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Abstract

Histamine dysregulation has been identified as a rare genetic cause of tic disorders; mice with a
knockout of the Aistidine decarboxylase (Hdc) gene represent a promising model of this
pathophysiology. How alterations in the histamine system lead to neuropsychiatric disease,
however, remains unclear. The H3R histamine receptor is elevated in the striatum of Hdc KO mice,
and H3R agonists, acting in the dorsal striatum, trigger tic-like movements in the model. In wild-
type mice, H3R in the dorsal striatum differentially regulates MAPK and Akt signaling in D1R
dopamine receptor-expressing striatonigral medium spiny neurons (dMSNs) and D2R dopamine
receptor-expressing striatopallidal MSNs (iMSNs). Here we examined the effects of H3R agonist
treatment on MSN signaling in the Hdc-KO model. In dMSNs, MAPK signaling was elevated at
baseline in the Hdc-KO model, resembling what is seen after H3R activation in WT animals.
Similarly, in iMSNs, Akt phosphorylation was reduced at baseline in the KO model, resembling
what is seen after H3R activation in WT animals. H3R activation in Hdc-KO mice further
enhanced the baseline effect on Akt phosphorylation in iMSNs but attenuated the abnormality in
MAPK signaling in dMSNs. These observations support the hypothesis that constitutive activity of
upregulated H3R receptors in the Hac-KO model mediates the observed alterations in baseline
MSN signaling; but further activation of H3R, which produces tic-like repetitive movements in the
model, has more complex effects.
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INTRODUCTION

Tics are seen at least transiently in up to 20% of children, and a smaller fraction of adults.
Tourette syndrome (TS), which consists of persistent vocal and motor tics, has a prevalence
of ~0.7% (Scahill and Dalsgaard, 2013). Tics are commonly comorbid with other
neuropsychiatric pathology, including obsessive-compulsive disorder (OCD), attentional
difficulties, and autism (Martino and Leckman, 2013). Their etiology, however, remains
poorly understood. Recently, dysregulation of histamine (HA) has been associated with TS,
tic disorders, and related pathology (Pittenger, 2017). A rare mutation in the Aistidine
decarboxylase (Hdc) gene, which is required for HA biosynthesis, was identified as a
highpenetrance genetic cause of TS (Ercan-Sencicek et al., 2010; Castellan Baldan et al.,
2014). Hdc knockout (KO) mice constitute a model of this pathophysiology (Pittenger,
2017). Hdc KO mice exhibit repetitive behavioral pathology (Castellan Baldan et al., 2014),
including elevated grooming after acute stress (Xu et al., 2015). While such repetitive
behaviors are not identical to tics, they suggest recapitulation of relevant pathological
changes in the model. Other genetic studies have suggested that abnormalities in HA
modulatory neurotransmission may contribute to tic disorders beyond the single pedigree in
which the original Hdc mutation was identified (Fernandez et al., 2012; Karagiannidis et al.,
2013).

Histamine acts on four G-protein-coupled receptors, HIR-H4R. The H3R receptor is
expressed at high levels in the central nervous system (Haas et al., 2008; Panula and
Nuutinen, 2013). It has high constitutive activity and can thus modulate intracellular
signaling even in the absence of agonist (Morisset et al., 2000). H3R has classically been
considered to be coupled to G, i and to act presynaptically to reduce neurotransmitter release
— both of HA itself and of other transmitters, including DA and glutamate (Schlicker et al.,
1994; Haas et al., 2008; Ellender et al., 2011). More recently it has been found that much of
the H3R in the striatum is post-synaptic, and that it couples to intracellular signaling
cascades in striatal medium spiny neurons (MSNSs) in complex and cell type-specific ways
(Ferrada et al., 2008; Ferrada et al., 2009; Moreno et al., 2011; Panula and Nuutinen, 2013;
Moreno et al., 2014; Rapanelli et al., 2016). H3R can heterodimerize with dopamine D1 and
D2 receptors ex vivoand can modulate MAPK signaling (Ferrada et al., 2008; Ferrada et al.,
2009; Moreno et al., 2011). We have replicated this regulation of MAPK signaling in D1-
expressing striatonigral MSNs (dMSNs) /in vivo (Rapanelli et al., 2016). In D2-expressing
striatopallidal MSNs (iMSNs), in contrast, H3R activation modulates signaling through the
Akt pathway (Rapanelli et al., 2016).

