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Abstract

Although antipsychotic drugs can reduce psychotic behavior within a few hours, full efficacy is

not achieved for several weeks, implying that there may be rapid, short-term changes in neuronal

function, which are consolidated into long-lasting changes. Here, we showed that the antipsychotic

drug haloperidol, a dopamine receptor type 2 (D2R) antagonist, stimulated the kinase Akt to

activate the mRNA translation pathway mediated by the mammalian target of rapamycin complex

1 (mTORC1). In primary striatal D2R-positive neurons, haloperidol-mediated activation of

mTORC1 resulted in increased phosphorylation of ribosomal protein S6 (S6) and eukaryotic

translation initiation factor 4E-binding protein (4E-BP). Proteomic mass spectrometry revealed

marked changes in the pattern of protein synthesis after acute exposure of cultured striatal neurons

to haloperidol, including increased abundance of cytoskeletal proteins and proteins associated with

translation machinery. These proteomic changes coincided with increased morphological

complexity of neurons that was diminished by inhibition of downstream effectors of mTORC1,

suggesting that mTORC1-dependent translation enhances neuronal complexity in response to

haloperidol. In vivo, we observed rapid morphological changes with a concomitant increase in the
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abundance of cytoskeletal proteins in cortical neurons of haloperidol-injected mice. These results

suggest a mechanism for both the acute and long-term actions of antipsychotics.

Introduction

Antipsychotics were developed in the late 1950s and currently are used to treat psychosis

associated with schizophrenia and refractory depression. First-generation typical

antipsychotics, such as haloperidol, primarily antagonize dopamine receptor type 2 (D2R) in

the brain. Although many second-generation antipsychotics that antagonize both D2R-like

and the serotonin 5HT2-like receptors have been introduced, the initial reports of improved

efficacy of these drugs have been questioned (1). Antipsychotics of both groups mainly

target positive symptoms of schizophrenia, such as hallucinations and delusions, and their

ameliorative effect on these psychotic behaviors can begin as early as two hours after

treatment, with distinct improvement seen at 24 hours (2,3). However, full efficacy in

patients is not achieved until after three or more weeks of treatment (4), implying that there

may be rapid, short-term changes in neuronal function, which are then consolidated into

enduring modifications over time (5).

One of the signaling effects of antipsychotics is increased phosphorylation of the kinase Akt

[also known as protein kinase B (PKB)], an indication of increased kinase activity (6,7).

Increased Akt phosphorylation was measured within two hours of injection of haloperidol

(6). Most studies that investigated the effects of D2R antagonists have focused on the

phosphorylation and inhibition of glycogen synthase kinase 3β (GSK3β) by Akt, because

this signaling pathway is implicated in other behavioral disorders, such as bipolar disorder

(8). However, phosphorylation of GSK3β is enhanced by lithium treatment, which has

limited efficacy for schizophrenia (9), suggesting that GSK3β phosphorylation may not

entirely explain the mechanism of the antipsychotic action of haloperidol.

Long-lasting changes in synaptic function are tightly regulated by transsynaptic signaling

and dynamic changes in dendritic protein synthesis (10). One well-described regulator of

protein synthesis, including of synaptic proteins involved in synaptic signaling, is the Akt-

mTORC1 (mammalian or mechanistic target of rapamycin complex 1) pathway. mTORC1-

dependent translation has been implicated in synaptic plasticity, memory consolidation, and

autism (11–14). Akt activation relieves inhibition of mTORC1 activity, which in turn

promotes cap-dependent translation by phosphorylating and inhibiting 4E-BP. p70 S6 kinase

1 (S6K1), another downstream effector of mTORC1, phosphorylates ribosomal protein S6,

which also is associated with increased translation (15,16). Here, we asked whether the Akt-

mTORC1 pathway was involved in the neuronal response to antipsychotics.

