atrophy and cell death of medium spiny neurons 
(MSNs) of the striatum, with cortical loss as the disease progresses. 
Surviving neurons often have abnormal nuclear and/or cytoplasmic 
protein aggregates, a pathological hallmark of the disease (3).

HD is inherited in an autosomal dominant fashion, and genet-
ic linkage studies identified huntingtin (HTT) as the gene whose 
mutation causes HD (4). HTT codes for a widely expressed 350-
kDa protein with a polyglutamine (polyQ) repeat of variable 
length near its N-terminus. Although its predominant function is 
unclear, HTT has been implicated in multiple cellular processes, 
including intracellular signaling, metabolism, gene expression, 
intracellular transport, and ciliogenesis (5–7). Expansion of its 
polyQ stretch beyond 36 repeats causes the protein to misfold and 

confers a toxic gain of function (8). However, loss of function of 
the WT allele might also contribute to HD (9). How this polyQ- 
expanded, mutant form of HTT (mHTT) causes selective and pro-
gressive dysfunction and neurodegeneration is unclear.

HD is 1 of at least 9 genetic diseases caused by an abnormal 
polyQ stretch, highlighting the toxicity of polyQ-mediated protein 
misfolding in disease pathogenesis (10). However, host protein 
context has a vital role in pathogenesis. Posttranslational modi-
fications (PTMs) influence the toxicity of several disease-associ-
ated polyQ proteins, including HTT (11, 12). For instance, several 
PTMs localized to the N-terminal 17 amino acids of HTT modu-
late its toxicity (13–18). These residues, immediately preceding the 
polyQ stretch, are well positioned to alter the expansion’s propen-
sity to cause protein misfolding. However, other HTT PTMs far-
ther away from the polyQ repeat region by primary sequence also 
modify mHTT toxicity (19–29).

Serine 421 of HTT is found in an RXRXXS motif and forms a 
consensus Akt phosphorylation site that is highly conserved in ver-
tebrates (19). S421 also can be phosphorylated by the serum- and 
glucocorticoid-induced kinase (SGK) (30). Studies of HTT phos-
phorylated at S421 (S421-P) in cell culture suggest it modulates 
the regulatory role for HTT in vesicular trafficking (31–33) and is 
associated with a decrease in buildup of nuclear mHTT fragments 
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and a series of conserved proteolytic cleavage sites, including 1 
for caspase-6 (12). Given the extensive in vivo data indicating that 
nuclear localization, protein interactions, and proteolytic cleavage 
are critical events in HTT pathogenesis, it is unclear whether and 
how manipulating HTT-S421 in vivo affects pathogenesis. The 
fact that all the work on the role of S421-P with the N-terminal 
480–amino acid fragment was done using overexpression with 
strong nonendogenous viral promoters added to doubts about the 
physiological significance of S421 to HD and whether it is a ther-
apeutic target. HTT has important and varied roles in embryonic 
development (40), but it is unknown whether S421 affects these 
functions. Similarly, HD differentially affects tissues in the CNS 
and periphery, and whether S421 has a role determining cell spec-
ificity and network dysfunction is unknown.

Therefore, to determine whether and to what extent S421 reg-
ulates HTT toxicity and to test S421 as a therapeutic target for HD, 
we generated transgenic mice that express human HTT regulated 
by its endogenous promoter with S421 mutated to mimic or prevent 
phosphorylation. Specifically, we altered the human HTT gene 
within the BAC used to create the BACHD mouse model of HD (41) 
to express HTT-S421D-97Q or HTT-S421A-97Q. We show that 
mimicking phosphorylation strongly ameliorates mHTT-induced 

(34) and NMDA-mediated excitotoxicity (35). PolyQ expansion 
decreases the proportion of HTT phosphorylated at S421 (36, 37), 
and intriguingly, phosphorylation in specific brain tissues cor-
relates inversely with susceptibility to degeneration in HD.

In a primary striatal neuron model of HD based on the over-
expression of an HTT-N480-68Q fragment (38), manipulations 
that increase Akt activity increase S421-P and reduce toxicity of 
HTT-N480-68Q. Mimicking tonic phosphorylation with a ser-
ine–to–aspartic acid mutation (HTT-N480-68Q-S421D) is itself 
sufficient to abrogate toxicity, whereas toxicity persists if phos-
phorylation is blocked with a serine-to-alanine mutation (HTT-
N480-68Q-S421A) (19). The same phosphomimetic mutation or 
either genetic or pharmacological inhibition of calcineurin, a puta-
tive S421 phosphatase, reduces the toxicity of lentivirus-mediated 
expression of HTT-N480-68Q in rat striatum (37).

Although these findings suggest a key connection between 
S421-P and HTT toxicity, critics have pointed out that there is no 
evidence that an N-terminal 480–amino acid fragment is nor-
mally generated during HD. In addition, this fragment is missing 
nearly 85% of the HTT protein, including influential C-terminal 
domains, such as the nuclear export domain (39), highly con-
served protein interaction domains known as HEAT repeats (6), 

Figure 1. Generation and characterization of mHTT transgenic mice with phosphomimetic (S421D) and phosphoresistant (S421A) mutations at S421. 
(A) Schematic of the recombineered BAC cassette, in which S421D or S421A mutations within the original BACHD construct were generated. (B) Represen-
tative Western blot demonstrating expression levels of mHTT from cortical lysates of 2-month-old BACHD, mHTT-S421D, and mHTT-S421A mice. The blot 
was probed with anti-expanded polyQ mAb 4H7H7 and anti–γ-tubulin as a loading control. (C) Quantification of expression levels of mHTT from cortical 
lysates of 2-month-old BACHD, mHTT-S421D, and mHTT-S421A mice. Values are based on the mean of 3 independent 4H7H7 blots, each with lysates 
from at least 3 mice per line compared across different blots by normalization to BACHD samples. Each value was first normalized for input using the 
anti–γ-tubulin control. F = 36.71, S421A vs. BACHD/S421D, P < 0.0001. (D) Quantification of the levels of cortical mHTT transcript in BACHD, mHTT-S421D, 
and mHTT-S421A mice by qRT-PCR. The results are from 4 independent samples per transgenic line, each run in quadruplicate. Values are normalized to 
BACHD mice. F = 51.8, P < 0.0001; S421A vs. BACHD/S421D, P < 0.0001. **P < 0.01; ***P < 0.001; ****P < 0.0001; all by 1-way ANOVA.
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genic polyQ stretches (15). One line of hemizygous mHTT-S421D 
mice expressed mHTT protein at levels similar to those of the orig-
inal BACHD model (Figure 1, B and C). We confirmed this finding 
with 1C2, another mouse mAb that recognizes abnormal polyQ 
stretches (Supplemental Figure 2). We analyzed levels of corti-
cal mHTT transcript by quantitative real-time PCR (qRT-PCR). 
mHTT-S421D mice had levels of mHTT mRNA approximately 
equivalent to those of BACHD mice (Figure 1D).