In a recent study we demonstrate that H3R is elevated in the striatum in Hdc KO mice, and
its activation in the striatum produces stereotypies in this model (Rapanelli et al., 2017).
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Here we characterize differential regulation of MAPK and Akt signaling in dMSNs and
iMSNs by the H3R agonist R-aminomethyhistamine (RAMH) in Hdc KO mice.

EXPERIMENTAL PROCEDURES

Animals and treatment

All experiments were performed in accordance with the NIH Guide for the Use of
Laboratory Animals and were approved by the Yale University Institutional Animal Care
and Use Committee. Generation of Hdc-KO mice has been described previously (Ohtsu et
al., 2001); our mice have been backcrossed onto C57BL/6J (Jackson Laboratory, Bar
Harbor, ME, USA) for >10 generations and have been recently described (Castellan Baldan
et al., 2014; Rapanelli et al., 2014; Xu et al., 2015). D1-DARPP-32-FLAG and D2-
DARPP-32-Myc BAC transgenic mice have been previously described (Bateup et al., 2008)
and were generously provided by Paul Greengard (Rockefeller University). Hac-KO +/-
mice were bred with D1-DARPP-32-FLAG/D2-DARPP-32-Myc double-homozygous mice
for two generations to produce Hac-KO */~ D1-DARPP-32-FLAG/D2-DARPP-32-Myc
double-homozygous mice; these were intercrossed to produce Hdc KO and WT mice doubly
transgenic for both D1-DARPP-32-FLAG and D2-DARPP-32-Myc, which were used for all
experiments (hereinafter termed D1/D2-Hdc-KO or D1/D2-Hdc-WT mice). Hac genotype
was determined by PCR at weaning and confirmed after sacrifice.

Mice were housed in a temperature (23°) and humidity-controlled vivarium on a 12-h light/
dark cycle. Two- to three-month old male and female mice were used in all experiments; sex
was examined as an independent variable in all analyses but did not significantly affect any
measured effects and thus is not reported.

R-(-)-a-Methylhistamine dihydrobromide (RAMH, Tocris Bioscience, Ellisville, MO,
USA) was dissolved at 9 mg/ml in sterile saline. D1/D2-Hdc-KO and WT mice were
injected with saline or RAMH (45 mg/kg, i.p.) for all experiments; this dose was motivated
by previous studies (Rapanelli et al., 2017).

Immunohistochemistry

Thirty minutes after RAMH administration, D1/D2-Hdc-KO and WT mice were
transcardially perfused with 4% paraformaldehyde in 1xPBS supplemented with 0.1 mM
NaF. Brains were sliced on a cryostat at 30 pm; slices were stored in a solution containing
30% glycerin, 30% ethylene glycol, and 1xTBS plus 0.1 mM NaF. Slides were washed 3x10
min in TBS, incubated for 1 h at RT in TBS with 0.2% Triton X-100 and 5% donkey serum
(Jackson Immunoresearch, West Grove, PA, USA), and then incubated overnight at RT in
the same solution with goat anti-Myc antibody (Abcam, Cambridge, MA, USA; Cat#
ab9132, 1:500), mouse anti-FLAG antibody (Sigma, St. Louis, MO, USA; Cat# F1804,
1:1000), and one of the following antibodies: rabbit anti-phospho-MSK1 Thr581 (Cell
Signaling Technologies, Beverly, MA, USA,; Cat# 9595P, 1:500), rabbit anti-phospho rpS6
S235/S236 (Cell Signaling Technologies; Cat #4858S, 1:500); rabbit anti-phospho rpS6
S240/S244 (Cell Signaling Technologies; Cat #5364P, 1:500); rabbit anti-phospho-Akt T308
(Cell Signaling Technologies; Cat #2965S 1:100). Slices were then rinsed 3x10 min at RT in
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TBS with 0.2% Triton X-100 and 5% donkey serum, and then incubated for 1 h at RT in the
same buffer with secondary antibodies: Alexa Fluor 555 donkey anti-rabbit (Life
Technologies, Carlshad, CA, USA; Cat# A31572, 1:500; excitation maximum 553 nm,
emission maximum 568 nm), Alexa Fluor 633 donkey anti-goat (Life Technologies; Cat
#A21082, 1:500; excitation maximum 621 nm, emission maximum 639 nm), and Alexa
Fluor 488 donkey anti-mouse (Life Technologies; Cat# A21202, 1:500; excitation maximum
493 nm, emission maximum 519 nm). Slices were then rinsed in TBS, mounted on subbed
slides, cover-slipped, and stored at 4°C.