We analyzed the acute effects of haloperidol on Akt signaling and on the mTORC1 effectors

S6 and 4E-BP and subsequent proteomic changes in cultured striatal neurons. We identified

proteins synthesized within the first 48 hours of exposure to haloperidol and found that

proteins associated with the cytoskeleton and components of the protein synthesis machinery

were increased. We also observed increased morphological complexity; in particular

increased neuronal projection morphological complexity, which was dependent on

mTORC1 effectors. In addition to increases in morphological complexity, we observed an
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increase in the number of spines in vitro in striatal neurons and in spine formation in vivo in

layer 5 cortical pyramidal neurons 24 hours after haloperidol administration. Thus,

activation of the Akt-mTORC1 pathway by haloperidol leads to discrete changes in protein

synthesis associated with overall increased morphological complexity, representing a

previously uncharacterized mechanism for the action of antipsychotics.

Results

Haloperidol increases Akt-mTORC1 signaling

Typical antipsychotics antagonize D2R,, which results in an increase in the phosphorylation

of Akt (7,17). Therefore, we asked whether the antipsychotic haloperidol increased Akt

phosphorylation in primary striatal neuron cultures at time points shorter than two hours. We

focused on striatal neurons because the D2R is abundant in these neurons (18). Haloperidol

was selected as a model drug because its binding affinity and clinical profile with regard to

D2R are well established (19). We chose a concentration of 20 nM based on its binding

affinity and clinical potency profile in human patients (20), and confirmed that this

concentration was effective at stimulating phosphorylation of Akt in mouse primary striatal

neurons (fig. S1A–B). A 20-minute treatment of 7-days-in-vitro (DIV7) primary striatal

neurons with 20 nM haloperidol significantly increased the phosphorylation of Akt at Ser473

(Fig. 1A), which was abrogated by the membrane-permeable Akt PH domain inhibitor, Akti

(21).

In conjunction with Akt activation, haloperidol increased the phosphorylation of S6 and 4E-

BP, in DIV7 striatal neurons as shown by Western blot (Fig. 1B) and by

immunofluorescence (Fig. 1C). Pretreatment of the striatal neurons with either Akti or the

mTORC1 inhibitor rapamycin attenuated the number of neurons and the intensity of the

haloperidol-induced increase in the phosphorylation of S6 and 4E-BP (Figs. 1B and 1C).

Only a subset of cells (40%) responded to haloperidol treatment (Fig. 1D), and these were

identified as the D2R-positive striatal neurons (Fig. 1D). That only D2R-positive neurons

responded to haloperidol with phosphorylation of Akt also was confirmed in striatal cells

derived from a D2R-EGFP transgenic mouse (95% overlap, fig. S1C).

To test whether the observed Akt activation was specific to haloperidol, we tested 1 μM

amisulpride (Fig. 1E), an atypical antipsychotic drug with a different affinity profile, and

found that this concentration of amisulpride also increased phosphorylated Akt and

phosphorylated S6, indicating activation of the mTORC1 pathway. Thus, haloperidol and

amisulpride activated the Akt-mTORC1 pathway and its downstream effectors of translation

within 20 minutes, suggesting a role for the mTORC1 pathway in the acute mechanism of

action of typical and atypical antipsychotics. Furthermore, the response was specifically

enriched in a subset of D2R-positive striatal neurons, indicating that this receptor likely

mediates the effect of these drugs on protein synthesis.

Haloperidol enhances protein synthesis in cultured striatal neurons

To test whether the increases in the phosphorylation of ribosomal S6 and 4E-BP were

coincident with enhanced protein synthesis (15), we utilized SUnSET, a nonradioactive
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method of monitoring global protein synthesis in cultured cells that uses puromycin to tag

nascent proteins (13, 22–23). Puromycin is covalently integrated into a nascent polypeptide

chain in the place of a tRNA, thereby “tagging” newly synthesized proteins, which can then

be detected with a monoclonal antibody against puromycin. To determine the optimal

concentration of puromycin for these experiments, we assayed puromycin incorporation in

the presence and absence of haloperidol and found that 1 μg/ml produced the best signal

with a greater proportion of large molecular weight proteins labeled, indicating minimal

protein truncation and degradation (fig. S2A). Time-course experiments showed that

puromycin incorporation was significantly increased in haloperidol-treated samples within

30 minutes and was still increased at one hour, before returning to match vehicle-treated

samples by four hours (Fig. 2A). Thus, haloperidol transiently increased protein synthesis in

striatal neurons.