We performed a similar analysis for the mHTT-S421A mutant 
mice. One hemizygous line expressed approximately 45% of the 
mHTT protein of BACHD mice (Figure 1, B and C). Levels of tran-
script were also consistent with this determination (Figure 1D). 
This level of mHTT expression is similar to that of BACHD-L 
mice, a previously reported line that expresses mHTT at lower 
levels than the primary BACHD model but still shows pathology 
(Supplemental Figure 2 and ref. 41). Thus, although the lower lev-
els of mHTT in mHTT-S421A mice preclude a direct comparison 
with BACHD mice, the line has sufficient expression to assess 
phenotype and control for nonspecific effects of the mutation.

We next determined whether S421 alters steady-state levels of 
soluble mHTT protein during aging in a way that could account for 
any altered phenotype. We used Western blots to compare mHTT 
levels in the cortex of BACHD, mHTT-S421D, and mHTT-S421A 
mice at 1 and 12 months of age. Like the BACHD line, mHTT-
S421D or mHTT-S421A mice showed no clear differences in pro-
tein levels with age (Supplemental Figure 3A). Overexposing the 
blots showed no non-obvious changes in the production of solu-
ble mHTT polyQ fragments associated with the S421 mutation at 
either age (Supplemental Figure 3B).

Finally, we determined whether mutation of S421 affects 
HTT’s essential functions. Complete loss of HTT is embryonic 
lethal (44), but mHTT is sufficient for murine development and 
neurogenesis (41, 45, 46) when expressed by its endogenous pro-
moter and regulatory regions. To test whether S421 mutation per-
mits HTT to mediate its critical role in embryonic development, 
we crossed mHTT-S421D and mHTT-S421A transgenic mice with 
mice heterozygous for endogenous murine Htt (technically, Hdh) 
for 2 successive rounds. We genotyped the progeny at weaning age 

behavioral dysfunction and neurodegeneration, but neuronal dys-
function persists when S421 phosphorylation is blocked. Our data 
also suggest that S421 phosphorylation mitigates neurodegenera-
tion by increasing proteasome-dependent turnover of mHTT and 
reducing levels of a toxic mHTT conformer. These data indicate 
that S421 is a potent modifier of mHTT toxicity and offer in vivo 
validation for S421 as a therapeutic target in HD.

Results
Generating and characterizing BAC transgenic mice expressing mHTT 
with an S421 mutation. To study the role of HTT-S421-P in a mam-
malian model system, we used the BACHD mouse model of HD. 
BACHD mice express human mHTT with a pathogenic 97Q repeat 
stretch under the control of its endogenous promoter. As they age, 
these mice show robust behavioral and histopathological pheno-
types (15, 41).

With the BAC used to generate the BACHD model, we per-
formed 2 parallel versions of Red/ET triple recombination, fol-
lowed by FLP recombination to remove the selectable marker 
(Supplemental Figure 1, A and B; supplemental material available 
online with this article; doi:10.1172/JCI80339DS1). The mutat-
ed BACs express aspartic acid or alanine at position 421 (Figure 
1A). We verified recombineering by PCR amplification of the local 
region and sequencing. We sequenced the 5′ and 3′ ends of the 
HTT gene to confirm that the 97 mixed CAA-CAG codons encod-
ing the expanded polyQ repeat were unaltered without other unin-
tended mutations. The structural integrity of the BACs was con-
firmed by pulsed-field gel electrophoresis. Finally, purified and 
linearized BAC DNA (Supplemental Figure 1C) was microinjected 
into FvB/N pronuclei to generate transgenic founders.

Seven founders with the BACHD-S421D transgene (mHTT-
S421D mice) and 2 with the BACHD-S421A transgene (mHTT-
S421A mice) were obtained. One mHTT-S421D line and 1 
mHTT-S421A line expressed sufficient mHTT to make val-
id comparisons with HD transgenic lines with similar levels 
of HTT. To control for genetic background, these 2 lines were 
expanded by breeding with FvB/NJ WT mice, the same inbred 
strain used to characterize the original BACHD mice. Again, we 
confirmed the proper incorporation of the entire gene and S421 
mutation without changes in the polyQ repeat length.

To characterize the mice, we analyzed mHTT protein levels in 
the F1 progeny of the founder lines. Levels of mHTT protein are 
generally directly proportional to their toxicity (41–43). Thus, we 
looked for lines that expressed mHTT at levels similar to those 
of BACHD mice. We used Western blots to evaluate steady-state 
levels of soluble mHTT levels in cortical lysates from 2-month-
old mice. Because all lines have the same polyQ repeat length, we 
used the mouse mAb 4H7H7, which selectively recognizes patho-

Table 1. Frequency of transgenic rescue from embryonic lethality 
caused by loss of murine endogenous HTT

Line Total offspring Expected rescue number Actual rescue number
mHTT-S421D 71 10 10
mHTT-S421A 149 21 10

Figure 2. Essential functions of HTT in development can be rescued 
by expression of transgenic mHTT with phosphomimetic or phospho
resistant mutations at S421. Western blots of cortical lysates probed 
with anti-HTT (mAb 2166), anti-expanded polyQ (4H7H7), and anti–γ- -
tubulin confirm that mice rescued by phosphomimetic (A) or phospho-
resistant (B) mHTT transgene express only mHTT and lack endogenous 
murine HTT. Some residual signal after membrane stripping can be 
appreciated in the 4H7H7 blots.
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S421D, and WT mice (Figure 3A). Analysis by 2-way repeated- 
measures ANOVA revealed significant effects of genotype  
(F(2,52) = 26.15, P < 0.0001) and age (F(2,104) = 4.58, P = 0.0124) on the 
behavioral phenotype. Next, we used Bonferroni post hoc tests to 
compare each genotype with each of the others at all ages tested 
(Supplemental Table 1). BACHD mice had motor dysfunction at all 
ages tested, falling off of the rotarod more quickly than WT litter-
mate controls. mHTT-S421D mice were indistinguishable from the 
WT littermate controls at 3 and 6 months of age and showed only 
a modest deficit at 12 months of age. At all 3 ages tested, mHTT-
S421D mice performed better than the BACHD mice. Thus, mutat-
ing S421 to mimic tonic phosphorylation mitigated mHTT-induced 
deficits in accelerating-rotarod performance compared with that of 
BACHD mice expressing similar levels of mHTT.