Confocal imaging was performed by sequential scanning at 40x using an Olympus Fluoview
FV-1000 confocal microscope equipped with 473 nm, 559 nm, and 635 nm lasers. Images
were acquired with a Kalman filter at a scan rate of 4 ps/pixel. Twenty-um Z-stacks were
collected with a step size of 0.2 ym.

For each mouse, we collected serial coronal sections through the thickest portion of the
dorsal striatum, from approximately bregma +1.0 mm to +0.15 mm (Paxinos and Franklin,
2004). Two nonadjacent sections were stained for each of the signaling phosphoproteins
examined. Two confocal images were collected from each of these stained slides, one from
the center of the dorsal striatum on each side, for a total of four images from each mouse for
each staining condition. The images were collected centrally within the striatum such that
they did not impinge on white matter of the internal capsule/corpus callosum or on adjacent
structures, or on the anterior commissure/ventral striatum. Collecting a single central
confocal image from the striatum on each side allowed maximum consistency of image
placement across sections.

Cell counting was performed off-line, blind to experimental condition. All cell bodies that
were positive for either FLAG (corresponding to D1R-expressing dMSNSs) or Myc
(corresponding to D2R-expressing iMSNs) were individually examined for immunostaining
for signaling phosphoproteins. Cells in which phosphoprotein immunostaining above
background colocalized in three dimensions with FLAG or Myc immunostaining were
categorized as double-positive cells and counted. All FLAG- and Myc-positive cells in each
captured image were thus categorized as either positive or negative for the stained phosphor-
proteins. Data are expressed as double-positive cells as a percentage of all FLAG- or Myc-
positive cells.

Statistical analysis

All values are expressed as mean + SEM. Statistical analyses were performed using
GraphPad Prism using two-way ANOVAs followed by Holm-Sidak’s post-hoc test. Values
were averaged from all images captured from each mouse before analysis; N therefore
represents the number of animals, not the number of slices (2 from each mouse) or images (2
from each slice). All comparisons were considered significant at £< 0.05.

RESULTS

Hdc-KO mice show basal activation of the MAPK and AKT/GSK3p pathways in the dorsal
striatum (Rapanelli et al., 2014). These signaling pathways are differentially regulated by the
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H3 receptor in dAMSNs and iMSNSs in wild-type mice (Rapanelli et al., 2016). To better
characterize their regulation with cell-type specificity in Hdc-KO mice, we crossed Hac-KO
mice with reporter mice in which dMSNs and iIMSNs are labeled with distinct epitope tags
(Bateup et al., 2008). We used triple-immunostaining for FLAG (the epitope tag that labels
dMSNSs), Myc (labeling iIMSNS), and phospho-proteins implicated in MSN intracellular
signaling, 30 min after saline or RAMH challenge.