To probe whether the haloperidol-induced increase in translation depended on mTORC1

signaling, we blocked two well-characterized effectors of mTORC1: eukaryotic initiation

factor 4E (eIF4E), which is activated when 4E-BP is phosphorylated by mTORC1, and

S6K1, a direct mTORC1 substrate. By expressing a doxycycline-inducible phosphorylation-

deficient mutant of 4E-BP1 (4E-BP AA) that acts as a constitutively active eIF4E repressor

(24) in striatal neurons, we found that the haloperidol-mediated increase in translation was

reduced by expression of 4E-BP AA after doxycycline treatment (Fig. 2B). In contrast, in

the absence of doxycycline, there was no inhibition of haloperidol-mediated puromycin

incorporation (fig. S2B). In both the vehicle and haloperidol conditions, protein synthesis

was further reduced upon treatment of neurons expressing 4E-BP AA with an S6K1

inhibitor PF-4708671 (Fig. 2B) (25). To independently examine the role of S6K1 in the

haloperidol-induced increase in translation, we utilized a shRNA targeting S6K1 (24). S6K1

knockdown also reduced the haloperidol-induced increase in protein synthesis in primary

striatal neuron cultures (Fig. 2C; Fig. 2D).

We investigated how the increase in mTORC1 activation contributed to the mechanism of

haloperidol action in affecting neuronal function. One possibility is that mTORC1 activation

and the subsequent increase in translation lead to synthesis of specific proteins, rather than

just a global increase in translation. Indeed, in mouse embryonic fibroblasts, stimulation of

mTORC1 for two hours is sufficient to alter the distribution of mRNA on ribosomes, and

thus potentially influence translation of specific transcripts (26). Because proteomic changes

also occur following long-term antipsychotic treatment in vivo (27–28), we predicted that

early changes in relative protein abundance might accumulate over time to result in large-

scale proteomic changes similar to those described after chronic antipsychotic treatment

(27–28). To determine whether haloperidol stimulated the production of specific proteins,

we combined two techniques. We used stable isotope labeling with amino acids in cell

culture (SILAC) to measure relative protein amounts (29) combined with SUnSET to enrich

for newly synthesized proteins (23), which enabled the labeling, isolation, and quantification

of nascent proteins produced immediately following haloperidol treatment. The specificity

of the anti-puromycin antibody for immunoprecipitation was validated by stimulating

neurons with an endogenous neurotrophic ligand, brain-derived neurotrophic factor (to

stimulate protein synthesis), in the presence and absence of puromycin and showing that the

signal was limited to the cells exposed to puromycin (fig. S2C). Additionally, the antibody
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immunoprecipitated proteins after the cells had been exposed to puromycin for 4 hours (fig.

S2D) and the signal was sufficiently strong to enable detection of individual newly

synthesized proteins, such as S6, in the immunoprecipitates after a 4-hour exposure to

puromycin (fig. S2E).

Protein synthesis increased in cultured striatal neurons after incubation for 5 hours with

puromcyin and SILAC labeling and immunoprecipitation with the puromycin-targeted

antibody enriched the amount of SILAC-labeled newly synthesized proteins (fig. S3A).

Haloperidol treatment produced a detectable shift in the synthesis of a subset of specific

proteins (fig. S3A). We identified 269 puromycin-labeled (newly synthesized) proteins in

cells that increased in response to a 5-hour exposure to haloperidol and 139 proteins that

decreased in abundance (table S1). In addition, after haloperidol treatment and subsequent

puromycin immunoprecipitation, we detected an increase in the amount of S6, a protein

identified as increased in the 5-hour screen (fig. S2E), suggesting that this technique could

be used to evaluate changes in nascent protein synthesis. Because a single dose of

antipsychotics can produce changes in behavior within two hours and these changes can

become more pronounced after 24 hours (2,3), we also performed analysis of SILAC-

labeled and puromycin-enriched proteins from striatal neurons exposed to haloperidol or

vehicle for 48 hours (fig. S3B). We identified 3209 proteins measured at least once in the

48-hour study (table S2). We compared our proteomic results from the 5-hour and 48-hour

study with mTORC1-specific mRNAs identified in a previous study (26) and noted

substantial similarities between proteins that were upregulated with haloperidol treatment in

our study and those mRNAs that have decreased ribosomal binding in the presence of a

mTORC1 inhibitor, suggesting positive regulation by mTORC1 (table S3). Taken together,

these data suggest that haloperidol can increase the abundance of specific mTORC1-

regulated proteins.