We wondered whether changes in body weight might explain our 
rotarod results. Weight can influence rotarod performance generally 
(48), and overexpression of HTT and mHTT in BAC and yeast artifi-
cial chromosome (YAC) transgenic mice causes an obesity-with-age 
phenotype (41, 49). Like the BACHD mice, mHTT-S421D mice were 
heavier than WT littermate controls at all 3 ages tested (Supplemen-
tal Figure 4). In fact, mHTT-S421D mice gained weight similarly to 
BACHD mice at 3 and 6 months of age but did not display any defi-
cits at these ages. We conclude that the amelioration of rotarod defi-
cits cannot be explained by differences in body weight.

and found that the mHTT-S421D and mHTT-S421A transgenes 
rescued embryonic lethality. We confirmed these results by immu-
noblotting for transgenic and endogenous HTT in cortical lysates. 
Mice rescued by transgenic mHTT-S421D (Figure 2A) or mHTT-
S421A (Figure 2B) expressed mHTT but not endogenous murine 
HTT. This breeding scheme should produce transgene-positive 
mice on an Htt-null background at an expected Mendelian ratio of 
1 of every 7 animals. Consistent with an important role for phos-
phorylation at S421 in HTT function, mHTT-S421A–rescued mice 
were generated at less than the expected ratio (Table 1), suggest-
ing a decrease in fitness during the embryonic or neonatal period. 
We obtained 10 rescue mice from each of the mHTT-S421D and 
mHTT-S421A lines, and the mice showed no obvious abnormali-
ties through at least 6 months of age.

Phosphomimetic mutation at S421 strongly ameliorates motor 
and psychiatric-like deficits caused by the expression of mHTT. The 
neuronal dysfunction elicited by mHTT in BACHD mice causes 
early and severe motor phenotypes, with psychiatric-like deficits 
later (15, 41, 47). To determine whether phosphorylation at S421 
affects mHTT-induced neuronal dysfunction in vivo, we deter-
mined the behavioral phenotypes of mHTT-S421D mice.

We assessed mouse motor function on the accelerating rotarod. 
We used a 2-way mixed-factorial design to analyze repeated perfor-
mances at 3, 6, and 12 months of age in a cohort of BACHD, mHTT-

Figure 3. mHTTS421D mice, but not mHTTS421A mice, have less severe motor and psychiatriclike behavioral deficits than BACHD mice. (A) Analysis 
of motor performance on the accelerating rotarod of a cohort of BACHD (n = 7), mHTT-S421D (n = 17), and WT (n = 31) mice at 3, 6, and 12 months of age. (B) 
Analysis of hind-limb gaits of BACHD, mHTT-S421D, and WT mice at 12 months of age with the CatWalk XT (Noldus). (C and D) Comparison of total activity (C) 
and rearing activity (D) in BACHD, mHTT-S421D, and WT mice in the open field for 10 minutes at 12 months of age. (E) Comparison of anxiety-like behavior in 
the light-dark box over 10 minutes in BACHD, mHTT-S421D, and WT mice at 12 months of age. (F) Analysis of motor performance on the accelerating rotarod of 
a cohort of mHTT-S421A (n = 13) and WT (n = 19) mice at 6 and 12 months of age. In A and F, 2-way repeated-measures ANOVA statistical analyses were used, 
with 1-way ANOVA used for B–E. Bonferroni post hoc tests were used for all pairwise comparison. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 5 8 9jci.org   Volume 126   Number 9   September 2016

BACHD mice also exhibit a higher level of anxiety-like behav-
ior than WT controls in the light-dark box and elevated plus maze 
assays (15, 47). We compared the same cohort of mice in the light-
dark box to determine whether the mHTT-S421D mutation mod-
ifies this phenotype and found differences among genotypes (Fig-
ure 3E) (1-way ANOVA: F(2,43) = 7.146, P = 0.0021). Consistent with 
increased levels of anxiety, BACHD mice spent more time inside 
the dark box than WT and mHTT-S421D mice. mHTT-S421D 
mice showed a complete rescue of this phenotype. Surprisingly, 
we did not detect a rescue of phenotype with the elevated plus 
maze (Supplemental Figure 5B).

Depression is a particularly debilitating component of HD, 
and depressive-like phenotypes have been reported in BACHD 
mice (54, 55). In a second cohort of mice, we tested for anhedo-
nia with the sucrose preference test and for behavioral despair in 
the Porsolt forced swim test at 3–4 months of age. These assays 
reveal depressive-like phenotypes in BACHD mice as early as 2 
months of age (54). However, no major phenotypic differences 
were detected in our cohort (Supplemental Figure 5, C–E).

BACHD mice may also show impaired sensorimotor gating 
at later ages (55, 56). We tested for this phenotype in our second 
cohort in the prepulse inhibition of startle assay, but we again 
found no meaningful differences (Supplemental Figure 5F).

Finally, to control for nonspecific effects associated with muta-
tion at S421, we performed behavioral assays with the mHTT-
S421A animals. These mice express mHTT at levels similar to 
those of the reported BACHD-L line, and since BACHD-L mice 
show impaired motor coordination on the accelerating rotarod at 
6 months of age (41), mHTT-S421A mice would be expected to do 
so as well. As expected, no deficits were detected in these mice at 3 
months of age (data not shown). Effects of genotype and age were 
found by comparison of data at 6 and 12 months of age (Figure 
3F) by 2-way repeated-measures ANOVA (genotype: F(1,30) = 11.50,  
P = 0.0020; age: F(1,30) = 6.69, P = 0.0148). mHTT-S421A mice fell 
from the rotarod more quickly than WT control mice at both ages.

These behavioral studies show that phosphomimetic muta-
tion at S421 results in a partial or complete amelioration of motor 
and psychiatric-like deficits induced by mHTT. This effect cannot 
be explained as simply resulting from any mutation at this site 
unrelated to phosphomimicry, since mice with the mHTT-S421A 
mutation to prevent phosphorylation display motor deficits con-
sistent with their lower transgene expression levels.