Differential regulation of MSK phosphorylation by RAMH in dMSNs and iMSNs

We examined phosphorylation of MSK at T581, a MAPK target, in dMSNs and iMSNSs.In
dMSNSs, there was a significant main effect of genotype (2x2 ANOVA: F[1,28] = 6.3, p=
0.02) and a genotype x treatment interaction (F[1,28] = 45, £< 0.0001), but no main effect
of treatment (saline or RAMH: F[1,28] = 0.005, £> 0.9; Figure 1). Post hoc testing showed
significant activation of MSK by RAMH in dMSNSs, as we have previously reported
(Rapanelli et al., 2016) (Holm-Sidak: p < 0.001). MAPK signaling was activated at baseline
in Hde-KO dMSNs (KO-saline vs WT-saline: £< 0.0001), in agreement with earlier findings
that lacked cell-type specificity (Rapanelli et al., 2014). Unexpectedly, however, RAMH
decreased MSK-T581 phosphorylation in Hdc-KO mice (KO-RAMH vs KO-saline: P<
0.001), suggesting a qualitative alteration in H3R signaling in dMSNs of Hdc-KO mice.
RAMH-treated KO mice showed lower MSK phosphorylation than RAMH-treated WTs (P
<0.05).

MSK-T581 phosphorylation was not altered at baseline in iMSNs of Hac-KO mice and was
not regulated by RAMH challenge in iMSNSs in either genotype (no significant main effects
or interaction; Figure 1).

Differential regulation of ribosomal protein S6 phosphorylation by RAMH in dMSNs and

iMSNs

Ribosomal protein S6 (rpS6) is phosphorylated at S235/S236 as a consequence of activation
of the MAPK pathway, as well as several other signaling cascades (Meyuhas, 2008; Biever
et al., 2015). We assayed rpS6 phosphorylation in dAMSNs and iMSNs using triple-
immunostaining. In dMSNSs, there was a main effect of treatment (F[1,28] = 14.8,p =
0.0006) and a trend-level treatment x genotype interaction (F[1,28] = 3.22; p = 0.08); the
main effect of genotype did not reach statistical significance (F[1,28] = 2.37; p = 0.135).
RAMH treatment led to a significant increase in the phosphorylation of rpS6-S235/5236 in
WT mice (Holm-Sidak: p = 0.0026), consistent with previous work (Rapanelli et al., 2016);
there was no significant effect of RAMH in Hdc-KO mice (Figure 2).

In iIMSNs, there were significant effects both of RAMH (F[1,28] = 9.2, A= 0.005) and
genotype (F[1,28] = 21.5, p < 0.0001), but the interaction was not significant (F[1,28] =
0.29, P=0.6). Phosphorylation of rpS6 in iMSNs after H3R activation was seen previously
in wild-type mice, though it did not reach statistical significance in our previous study
(Rapanelli et al, 2016, Figure 3B).
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rpS6 phosphorylation at S235/236 was increased at baseline in Hdc-KO mice in both
dMSNs and iMSNSs. This parallels our previous demonstration of increased basal
phosphorylation in these animals (Rapanelli et al, 2014).

We also examined phosphorylation of rpS6 at S240/S244, where phosphorylation is
regulated by mTOR but not MAPK (Meyuhas, 2008; Biever et al., 2015). There were no
significant changes of rpS6 phosphorylation at these sites in dMSNs at baseline or after
RAMH challenge, although the main effect of genotype approached significance (genotype:
F[1,28] =4.2, p=0.051; RAMH: F[1,28] = 0.016, p> 0.9; interaction: F[1,28] = 0.77, p>
0.35; Figure 3). In iMSNSs, there was a significant main effect of genotype (F[1,28] =11.1, p
< 0.0025), but no effect of treatment (F[1,28] = 2.1, A= 0.16) or interaction (F[1,28] = 1.5, P
>0.2).

The nominal effects of genotype on rpS6 S240/S244 phosphorylation were in opposite
directions in the two MSN types: basal phosphorylation was slightly reduced in dMSNs but
slightly increased in iMSNs, compared to WT mice (Figure 3).