To validate the results of the mass spectrometry analysis of neurons exposed to haloperidol,

we exposed cultured striatal neurons to haloperidol for 4 hours and monitored changes in S6

and clathrin (Fig. 2E), and in eEF2 (Fig. 2F) by Western blot. Consistent with the mass

spectrometry results (table S1), we found increased amounts of S6 (Fig. 2E) and eEF2 (Fig.

2F) with haloperidol, but no increases in clathrin (Fig. 2E). To address whether the increase

in eEF2 was specific to haloperidol, DIV7 striatal neurons were treated for 4 hours with two

atypical antipsychotics, amisulpride or risperidone. Both drug treatments resulted in an

increase in eEF2 (Fig. 2E). Taken together, these findings indicated that haloperidol, as well

as amisulpride and risperidone, increased the synthesis of components of the translational

machinery in cultured striatal neurons.

Mass spectrometry analysis reveals that proteins associated with translation and the

cytoskeleton are produced in response to haloperidol in vitro and in vivo

The proteomic analysis of the neurons exposed to haloperidol for 48 hours was performed

with three independent replicates. We used three different stringencies to identify proteins

that increased in response to 48-hour haloperidol treatment (table S4). Consistent with the 5-

hour screen, which identified proteins associated with translation, the 48-hour mass

spectrometry study (Fig. 3A) also revealed changes protein abundance and identified several
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changes in proteins involved in the cytoskeleton (Fig. 3B). Comparing the 5-hour screen

results with the 48-hour study data showed that at the later time there were fewer large

differences between haloperidol and control samples than were observed in the samples

from the 5-hour haloperidol exposure, suggesting that the vehicle and haloperidol-treated

neurons had more similar translation profiles at 48 hours (compare Fig. 3A with fig.

S3A).Proteins were described as “candidates” if the normalized ratio of the protein (fold

change) was at least 1.2 (amount of protein measured with haloperidol treatment/amount of

protein measured with vehicle treatment) [criteria based on (29–31)]. We refer to these

proteins that increased at 1.2-fold under the least stringent conditions as candidate proteins,

because they responded consistently to a change in protein synthesis induced by

antipsychotics even though they did not meet the most stringent criteria. Candidate proteins

that were classified as translation, cytoskeleton, mRNA processing, membrane, or release-

related are listed in table S4 (see Materials and Methods for explanation of the categories).

Using the most stringent criteria of a 1.2-fold increase in at least 2 experiments, we found

that 17 of the 44 proteins that increased were associated with the cytoskeleton and 10 were

associated with translation (Table 1). The candidate proteins appeared to be specific because

not all cytoskeletal or translational proteins that changed in response to haloperidol were

increased (Fig. 3C).

To validate these changes in protein abundance and determine if they also were present at 24

hours, a time where clinical improvement is noted in human patients (2,3), we exposed

primary striatal neurons for 24 hours to haloperidol and analyzed protein abundance by

Western blot. We chose to investigate the abundance of proteins that were at least low

stringency “candidates” in protein classes of interest: proteins associated with translation

(ribosomal protein S6), the cytoskeleton [microtubule-associated protein 2 (MAP2)], or

morphological complexity [ankyrin repeat-rich membrane-spanning protein (ARMS), also

known as kinase D-interacting substrate of 220 kD (Kidins220)]. The ribosomal protein S6

was increased in abundance at 4 hours, and this increase was present in samples exposed to

haloperidol for 24 and 48 hours (Fig. 3D, Table 2), indicating a prolonged role for increases

in the protein synthesis machinery in the mechanism of action of antipsychotics. MAP2 is a

somato-dendritic protein associated with microtubule stability and morphological

complexity in neurons (32). Consistent with the proteomic data (Table 2), 24 hours of

haloperidol exposure resulted in increased abundance of MAP2 (Fig. 3D). ARMS is

associated with branching and spines (33–35) and was increased in abundance after 24 and

48 hours of haloperidol exposure to cultured striatal neurons (Fig. 3D, Table 2). We also

examined the abundance of GSK3β, which did not exhibit an increase after 24 hours of

haloperidol treatment (Fig. 3D), consistent with the mass spectrometry results where it was

not identified as a candidate (table S2).