Phosphomimetic mutation at S421 prevents striatal neuro-
degeneration caused by mHTT in vivo. We next sought to determine 
whether the phosphomimetic mutation influences neuropatholo-

Since each behavioral assay has its own inherent limitations, 
we sought to assay motor function at 12 months of age with several 
complementary tests. Gait abnormalities occur in HD mouse mod-
els (50, 51), and automated gait analysis with the CatWalk (Noldus) 
might be a more sensitive test than the rotarod (52). Accordingly, 
we analyzed mean hind-limb gait (distance between hind paws) in 
our cohort of BACHD, mHTT-S421D, and WT mice at 12 months 
of age (Figure 3B), and there were considerable differences among 
genotypes (1-way ANOVA: F(2,45) = 12.27, P < 0.0001). Consistent 
with postural instability, BACHD mice maintained a wider base 
of support than WT and mHTT-S421D mice. No differences were 
detected between WT and mHTT-S421D mice.

Next, we used an automated open-field assay to assess spon-
taneous locomotor activity, exploratory drive, and anxiety-like 
behavior. For total movement (Figure 3C), 1-way ANOVA revealed 
differences among genotypes (F(2,53) = 9.031, P = 0.0004). BACHD 
mice were much less active than mHTT-S421D or WT animals. In 
contrast, there were no differences between WT and mHTT-S421D 
animals. As a measure of exploratory drive and anxiety-like behav-
ior, we also compared the number of rearing events over the same 
period (Figure 3D). Once again, the genotypes differed (1-way ANO-
VA: F(2,53) = 4.910, P = 0.0111). BACHD mice reared fewer times than 
WT or mHTT-S421D mice, but there were no differences between 
WT and mHTT-S421D mice. Finally, as a test of anxiety-like behav-
ior, we quantified a ratio of the times the mice spent in the center and 
the periphery of the box. Mice prefer the more protected periphery 
to the more exposed center, and BACHD mice spend less time in the 
center (53), consistent with greater anxiety. In our cohort, BACHD 
mice spent less time in the center than WT and mHTT-S421D mice 
(Supplemental Figure 5A), but it did not reach statistical significance.

Figure 4. Phosphomimetic mutation at S421 rescues the neurodegenera
tion caused by expression of mHTT at 12 months of age without accompa
nying loss of inclusion body formation. (A) Measurement of striatal volume 
by unbiased stereology in BACHD (n = 6), mHTT-S421D (n = 7), and WT (n = 6)  
mice. (B) Measurement of striatal NeuN counts with correction for volume 
changes in the same cohort. (C) Immunohistochemistry with polyclonal 
sheep antibody S830 reveals prominent inclusion bodies in BACHD and 
mHTT-S421D striatum and cingulate cortex but not in WT littermate 
controls. Example smaller (black) and larger (white) inclusion bodies are 
indicated by arrowheads. The scale bar represents 220 μm. In A and B, 1-way 
ANOVA statistical analysis was used with Bonferroni post hoc tests for all 
pairwise comparisons. *P < 0.05.
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gy in BACHD brains at 12 months of age. BACHD mice have atro-
phy of the forebrain without accompanying changes in the cere-
bellum (41), similar to the pattern of degeneration in human HD. 
We used unbiased stereology to measure striatal volume in brains 
from an independent cohort of BACHD, mHTT-S421D, and WT 
mice (Figure 4A and Supplemental Figure 6A). BACHD mice had 
smaller striatal volumes than WT mice, but mHTT-S421D mice 
were similar to the WT controls.

We also counted striatal NeuN-positive cells to determine 
whether expression of mHTT caused any detectable loss, taking 
care to correct our calculations for changes in volume already 
measured (Figure 4B). BACHD mice had fewer striatal NeuN-pos-
itive cells than WT mice and mHTT-S421D mice, but mHTT-
S421D mice were similar to WT controls.

We repeated these studies in the cortex (Supplemental Figure 
6, B and C). While the volumes and NeuN-positive-cell counts of 
mHTT-S421D mice were indistinguishable from those of WT con-
trols, there was a trend toward lower volumes and NeuN counts in 
BACHD mice. However, the differences did not achieve statistical 
significance with this sample size, consistent with cortical degen-
eration being less profound than striatal degeneration in HD.

These data indicate that expression of mHTT causes atrophy 
and NeuN-positive-cell loss in the striatum, while phosphomimet-
ic mutation at S421 abolishes this neurodegeneration in vivo.

Formation of mHTT-induced inclusion bodies in vivo occurs 
with phosphomimetic mutation at S421. The formation of inclusion 
bodies (IBs) by mHTT is a hallmark of HD pathology, and these 

findings have been recapitulated in mouse models. Aged BACHD 
mice develop IBs that are similar to those in the human disease 
and can be visualized histologically with certain HTT antibodies.

Staining with the polyclonal antibody S830 (55, 57) revealed 
prominent IBs in the cortex and striatum of BACHD but not 
WT mice (Figure 4C). mHTT-S421D mice also had a signif-
icant burden of IBs, although the levels were less than those 
observed in the BACHD animals. This finding is consistent with 
previous results from primary neurons overexpressing HTT-
N480-68Q (19). Thus, despite the substantial amelioration of 
mHTT-induced behavioral dysfunction and neurodegeneration 
in mHTT-S421D mice, widespread formation of IBs still occurs, 
further supporting the notion that IBs are not the cause of HD 
(38, 58, 59).

Phosphomimetic mutation at S421 decreases steady-state levels 
of soluble mHTT in the striatum. While analyzing striatal histopa-
thology, we observed that slices from mHTT-S421D striata were 
less immunoreactive with mAb 4H7H7 (Figure 5, A and B). In the 
native state, mAb 4H7H7 recognizes in situ a compact structure 
of the polyQ expansion in HTT. Small-angle x-ray scattering data 
suggest that HTT adopts multiple conformations and that the 
compact structure recognized by mAb 4H7H7 is preferentially 
adopted when the length of the polyQ expansion is in the range 
that causes HD (60). The compact structure recognized by mAb 
4H7H7 in situ predicts at a single-cell level whether and when 
neurons undergo degeneration induced by mHTT, suggesting 
that malfolded HTT conformers contribute to toxicity (61).