Differential regulation of Akt phosphorylation by RAMH in dMSNs and iMSNs

Finally, we examined phosphorylation of the signaling molecular Akt at T308, which we
have previously shown to be regulated by H3R activation (Rapanelli et al., 2016) and in
Hdc-KO mice (Rapanelli et al., 2014). There were no significant main effects or interactions
in dMSNs. In iIMSNSs, on the other hand, there were highly significant main effects of both
RAMH treatment and genotype, with no interaction (RAMH: F[1,28] = 14.6, p=0.0007;
genotype: F[1,28] = 12.3, p=0.0016; interaction, F[1,28] = 1.25, p= 0.27; Figure 4). Hdc
knockout reduced baseline Akt phosphorylation in iMSNSs, explaining the reduced
phosphorylation we have previously observed without dissociating cell types (Rapanelli et
al., 2014). RAMH reduced T308 phosphorylation in iMSNSs in both genotypes.

DISCUSSION

Alterations in the brain’s histamine modulatory system have been implicated as a contributor
to the development of tics and of TS by a series of genetic studies (Ercan-Sencicek et al.,
2010; Fernandez et al., 2012; Karagiannidis et al., 2013). The Hdc knockout mouse
recapitulates a rare but high-penetrance genetic cause of TS, inactivation of the Aistidine
decarboxylase gene, and constitutes a promising model of tic pathophysiology (Ercan-
Sencicek et al., 2010; Castellan Baldan et al., 2014; Pittenger, 2017). Hdc-KO mice exhibit
repetitive behavioral pathology, DA dysregulation, altered histamine receptor levels, and
elevated markers of cellular activity and intracellular signaling in the striatum (Dere et al.,
2003; Castellan Baldan et al., 2014; Rapanelli et al., 2014; Xu et al., 2015).

H3R has historically been described as a presynaptic G, i-coupled receptor; it can negatively
regulate the release of HA itself as well as of DA, glutamate, and other neurotransmitters
(Schlicker et al., 1994; Haas et al., 2008; Ellender et al., 2011). However, it is increasingly
clear that H3R also exists postsynaptically, in which context its signaling properties are
complex and are modulated by its interactions with other cellular components, including DA
receptors (Ferrada et al., 2008; Ferrada et al., 2009; Moreno et al., 2011; Moreno et al.,
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2014). Indeed, postsynaptic signaling may be a primary function of the H3 receptor in the
striatum (Panula and Nuutinen, 2013).

Distinct H3R signaling pathways in dMSNs and iMSNs have been described ex vivo
(Ferrada et al., 2009; Moreno et al., 2011). We have recently replicated and extended this
work /n vivo, finding that H3R regulates MAPK signaling in dMSNs and Akt/GSK3p
signaling in iMSNSs in WT mice (Rapanelli et al., 2016). In the current study, we set out to
determine whether MAPK and Akt signaling are also differentially regulated by H3R in
Hde-KO mice. We have previously shown this receptor to be upregulated in the striatum of
these KO animals, both at the level of MRNA expression and at the level of radioligand
binding (Rapanelli et al, 2017).

Several findings emerge. First, consistent with previous work (Ferrada et al., 2008; Ferrada
et al., 2009; Moreno et al., 2011; Panula and Nuutinen, 2013; Moreno et al., 2014; Bolam
and Ellender, 2015; Rapanelli et al., 2016), H3R signaling differentially affects intracellular
signaling in dMSNs and iMSNSs. This supports the conclusion that H3R interactions with
other receptors, most prominently the D1R and D2R dopamine receptors, critically
modulates its postsynaptic signaling properties. The one previously described effect of
RAMH that we did not replicate here was the increased phosphorylation of Aktl seen in
dMSNs at an earlier time point (Rapanelli et al., 2016). This intriguing effect is transient — it
is present 15 min after RAMH challenge but completely resolved by 45 min. It is likely that
Akt regulation by RAMH in dMSNs is already resolved at the intermediate time point used
in the current experiments (30 min after RAMH challenge).