To investigate whether the changes in cytoskeletal proteins also occurred in vivo, adult male

mice were injected intraperitoneally with 0.25 mg/kg haloperidol and 24 hours later lysates

from the striatum were examined by Western blot. We noted an increase in the abundance of

ARMS and MAP2 (Fig. 3E), consistent with both the proteomic analysis and Western blot

data from the cultured neurons (Table 2). We also noted that 24-hour haloperidol treatment

induced an increase in an immunoreactive band of MAP2 at 270 kD in rat striatal neurons in

culture (Fig. 3D and fig. S4A). Haloperidol also stimulated an increase in the abundance of
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several MAP2-immunoreactive bands between 100 and 250 kD both in striatal lysates from

mice (Fig. 3E) and in striatal neurons in culture in vitro (fig. S4B). These additional protein

species were not induced by haloperidol when striatal neurons in vitro were pretreated with

MAP2 shRNA (fig. S4B). These findings are consistent with the higher number of reported

MAP2 isoforms in mice compared with those in rats (36). In summary, haloperidol induced

specific changes in the synthesis of proteins that are involved in cytoskeletal architecture

and organization, suggesting that haloperidol might alter neuronal morphology.

Haloperidol increases neuronal complexity

Because 24-hour exposure to haloperidol increased the synthesis of MAP2 and ARMS, two

key proteins that modulate neuronal arborization, we posited that antipsychotic treatment

could lead to changes in morphological complexity. To enhance the ability of cultured

neurons to develop a physiologically-relevant morphology (37), we co-cultured rat striatal

neurons with cortical neurons. Although there are some D2R-positive cortical neurons, they

comprise a low percentage of the total neuronal population. Therefore, we identified striatal

neurons by staining for the striatal marker, DARPP32 (38). After DIV14 (Fig. 4), we treated

the neurons with haloperidol for 24 hours and quantified neuronal complexity by Sholl

analysis of the DARPP32-positive neurons (39).

Haloperidol triggered an increase in branching (Fig. 4A) after 24 hours, which corresponded

to the time that the increase in cytoskeletal proteins was noted by mass spectrometry and

Western blot (Table 2). This increase in morphological complexity also occurred in striatal

neurons exposed to the atypical antipsychotics amisulpride and risperidone, although it was

not as robust as the haloperidol response (Fig. 4B). The increase in morphological

complexity induced by haloperidol was attenuated by either the expression of the dominant-

negative 4E-BP AA (Fig. 4C) or by treatment of the cultures with S6K1-targeted shRNA

(Fig. 4D), consistent with the morphological changes involving mTORC1 signaling. Thus,

acute exposure (24 hour) to haloperidol profoundly affected dendritic process branching and

growth through a translational mechanism likely mediated by increased mTORC1 signaling,

which could alter signal integration and the output of the neurons.

Because ARMS has been implicated in spine stability and maintenance (34), we examined

the appearance of spines in DIV14 cultured striatal neurons using a DARPP32 antibody after

24 hours exposure to haloperidol (fig. S5). We noted a significant increase in spines on both

primary projections from the soma, and secondary projections, which branch directly off

primary projections, in the haloperidol-treated group, both of which were attenuated in

neurons expressing S6K1 shRNA (Fig. 5A). These data suggest that haloperidol increases

the number of spines in an mTORC1-dependent fashion.