Figure 5. Phosphomimetic mutation at S421 decreases steadystate levels of mHTT in the striatum. (A and B) Immunohistochemistry of striatal sections 
of BACHD (n = 6), mHTT-S421D (n = 7), and WT (n = 5) mice with mAb 4H7H7 (A) and subsequent quantification of signal intensity (B). Scale bar: 20 μm. 
(C) Representative Western blot of BACHD and mHTT-S421D striatal lysates with 4H7H7 and anti–γ-tubulin as a loading control. (D) Quantification of 
expression levels of mHTT in striatal lysates of BACHD and mHTT-S421D mice. Values are based on the mean of 3 independent 4H7H7 blots of 4 mice per 
transgenic line, compared across different blots by normalization to BACHD samples. Each value was first normalized for input using the anti–γ-tubulin 
controls. (E) Quantification of the levels of striatal mHTT transcript in BACHD and mHTT-S421D mice by qRT-PCR. The results are from 4 independent sam-
ples per transgenic line, each run in quadruplicate. Values are normalized to BACHD. Means were tested with an unpaired t test in D and E. ****P < 0.0001.
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The reduction in mAb 4H7H7 staining was surprising, since 
we showed earlier that BACHD and S421D express similar levels 
of mHTT protein and mRNA in the cortex (Figure 1). The amount 
of epitope recognized by mAb 4H7H7 in situ can be estimated 
from the level of HTT and the length of the polyQ expansion it 
contains (61). To determine whether the reduction in mAb 4H7H7 
staining could be accounted for by reduced expression of HTT in 
the striatum, we compared steady-state levels of soluble mHTT 
in striatal lysates. We found that mHTT-S421D mice have a mod-
est but reproducible and significant reduction in soluble mHTT 
protein, compared with BACHD mice (Figure 5, B and C). To 
determine whether these lower protein levels arise from reduced 
transcription, we examined striatal mHTT mRNA levels. We also 
verified mHTT mRNA levels in the cerebellum and brainstem 
to ensure that our findings were not an artifact of the transgene 
insertion site, which could present as anomalous expression 
patterns. As in our previous cortical analyses (Figure 1D), we 
found that levels of mHTT mRNA in the striatum, cerebellum, 
and brainstem were indistinguishable statistically in BACHD 
and mHTT-S421D mice (Figure 5E and Supplemental Figure 7), 
indicating that the observed changes in mHTT protein cannot 
be explained by changes in the transcription or stability of the 
transgene mRNA. Thus, the modest reduction in striatal mHTT 

protein levels and disproportionately greater reduction in 4H7H7 
epitope suggests that S421-P independently affects mHTT con-
formation and mHTT protein metabolism.

Phosphomimetic mutation at S421 increases the turnover of an 
N-terminal fragment of HTT in striatal cells. Having found that the 
S421D mutation decreased steady-state striatal levels of mHTT in 
vivo, we returned to the validated in vitro system to exploit the rig-
or and level of control it provides to further investigate the under-
lying mechanisms by which S421-P affects HTT levels. Ectopic 
expression also avoids any possible confounds in the murine sys-
tem from BAC integration into the host chromatin or from devel-
opmental expression of mHTT. Further, it would confirm that any 
changes in mHTT steady-state levels could be attributed specifi-
cally to mutation of S421.

Accordingly, we expressed a myc-actin control and HTT-
N480-17Q-S421, -S421D, or -S421A in striatal cell line St14A, as 
these cells display several properties of striatal MSNs, including 
expression of the striatal marker DARPP-32 and responsiveness 
to dopamine receptor agonists (62). We transiently cotransfect-
ed 1 of the 3 HTT-S421 variants along with a myc-actin control 
and lysed the cells 48 hours later. In agreement with our in vivo 
results, phosphomimetic mutation at S421 decreased steady-state 
levels of HTT (Figure 6, A and B). Furthermore, cells transfected 

Figure 6. Phosphomimetic mutation at S421 increases the turnover of an Nterminal fragment of HTT in striatal cells via the proteasome. (A) Represen-
tative Western blot of St14A cell lysates generated 48 hours after transfection with HTT-N480-17Q (probed with mAb 5492) and myc-actin. (B) Quantifica-
tion of the effect of S421 mutation on HTT-N480 levels in St14A cell lysate. (C) Quantification of the fold change in levels of HTT-N480 with and without 
S421 mutation after treatment with the specific proteasome inhibitor epoxomicin or lysosome inhibitors ammonium chloride and leupeptin. Values in 
B and C are based on the mean of 3 independent experiments after normalization for transfection efficiency and loading with the myc-actin control. (D) 
Representative Western blot after coimmunoprecipitation of HTT-N480-17Q with anti-HA rabbit polyclonal or IgG control from St14A cell lysates after 
transfection of HTT-N480-17Q, myc-actin, and HA-ubiquitin and treatment with epoxomicin and PR619 (an inhibitor of deubiquitinases) to enhance 
accumulation of ubiquitin. One-twentieth whole-cell lysates (WCL) were run as controls on the same gel. (E) Quantification of the effect of S421 mutation 
on HTT-N480 coimmunoprecipitation by HA-ubiquitin in St14A cell lysate. Values are expressed as a normalized ratio of immunoprecipitated to whole-cell 
control levels per construct. Final data represent 2 independent experiments each run in triplicate. Statistical analysis in each case was by 1-way ANOVA 
with Bonferroni post hoc tests for all pairwise comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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S421 is phosphorylated by Akt, a serine/threonine-specif-
ic protein kinase that is centrally involved in a variety of cellular 
signaling cascades, including those that regulate protein turnover 
(64). Intriguingly, phosphorylation at Akt consensus sites might 
have pathophysiological relevance not only to mHTT, but to other 
polyQ disease-associated proteins as well. For example, abnormal 
polyQ expansions in ataxin-1 and the androgen receptor cause spi-
nocerebellar ataxia type 1 and spinal and bulbar muscular atrophy, 
respectively, and both proteins contain Akt consensus sites. In each 
case, the presence or absence of phosphorylation influences mark-
edly the toxicity of the host protein (65–68). The effect seems to 
be related to alterations in protein turnover (65, 69). Every known 
polyQ disease-associated protein has at least 1 predicted Akt con-
sensus phosphorylation site (Supplemental Table 2 and ref. 70), 
raising the possibility of an evolutionarily conserved posttransla-
tional mechanism to regulate disease-associated polyQ proteins.