Second, baseline signaling dysregulation in Hdc-KO MSNs differs in dMSNs and
iMSNs.We have previously reported alterations in MAPK, rpS6, and Akt signaling in this
knockout (Rapanelli et al., 2014). The current study adds nuance by dissociating effects in
dMSNs and iMSNSs. All abnormalities reported previously in undifferentiated striatum are
replicated in the cell-specific effects here. Additionally, subtle alterations in rpS6
phosphorylation at S240/244 are seen in both cell types, but in opposite directions: basal
phosphorylation of this site is reduced in Hadc-KO dMSNSs and increased in iMSNSs (only the
latter effect reached statistical significance). This was not observed in undifferentiated
striatum (Rapanelli et al., 2014), perhaps because the two effects obscure each other in when
dMSNs and iMSNs are not examined separately. This emphasizes the utility of employing
tools that allow separate quantification of signaling in the two MSN types.

Third, across all three signaling cascades examined, the baseline abnormalities seen in Hdc-
KO mice resemble the effects seen after H3R activation in wild-type animals. Specifically,
MAPK activity (indexed by MSK1 phosphorylation) is increased at baseline in dMSNs of
Hdc-KO mice to a similar degree as it is after RAMH challenge in WT animals (Figure 1).
Similar parallel effects are seen in both dMSNs and iMSNSs in the regulation of P-S235/236
rpS6 (Figure 2), and in iMSNs in the dephosphorylation of Akt at T308 (Figure 4). H3R is
constitutively upregulated in Hac-KO mice (Rapanelli et al., 2014), presumably as a
compensation for chronically deficient histamine. H3R has been shown in at least some
contexts to have high basal activity, even in the absence of ligand (Morisset et al., 2000).
This raises the intriguing possibility that many of the basal signaling abnormalities seen in
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Hde-KO mice are attributable to the baseline effects of elevated H3R expression, despite the
absence of HA.

Fourth, H3R activation leads to augmentation of these signaling abnormalities, in most
instances. In Hdc-KO mice, RAMH elevated phosphorylation of rpS6é in both dMSNs and
iMSNs (though the effect was attenuated in dMSNSs, possibly due to a ceiling effect) and
further decreased phosphorylation of Akt in iMSNs. This accentuation of activity-dependent
striatal signaling abnormalities may underlie the behavioral effects of RAMH documented
previously in these mice (Rapanelli et al., 2017).

The exception to this pattern was in MAPK activity, as reflected in MSK phosphorylation at
T581. MSK1 phosphorylation was elevated at baseline in dAMSNs of Hdc-KO mice, but this
elevation was attenuated by RAMH challenge; as a result there was a statistically significant
interaction between genotype and drug condition in this analysis (Figure 1B). The cause of
this interactive effect is unclear, but it suggests that H3R signaling may be qualitatively
altered, not just amplified, in dMSNs. Alternatively, the activation of MAPK signaling by
H3R activation may exhibit an inverted-U dose-response relationship, with phosphatases or
other counterregulatory mechanisms being recruited only at higher levels of receptor
activation. Further study is needed to elucidate these mechanistic details.

H3R activation reduces Akt phosphorylation in iMSNSs in both genotypes (Figure 4), an
effect similar to that produced by D2R activation in these cells via a p-arrestin-mediated
mechanism (Beaulieu et al., 2004; Beaulieu et al., 2005; Beaulieu et al., 2011). Regulation
of B-arrestin-mediated signaling by H3R has not been demonstrated to date, but it is possible
that H3R regulates Akt via direct interaction with D2Rs, which has been described ex vivo
(Ferrada et al., 2008);. Akt phosphorylation is reduced at baseline in iMSNs of the Hdc-KO
mice. This may be because of constitutive activity of upregulated H3R; however, an
alternative explanation is that tonically elevated DA in the Hde-KO mouse striatum
(Castellan Baldan et al., 2014; Rapanelli et al., 2014) provides sufficient D2R tone to reduce
Akt phosphorylation via the D2-p-arrestin-Akt pathway, without the direct involvement of
H3R.