Haloperidol induces an increase in neuronal morphological complexity and spine number in

striatal neurons, a brain region that has a relatively high abundance of D2R compared to

other brain regions, such as the cortex. We investigated if haloperidol induced

morphological changes in other areas with less abundant D2R, and if we could observe these

changes in vivo. To visualize the neuronal morphology in animals treated with haloperidol,

we used two-photon microscopy to visualize spines of layer 5 pyramidal neurons in the

upper layers of the frontal association cortex in 1-month-old Thy1-YFP mice, which display

Bowling et al. Page 7

Sci Signal. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



isolated expression of YFP+ neurons (40). We administered a single intraperitoneal injection

of 0.25 mg/kg haloperidol to Thy1-YFP mice and examined spine elimination and formation

24 hours later using a thinned skull preparation (Fig. 5B) (40). This brain region was

selected because it is positive for D2R in cortical layers 1/2 and 5 and contains projections

that terminate in the striatum (41–42) and has been implicated in cognitive processing

performance in primates (43). We noted a significant increase in formation, but not

elimination, of spines in apical dendrites of Layer 5 pyramidal neurons after 24 hours of

haloperidol treatment (Fig. 5C). Thus, haloperidol altered spine formation within 24 hours in

the mouse frontal association cortex in vivo. Together with the increased expression of

cytoskeletal-related proteins observed in the striatum both in vitro and in vivo (Table 2),

these results suggested that haloperidol induces morphological changes in the striatum and

the cortex in an acute manner.

Discussion

Here, we presented a role for the Akt-mTORC1 signaling pathway in response to

haloperidol, resulting in the induction of de novo protein synthesis and an increase in

morphological complexity in striatal neurons. We also provided evidence that these changes

in de novo protein synthesis and morphological complexity can be induced by amisulpride

and risperidone, second-generation atypical antipsychotics. Although we cannot rule out the

contribution of other cellular processes to the efficacy of antipsychotics, the data support the

notion that Akt-mTORC1-induced changes in de novo protein synthesis play a role in the

acute mechanism of the action of antipsychotics.

Akt activity is involved in the response of many antipsychotic drugs (7); however, a

suggested downstream target, GSK3β, may not fully explain the mechanism of action of

antipsychotics. Here, we demonstrated activation of the Akt-mTORC1 pathway and a

subsequent increase in protein synthesis that has not been previously described in the action

of antipsychotics.

An increase in Akt-mTORC1 signaling in response to haloperidol was observed that was

attenuated by an Akt inhibitor and rapamycin. The finding of increased Akt activity in

response to antipsychotics is consistent with previous reports (6,7); however, the increase in

mTORC1 signaling and its potential role in antipsychotic action have not been fully

investigated. Valjent et al. examined S6 phosphorylation in response to haloperidol in vivo

and reported that S6 was not affected (44). One explanation for the differences in S6

responsiveness could be due to the different doses and modes of administration of

haloperidol. We also found that 4E-BP, another mTORC1 target, was similarly regulated by

haloperidol. In addition, the changes in protein synthesis induced by haloperidol were

significantly attenuated by knockdown of the mTORC1 effector S6K1, providing evidence

that mTORC1 was mediating the response to haloperidol. These data are consistent with

Bonito-Oliva et al. (45) who showed that haloperidol induces S6 phosphorylation in an

mTORC1-dependent manner in D2R-positive striatal neurons in vivo. Thus, we conclude

that the Akt-mTORC1 pathway is activated by haloperidol and induces specific changes in

protein synthesis.
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Inhibition of either eIF4E with a dominant-negative 4E-BP (4E-BP AA) or S6K1 with a

shRNA reduced haloperidol-induced increases in protein synthesis and morphological

complexity. These data are contrary to previous reports that 4E-BP is the primary mTORC1

effector that contributes to mTORC1-dependent translation in dividing cells (26). We

speculate that the increased protein synthesis and subsequent morphological changes

induced by haloperidol may require both translation initiation mediated by phosphorylation

of 4E-BP and translation elongation mediated by the phosphorylation and activation S6K1

(43). This may represent a key difference in translational control between dividing cells and

post-mitotic neurons.

In addition to demonstrating that haloperidol induced Akt-mTORC1–dependent changes in

protein synthesis, the proteomic and cellular biochemistry indicated that proteins involved in

translation control were among those which are newly synthesized and increased in

abundance. The increase in the abundance of proteins associated with translation persisted

despite a return to the basal rate of protein synthesis after a few hours of haloperidol

exposure, suggesting that haloperidol may prime the neurons to enable rapid protein

synthesis and alteration in the proteomic profile in response to subsequent stimuli.