Previous studies shed light on HTT’s regulation by pro-
tein-turnover pathways (71–73), and we showed that the S421D 
mutation decreases striatal steady-state mHTT levels. How might 
S421 mediate this effect? Reports of phosphorylation-dependent 
ubiquitination in other proteins (74) offer 1 plausible direct mecha-
nism whereby S421-P could increase HTT flux through the protea-
some. Alternatively or in parallel, phosphorylation might increase 
the ability of HTT to bind ubiquitinated proteins via indirect 
means, as with p62 (75). S421 is also situated in a region of HTT 
rich in PTMs (12), so 1 or more of these PTMs might contribute to 
regulation of HTT catabolism. HTT acetylation at K444 may target 
HTT to autophagosomes for degradation (26), whereas our work 
suggests that S421-P increases HTT flux through the proteasome.

One enticing hypothesis is that regulating these 2 relatively 
nearby PTMs determines whether HTT is degraded by the protea-
some or autophagy (76). Since mHTT may cause impaired loading 
of autophagosomes (77), its targeting to the proteasome might be 
imperative for preventing neuronal dysfunction and death. Ser-
ines 431 and 432 of HTT may also be phosphorylation sites whose 
mutation influences mHTT accumulation, and K444 may be ubiq-
uitinated as well as acetylated (29). These findings support the 
hypothesis that PTMs in this region of HTT are crucial regulators 
of HTT clearance. Finally, the general age-dependent decline in 
proteasome function (78) and inability to process the same levels 
of flux could explain why the mHTT-S421D mice finally devel-
oped rotarod deficits at 12 months of age.

Our study also determined that preventing phosphorylation 
at S421 did not increase mHTT toxicity. The behavioral deficits 
and pathology induced by comparable levels of mHTT persisted in 
transgenic mice in which phosphorylation at this site was blocked 
with the corresponding (S421A) mutation. Disease-associated 
expansion of the polyQ repeat reduces HTT phosphorylation at 
S421 (36, 37). If baseline levels of S421-P of mHTT are sufficient-
ly low, blocking it altogether with the S421A mutation may have 
little additional effect. By the same logic, permanent addition of 
a negative charge to mimic tonic phosphorylation would be a sub-
stantial perturbation. That is, the decrease of S421-P caused by 
polyQ expansion could be considered a toxic loss of function that 
is reversed by phosphomimetic S421D mutation. In agreement, 
the mHTT-S421D mice demonstrated remarkable amelioration 
of the HD phenotype, and the striatum showed a complete rescue 

with the S421A variant that cannot be phosphorylated showed an 
increase in steady-state HTT levels over nonmutated HTT-S421 
(Figure 6, A and B). These results suggest that phosphorylation of 
HTT at S421 leads to an increase in its turnover.

We next sought to dissect whether the increase in protein 
turnover associated with phosphomimetic HTT-N480-17Q-
S421D might be attributed to enhanced degradation by the pro-
teasome or the lysosome. We treated St14A cells with the specific 
proteasome inhibitor epoxomicin for 4 hours or with the lysosome 
inhibitors ammonium chloride and leupeptin for 16 hours and 
compared HTT-N480-17Q accumulation in terms of fold change 
over control treatment. Proteasomal inhibition led to trends for a 
greater buildup of HTT-N480-17Q than inhibition of the lysosome 
for each of the 3 constructs tested. Levels of the HTT-N480-17Q-
S421D construct approximately doubled with proteasome inhibi-
tion but were unaffected by lysosome inhibition (Figure 6C). The 
phosphomimetic polypeptide’s combination of decreased steady-
state levels and significant accumulation upon epoxomicin treat-
ment implies that S421D mutation leads to a significant increase 
in flux of HTT-N480-17Q through the proteasome.

Next, we cotransfected St14A cells with the HTT-N480 con-
structs, myc-actin, and HA-ubiquitin and proceeded to coimmu-
noprecipitate HTT-N480 with ubiquitin. To increase our sensi-
tivity for detecting ubiquitinated HTT, we treated the cells with 
epoxomicin to inhibit the proteasome and with PR619, an inhib-
itor of deubiquitinases (63). Phosphomimetic mutation at S421 
increased the relative amount of HTT-N480 that coimmunopre-
cipitated with ubiquitin, whereas less nonmutated HTT-N480 
coimmunoprecipitated and even less of the phosphoresistant 
HTT-N480 coimmunoprecipitated (Figure 6, D and E). Impor-
tantly, no HTT was detected in the vector control and IgG control 
conditions, indicating that no nonspecific binding of HTT to the 
beads occurred. This result is consistent with our model in which 
HTT-S421-P leads to an increase in HTT ubiquitination with a 
subsequent increase in its turnover via the proteasome, result-
ing in the observed lower steady-state levels of mHTT-S421D in 
mouse striatum and HTT-N480-S421D in St14A cells.

Discussion
In this study, we show that phosphomimetic mutation at S421 
strongly ameliorates the toxicity of mHTT in vivo. A single–amino 
acid change made S421 behave as if it were tonically phosphorylat-
ed and was sufficient to prevent onset of a variety of behavioral defi-
cits and the selective striatal neurodegeneration induced by mHTT 
in the BACHD mice. It did not interfere with the ability of the mHTT 
transgene to rescue the embryonic lethality of HTT knockout, indi-
cating that it permits HTT to subserve its essential functions during 
development. mHTT-S421D mice and BACHD mice had similar 
levels of HTT mRNA and soluble protein in the cortex, but mHTT-
S421D mice had decreased steady-state levels of protein and 4H7H7 
epitope in the striatum, offering a clue about a mechanism by which 
S421D mitigates HD-related phenotypes in vivo. Biochemical anal-
yses in vitro confirmed that the S421D mutation decreased the 
steady-state levels of soluble HTT in a striatal cell line via increased 
HTT flux through the proteasome. These results validate S421-P as 
a therapeutic target in HD and support strategies to increase mHTT 
turnover in the striatum as a promising treatment.
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mHTT’s local structure and binding partners might lead to the 
identification of additional targets with more attractive profiles 
for a small-molecule drug.

Methods
Supplemental Methods are available online with this article; 
doi:10.1172/JCI80339DS1.

BAC recombineering
S421A/D point mutations were inserted into the original HTT BAC (41) 
by 1 Red/ET triple recombination step (Gene Bridges GmbH). Correct 
removal of the FRT selection marker via FLP recombination with pres-
ervation of the point mutation was verified by PCR and sequencing of 
regions around the mutation, exon 1, and native stop codon.