Multiple signaling cascades converge on rpS6, including MAPK, S6 kinase, PKA, and
mTOR (Meyuhas, 2008; Knight et al., 2012; Bonito-Oliva et al., 2013; Biever et al., 2015).
We see alterations in rpS6 phosphorylation at S235/236 with both genotype and RAMH
treatment, in both dMSNs and iMSNSs. This site is regulated by the MAPK cascade;
however, the dissociation between the effects seen on rpS6 and those seen on MSK1 suggest
that other, convergent signaling pathways likely contribute. One possibility is the mTor
pathway, although the lack of any modulation of the mTor-regulated S440/444 site on rpS6
argues against any central role for mTor. Another possibility is the PKA pathway; however,
our previous work (Rapanelli et al, 2016) has revealed, perhaps surprisingly, that RAMH
does not produce any detectable change in phosphorylation of DARPP-32, a major PKA
target, /n vivo. Further work is required to elucidate the complex interplay of different
signaling pathways downstream of H3R in the striatum.
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At baseline, Hde-KO mice have alterations in the examined signaling cascades that resemble
those seen in WT mice after RAMH challenge. Specifically, phosphorylation of MSK1 at
T581 and of rpS6 ad S235/236 are elevated in dMSNSs to a similar extent after saline in KO
mice and after RAMH challenge in WT siblings. The same is true of the reduced
phosphorylation of Akt at T308, specifically in iMSNs. A parsimonious explanation of this
parallelism is that baseline signaling abnormalities in the KO animals derive from elevated
basal H3R signaling. We have previously shown that H3R is upregulated in the Hdc-KO
striatum (Rapanelli et al, 2017). In other contexts, .H3R has been shown to have a high
degree of constitutive signaling activity, even in the absence of ligand (Morisset et al, 2000).
If this high constitutive activity also occurs at postsynaptic H3Rs in the striatum (a
possibility that has not yet been directly tested), then the upregulation of H3R seen in
HdcKO mice may lead to the observed baseline abnormalities in MskZ1, rpS6, and Akt
signaling, even in the absence of endogenous HA.

Other observations are not so easily explained by the upregulation of H3R in the HdcKO
striatum. Most strikingly, RAMH challenge decreases Msk1 phosphorylation in dMSNs, a
qualitatively different effect from what is seen in WT animals. The mechanistic
underpinnings of this qualitative alteration in signaling remain to be elucidated.

These molecular observations are best understood in the context of our previous behavioral
work, in which we found RAMH challenge to produce stereotypies in the HackKO mouse
(Rapanelli et al, 2017). Elevated stereotypic behavior is also seen in these animals after
stress (Xu et al, 2016) or amphetamine challenge (Castellan Baldan et al, 2014), suggesting
that they have a generalized instability of the striatal network that predisposes to repetitive
behavioral pathology (Pittenger et al, 2017). The basline abnormalities in striatal signaling
documented here may represent mechanistic correlates of this predisposition. This
suggestion requires further investigation and, ideally, convergent support from other model
systems.

This study has several limitations that must be addressed in future work. We have examined
signaling /n vivo; this has the advantage, relative to work in reduced systems, of preserving
all connections and interactions in the intact brain, but it does not allow us to dissect
mechanisms with the precision that is possible in ex vivowork. In addition, we have
administered RAMH systemically, and thus we cannot rule out the possibility that peripheral
drug effects contribute to the striatal phenomena documented here and in our previous work
(Rapanelli et al, 2017). We counted cells from a limited number of sections per animal; this
was necessary for all conditions to be evaluated in the same mice, but it may increase the
variability of cell counts. We did not use stereological methods for cell counting, and our
counts are thus relative, not absolute; this may also increase variability (Coggeshall and
Lekan, 1996). These results require replication through convergent methods.

In summary, a disruption of the histaminergic signaling has been implicated in several
neuropsychiatric disorders. Preclinical studies in the Hdc-KO mouse suggest that
dysregulation of H3R can contribute to stereotypies, grooming, and other forms of repetitive
behavioral pathology. Hdc-KO mice have been characterized as a model of tic
pathophysiology (Pittenger, 2017). Our findings on the distinct intracellular signaling in
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dMSNs and iMSNSs in Hde-KO mice may help clarify the mechanisms of H3R-induced
repetitive behavioral pathology in the striatum.
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Fig. 1.