Because previous studies have indicated that chronic antipsychotic treatment of at least 3

weeks can change protein abundance in both human patient and rodent brains (26,27), we

compared our proteomic analysis from 48 hours of treatment to determine if any of the same

proteins were altered under both long-term and shorter-term treatment. MAP2, one of the

validated proteins meeting the candidate criteria in our proteomic study (Fig. 3), was

increased at the mRNA transcript level (47) and its phosphorylation state increased (48),

following chronic antipsychotic treatment, further suggesting its role in the antipsychotic

response. Comparison of our proteomic data from cultured striatal neurons exposed for 48

hours to haloperidol with 48 proteins that showed altered abundance in the cortex of rats

treated with haloperidol for 21 days (27) revealed that 27 of 35 proteins measured in

common shifted in the same direction. Of these, 12 of 27 met the criteria we set for

candidate proteins (table S4). When compared to a proteomic study of human postmortem

cortex in patients treated with antipsychotics (28), our proteomic data also correlated with

antipsychotic-induced changes observed previously. Of 34 proteins measured by Chan et al.

(27), 13 of 19 proteins measured in common were altered in the same direction, of which 6

met candidate criteria (table S4). Thus, these animal and human results suggest a convergent

mechanism by which antipsychotics regulate the abundance of proteins relevant to neuronal

function due to increased mTORC1-dependent translation.

We measured a large number of proteins and obtained a unique translational profile in

striatal neurons that was altered with antipsychotic treatment. Notably, our study includes

validated proteins that are involved with translation and in cytoskeletal function. The

commonality between the data set obtained here and in studies in both animals and humans

with chronic antipsychotic treatment provide further confirmation that the changes in newly

synthesized protein abundance observed in this study were not just the result of short-term

exposure to the drug or that were unique to the in vitro system. In addition, the overlap could

suggest that the changes may not be limited to striatal neurons, but rather could be indicative

of changes in other D2R and D2R-like circuits throughout the brain.
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In addition to the activation of mTORC1 in response to haloperidol, the translation of

several mRNAs with 5′-terminal oligopyrimidine (TOP) and TOP-like sequences that are

linked to mTORC1 signaling (26) were identified. Many of the proteins encoded by these

mRNAs were increased by haloperidol at both early and later time points (table S3). The

relative abundance of these known mTORC1 targets further supports a specific role of

mTORC1 signaling in the acute action of antipsychotics.

Although most of the data presented here were gathered from an in vitro culture system,

there are multiple lines of evidence to suggest its relevance to patient and in vivo rodent

data. We have provided evidence of an increase in branching and spine number with

haloperidol treatment that is mTORC1-dependent and present in the first 24 hours. This

finding also supports previous clinical MRI studies showing an increase in striatal volume,

which could potentially be explained by increased branching, following chronic treatment

with typical antipsychotics and less consistently with atypical antipsychotics [reviewed in

(49)]. Although we noted an increase in morphological complexity in striatal neurons when

exposed to atypical antipsychotics, this change was much less pronounced than when

exposed to haloperidol, which appears consistent with human patient data.

In addition to the increased spine formation that we observed in the cortex, neurite length

also increases in hippocampal neurons exposed to atypical antipsychotics (50), which

suggests that subtle changes may also occur in non-striatal brain regions where D2R is less

abundant. These increases in morphological complexity are consistent with reports in human

patients, especially in the early stages of antipsychotic treatment and in rodents treated with

antipsychotics (49, 51, 52). In contrast, in rodents treated with antipsychotics and human

schizophrenia patients reduced brain volume was reported, and decreased dendritic

branching and spine density in the cortex has been observed in postmortem studies of

schizophrenia patients (53–56), suggesting a possible decrease in connectivity at later stages

of schizophrenia. The volumetric decrease at later stages of treatment is at odds with the

increased striatal volume observed in patients and rodents treated with antipsychotics that

has been positively correlated with treatment response (49, 55–58) and with the rapid

morphological changes that we detected herein. It is unclear if this difference is the result of

either the treatment regiment or a failure of antipsychotics to prevent neuronal pruning over

time. Although questions about the functional consequences of these volumetric changes

remain, the identification of a mechanism for some of these changes represents an important

step in exploring the actions of antipsychotics, which will inform future studies.