Generation and breeding of transgenic mice
Final BACs were prepared, confirmed to be free of degraded DNA by 
pulsed-field gel electrophoresis, and microinjected as described previ-
ously (15, 82) into FvB/N pronuclei by the Gladstone Transgenic Core. 
All mice were maintained on the FvB/NJ background. Hdh+/– mice 
were a gift from Scott Zeitlin (University of Virginia School of Medi-
cine, Charlottesville, Virgina, USA; ref. 44).

Genotyping and sequencing
Routine genotyping of HTT mice and sequencing of the 5′-UTR, exon 
1, and CAG-CAA repeat region were as described previously (15). 
For the region around S421, PCR used the following primers with 
an annealing temperature of 57°C: 5′-CGAGCTTCTGCAAACCCT-
GAC-3′ and 5′-TTGGCAAGGAAGATGGAATGCAG-3′. The PCR 
product was purified and then sequenced by Elim Biopharmaceuticals.

Preparation of brain lysate and Western blotting
Mouse brains were dissected on ice, snap-frozen on dry ice, and stored 
at –80°C until use. Brains were homogenized with a pellet pestle (Kon-
tes) as described previously (41). Protein concentrations of the soluble 
supernatants were determined using the BCA Protein Assay (Thermo 
Fisher Scientific).

For Western blots, samples (40 μg) were prepared and run on 
NuPAGE (Invitrogen) 3%–8% Tris-acetate or 4%–12% Bis-Tris precast 
gels according to the manufacturer’s instructions. Immunoblots were 
probed with 4H7H7 (1:5,000; ref. 15), 1C2 (1:3,000; MAB1574; Milli-
pore), anti-HTT 2166 (1:3,000; mAb2166; Millipore), or anti–γ-tubu-
lin (1:20,000; T6557; Sigma-Aldrich). Images were captured with the 
Odyssey CLx (LI-COR Biosci).

Preparation of RNA extracts and qRT-PCR
Previously undisturbed mice in their home cage were anesthetized 
with isoflurane and decapitated. Brains were dissected on ice, snap-fro-
zen with liquid nitrogen, and stored at –80°C until further processing. 
RNA was isolated and purified with the miRNeasy Mini kit (Qiagen) 
according to the manufacturer’s instructions, with frozen tissue being 
disrupted and homogenized with the TissueLyser II (Qiagen).

RNA (300 ng) was converted to cDNA using the TaqMan Reverse 
Transcription kit (Invitrogen) and a 1:1 mix of random hexamers and 
oligo-dT (16). qRT-PCR with SYBR Green (Applied Biosystems) was 
performed on 1:40 dilutions of the samples using a 7900HT Fast Real-
Time PCR system (Applied Biosystems). We generated primers that 

of neurodegeneration. Previous in vitro work studying N-terminal 
fragments of mHTT reported either similar or increased toxicity 
with introduction of the S421A mutation, depending on the model 
system used (19, 34, 37). This partial discrepancy with our in vivo 
findings underscores the importance of complementing in vitro 
discoveries with in vivo validation.

Why were the ameliorating effects of mHTT-S421D most 
apparent in the striatum? Circuit-specific factors, such as the pre-
dominance of inhibitory GABAergic MSNs (79), likely play a role. 
Additionally, MSNs depend on other brain regions for the deliv-
ery of an important extracellular growth factor, brain-derived 
neurotrophic factor (BDNF) (80), whose downstream effects 
include activation of Akt. These and other factors likely explain 
why, under normal conditions, the striatum shows less phosphor-
ylation at S421 than other brain regions less affected in HD (36). 
Yet mHTT-S421D might decrease steady-state levels of mHTT in 
brain regions beyond the striatum. At baseline, the cortex clears 
soluble mHTT–exon 1 more effectively than the striatum (81), so 
any added effect of the phosphomimetic mutation would be more 
difficult to detect. Nevertheless, comparison of the mHTT-S421D 
line with BACHD mice revealed a distinct trend toward increased 
cortical levels of mHTT mRNA with no such trend noted at the 
protein level, consistent with the possibility that S421D increases 
mHTT turnover in the cortex as well.

In this context, it is intriguing to consider the effect of the 
S421D mutation on the amount of mHTT in a conformation rec-
ognized by 4H7H7. We found that striatal immunohistochemis-
try staining with mAb 4H7H7 of mHTT-S421D proteins fixed in 
their native conformations was down by 30% compared with the 
BACHD controls, but total levels of HTT-S421D detected by dena-
turing Western blots were down by only 15%. While there are con-
siderable limitations to the quantifications, this discrepancy could 
be revealing. Recently, disease-associated polyQ stretches were 
shown to adopt a compact hairpin structure in situ (60), whose 
presence quantitatively and significantly predicts neurodegener-
ation; this structure is recognized by mAb 4H7H7 (61). Hence, the 
aforementioned discrepancy could mean that S421 regulates HTT 
conformation directly or that the fraction of HTT that is lowered 
in the striatum has particularly adopted the compact hairpin struc-
ture recognized by mAb 4H7H7. Since this conformation predicts 
toxicity, neurons might be accelerating the clearance of this subset 
of HTT molecules to enhance their survival.

Our work does not exclude the possibility that other mecha-
nisms are important in orchestrating the phosphomimetic muta-
tion’s ability to diminish mHTT toxicity. For example, S421-P may 
restore an mHTT-induced vesicular trafficking defect (32). How-
ever, such deficits have not been reported in BACHD mice and 
thus cannot be appropriately assessed in our model system.

In conclusion, this study demonstrates the significance 
of S421 to the toxicity of mHTT in vivo. Our findings indicate 
that increasing levels of S421-P in HD patients could be a viable 
therapeutic target for this devastating disease. Akt’s oncogen-
ic potential (64) would need to be considered carefully in any 
approach that involved direct activation of Akt. A related kinase, 
SGK, also is capable of phosphorylating HTT at S421 (30), per-
haps representing another pharmacological target. Alternative-
ly, future work focused on the effects of S421D mutation on 
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120 dB; 14 trials with no stimulation). Average and maximum ampli-
tudes of pulses (and those with preceding prepulses) were measured 
automatically by the device.

Immunohistochemistry and stereology
Mice anesthetized with avertin were perfused with saline using an 
automated pump. The right hemibrain was immersion-fixed in 4% 
paraformaldehyde in PBS at 4°C for 48 hours. The volume of the 
neocortex was estimated in sagittal brain sections sectioned with 
the vibratome at 50 μm, as described previously (84, 85). For neu-
ron counts, the total number of NeuN-positive cells was averaged 
and expressed as relative numbers per area after accounting for any 
changes in volume.