Rggulation of MSK phosphorylation at T581 in D1-expressing striatonigral MSNs (dMSNSs)
after H3R activation. (A) D1/D2-Hdc-KO or D1/D2-Hde-WT mice were injected with
RAMH (45 mg/kg, i.p.) or saline and sacrificed 30 minutes post injection. Mouse brains
were fixed and sliced on a cryostat at 30 um. Brain slices were triple-immunolabeled using
anti-FLAG (for D1-dMSNSs), anti-Myc (for D2-iMSNSs) and anti-phospho-T581 MSK
antibodies. Representative images were shown. (B) MSK-T581 levels in dMSNs or iMSNs
were quantitated on double-positive cells above background. Data were expressed as mean +
SEM. Statistical analyses were performed using two-ANOVO with post hoc Holm-Sidak
multiple comparison test (*** £< 0.001, **** P< 0.0001 compared to WT-saline; ## p<
0.001 compared to KO-saline; 8 £< 0.05 compared to WT-RAMH; N = 8 per group). Here
and throughout, white arrowheads indicate a sample phosphoprotein-positive iMSN; blue
arrowheads indicate a sample positive dMSN. Scale bar, here and throughout, indicates 100
pm.
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Fig. 2.
Regulation of rpS6 phosphorylation at S235/S236 in D1-expressing striatonigral MSNs

(dMSNSs) and D2-expressing striatopallidal MSNs (iMSNs) after H3R activation. (A)
D1/D2-Hdc-KO or D1/D2-Hde-WT mice were injected with RAMH (45 mg/kg, i.p.) or
saline and sacrificed 30 minutes post injection. Mouse brains were fixed and sliced on a
cryostat at 30 um. Brain slices were triple-immunolabeled using anti-FLAG (for D1-
dMSNSs), anti-Myc (for D2-iMSNs) and anti-phospho- S235/5236 rpS6 antibodies.
Representative images were shown. (B) rpS6-S235/5236 levels in dMSNs or iMSNs were
quantitated on double-positive cells above background. Data were expressed as mean +
SEM. Statistical analyses were performed using two-ANOVO with post hoc Holm-Sidak
multiple comparison test (* £< 0.05, ** P< 0.01 compared to WT-saline; 38 P< 0.01
compared to WT-RAMH; N = 8 per group).
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Fig. 3.

Rggulation of rpS6 phosphorylation at S240/S244 in D2-expressing striatopallidal MSNs
(iMSNSs) after H3R activation. (A) D1/D2-Hdc-KO or D1/D2-Hde-WT mice were injected
with RAMH (45 mg/kg, i.p.) or saline and sacrificed 30 minutes post injection. Mouse
brains were fixed and sliced on a cryostat at 30 um. Brain slices were triple-immunolabeled
using anti-FLAG (for D1-dMSNs), anti-Myc (for D2-iMSNs) and antiphospho-S240/S244
rpS6 antibodies. Representative images were shown. (B) rpS6S240/S244 levels in dMSNs or
iMSNs were quantitated on double-positive cells above background. Data were expressed as
mean + SEM. Statistical analyses were performed using two-ANOVO with post hoc Holm-
Sidak multiple comparison test (¢ £< 0.05 compared to WT-RAMH:; N = 8 per group).
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Fig. 4.
Regulation of Akt phosphorylation at T308 in D2-expressing striatopallidal MSNs (iMSNs)

after H3R activation. (A) D1/D2-Hdc-KO or D1/D2-Hde-WT mice were injected with
RAMH (45 mg/kg, i.p.) or saline and sacrificed 30 minutes post injection. Mouse brains
were fixed and sliced on a cryostat at 30 um. Brain slices were triple-immunolabeled using
anti-FLAG (for D1-dMSNSs), anti-Myc (for D2-iMSNSs) and anti-phospho-T308 Akt
antibodies. Representative images were shown. (B) Akt-T308 levels in dAMSNSs or iMSNs
were quantitated on double-positive cells above background. Data were expressed as mean +
SEM. Statistical analyses were performed using two-ANOVO with post hoc Holm-Sidak
multiple comparison test (*£< 0.05, ** P< 0.01 compared to WT-saline; N = 8 per group).
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