Immunohistochemical staining of mHTT IBs
Multiple perfusion-fixed brains were embedded in gelatin blocks, 
postfixed, and freeze-cut into coronal 35-μm sections in 24 sequen-
tial series (NeuroScience Associates). These were stored at –20°C in 
cryoprotectant as individual series of sections and stained for mHTT- 
derived aggregates with an affinity-purified preparation of the sheep 
anti-HTT antibody S830 (30 ng/ml; refs. 55, 57; gift from G. Bates, 
King’s College London, London, United Kingdom) under uniform 
modified free-floating conditions (86). Binding was visualized using 
ultrasensitive HRP-based Ni2+/DAB immunohistochemistry. Images 
were collected on a Spot Slider camera on a Leica DMR microscope. 
Each field is 600 × 600 μm.

Analysis of HTT steady-state levels and clearance
HTT-N480-17Q constructs (19) were cotransfected with Lipofect-
amine 2000 (Invitrogen) into St14A cells (ref. 62; gift from E. Cat-
taneo, University of Milan, Milan, Italy) along with myc-actin (ref. 
87; gift from H. Rommelaere, Ghent University, Ghent, Belgium) to 
control for transfection efficiency. When indicated, cells were treat-
ed for 4 hours with DMSO or 100 nM epoxomicin (Sigma-Aldrich) in 
DMSO or for 16 hours with water or 20 nM ammonium chloride/100 
μM leupeptin (Sigma-Aldrich) in water. The short incubation time for 
epoxomicin treatment was used to eliminate the possibility of non-
specific effects of epoxomicin on the lysosome. Cell culture, lysis, and 
Western analysis were as described previously (16) with slight mod-
ifications. NuPAGE Novex 4%–12% Bis-Tris precast gels with MOPS 
running buffer (Invitrogen) were used with 20 μg of sonicated whole-
cell lysate. Quantitative densitometric analysis was performed on digi-
talized images of immunoblots using ImageJ (NIH). Water and DMSO 
control condition measurements were found to have no significant 
differences and were combined.

Huntingtin coimmunoprecipitation
St14A cells were transiently transfected as described above with addi-
tion of HA-ubiquitin (ref. 88; gift from B. Carter, Vanderbilt University, 
Nashville, Tennessee, USA). Immunoprecipitation was performed  as 
described previously (73) with the following modifications and brief 
summary: Cells were treated for 4 hours with epoxomicin (100 nM) 
and 1 hour with PR619 (100 μM; Sigma-Aldrich) before lysis. Twenty 
micrograms of the lysate was set aside for whole-cell controls. Four 
hundred micrograms of the lysate was diluted into 500 μl of IP buf-
fer, combined with 1 μl of rabbit polyclonal anti-HA H6908 (Sigma- 
Aldrich) and 30 μl of Dynabeads (Thermo Fisher Scientific), and 

anneal specifically to human HTT mRNA using QuantPrime (83) (for-
ward, 5′-ATCCCGGTCATCAGCGACTATC-3′; reverse, 5′-GCTTG-
TAATGTTCACGCAGTGG-3′). Samples were normalized using prim-
ers for mouse β-actin (QuantiTect primers; Qiagen). The standard 
curve method was used to analyze the data.

Behavioral testing
All testing was performed during the light phase of the light cycle, and 
animals were given at least 45 minutes to acclimate to the testing room. 
Approximately equal numbers of males and females were used per 
each genotype. Data were collected and scored blindly to genotype. All 
apparatuses were cleaned with 70% ethanol between each run.

Accelerating rotarod. Mice were trained on a rotarod (Med Asso-
ciates) at 16 rpm for 3 trials. The subsequent 2 days, mice were tested 
twice a day, 3 times each session, as the rotarod accelerated from 4 
to 40 rpm over 5 minutes. Only mice with data collected at each time 
point were analyzed.

Open field. Total and rearing activities were assessed in an auto-
mated clear plastic chamber (41 × 41 × 30 cm) Flex-Field/Open-Field 
Photobeam Activity System (San Diego Instruments). Total beam 
breaks and rears (the number of times the mouse stood erect on its hind 
legs) were measured automatically by the instrument over 10 minutes.

Gait assessment. Mice were placed on the CatWalk XT (Noldus) 
and removed after 3 runs that were judged compliant by the software 
(version 9.1) with its default settings. Paw identification was per-
formed automatically by the software with human review of each call 
to confirm accuracy.

Light-dark box. Anxiety-like behavior was assessed in the open-field 
chamber with an added dark box insert (catalog 7001-0364; San Diego 
Instruments) over 10 minutes under standard lighting conditions.

Elevated plus maze. Mice were given 10 minutes to explore the 
maze (Hamilton-Kinder) with arms elevated 63 cm above the ground 
under dim lighting conditions. Total distance traveled and time 
spent in the open and closed arms were calculated based on infrared 
photobeam breaks.

Sucrose preference test. Mice were single housed at least 24 hours 
before testing and habituated to drinking water from 2 bottles placed 
in the top of their cage. Preweighed bottles, 1 containing normal drink-
ing water and 1 containing 2% sucrose solution, were placed into the 
cage the morning of the first day of testing. Bottles were weighed twice 
daily as close to the beginning and end of the 12-hour light cycle as 
possible for 3 days.

Porsolt forced swim test. A clear plastic cylinder 45 cm high and 20 
cm in diameter was filled two-thirds full with water at 20°C to 21°C. 
Mice were individually placed in the cylinder and allowed to swim for 
6 minutes while being video-recorded. Mice were scored for immobil-
ity during the last 4 minutes of the test.

Prepulse inhibition of startle test. Testing was performed in a small 
isolated chamber (9.5 × 11 × 6 in.), free from external movement and 
noise (Kinder Scientific). Mice were given 5 minutes to acclimate to 
the restraining chamber and 70 dB background noise before stimu-
lus testing began. Mice were exposed to a series of acoustic pulses for 
20 minutes in which some pulses are preceded by a weaker acoustic 
signal (prepulse [pp]) or no stimulus at all at random intervals for 80 
trials (24 trials at 40 ms, 120 dB; 14 trials at 4 dBpp [dB intensity of 
the prepulse above the 68dB white noise background], 40 ms, 120 
dB; 14 trials at 12 dBpp, 40 ms, 120dB; 14 trials at 20dBpp, 40 ms, 
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