In summary, here we have presented evidence that could link several observed actions of

antipsychotics to a mechanism involving induction of the protein synthesis machinery. We

linked the antipsychotic-stimulated increased Akt signaling to mTORC1-dependent

enhancement of protein synthesis that in turn increases the abundance of proteins that are

components of the translation machinery. Furthermore, antipsychotics increased the

production of cytoskeletal-associated proteins that was correlated with increased

morphological complexity, which is consistent with previously reported rodent and patient

data.
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Materials and Methods

Plasmids

The doxycycline-inducible HA-tagged T37A/T46A 4E-BP1 double mutant (4E-BP AA),

empty vector, wild-type 4E-BP, scramble shRNA, and S6K1 shRNA 3159 were generated

as previously described (24).

Striatal Cell Culture—Primary neurons from E17-18 C57Bl/6 mouse or E18-19 Sprague

Dawley rat embryos were prepared as previously described (59) and cultured on plates

coated with 0.1 μg/ml Poly-d-lysine (for experiments involving Western blotting of DIV7

neurons) or coverslips coated with 0.1 μg/ml Poly-d-ornithine (for immunofluorescence and

Sholl analysis of DIV14 -22 neurons). Striatal neurons were grown in Neurobasal with B27

(Invitrogen, Grand Island, NY). Doxycycline-inducible constitutively active 4E-BP AA, WT

4E-BP, empty vector, S6K1 shRNA, or scramble shRNA was introduced into striatal

neurons by electroporation using the AMAXA nucleofection system (Lonza, Allendale, NJ)

according to the manufacturer’s instructions at DIV0 before plating. Scramble constructs,

S6K1 shRNA and MAP2 shRNA (Open Biosystems, Pittsburgh, PA) were cotransfected

with GFP (Lonza, Allendale, NJ). 4E-BP-AA was induced with 0.5 μg/ml doxycycline

overnight before treatment with haloperidol. S6K1 inhibitor was used at 10 μM, for 20

minutes before haloperidol treatment. For drug treatments less than 24 hours, neurons were

serum starved and treated with haloperidol, amisulpride, or risperidone (Sigma Aldrich) as

described. Neurons were pre-incubated with 5 μM of an Akt -VIII inhibitor (Akti) or 125

μM rapamycin (Sigma Aldrich) and then treated with haloperidol. For Western blotting,

neurons were cultured at 1 × 106/well in 6-well plates. For immunofluorescence, striatal

cells were cultured at 3.33 × 105/well on coverslips in 12-well plates. For co-cultures,

striatal neurons were plated with cortical neurons at a 3:4 ratio and grown for 14 days.

Western Blot for Primary Cell Cultures—After treatment, cells were lysed and

prepared according to the previously described protocol (59). The majority of Western blots

were performed on 10% or 12% acrylamide gels. Antibodies for 4E-BP, phosphorylated 4E-

BP, phosphorylated Akt, total Akt, phosphorylated S6 and S6 were from Cell Signaling

(Danvers, MA). The antibody recognizing ARMS (892) was previously described (34).

Antibodies recognizing GSK3β and clathrin were from Transduction Laboratories/BD

Biosciences (San Jose, CA) and the antibody recognizing MAP2 was from Chemicon/

Millipore (Billerica, MA).

Immunofluorescence—Cells for immunofluorescence were plated on coverslips, grown

for 7 days, and fixed in 4% paraformaldehyde/20% sucrose and stained as previously

described (59). The primary antibodies recognized pAkt or pS6 (same as above), DARPP32

[gift from Dr. Hugh Hemmings, Jr. (60)], HA (3F10, Roche Diagnostics, Indianapolis, IN),

or GFP (abcam). Some images were taken with an Eclipse E800 microscope equipped with a

60X phase 3, NA 1.40 oil-immersion objective and DigiSight monochrome camera (all

Nikon) driven by NIS Elements F 3.0 software (Melville, NY). Image J (National Institutes

of Health) was used for intensity quantification by selecting a region of interest of the soma

on raw image files, excluding the nucleus, and measuring intensity for every visible cell per
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view, with views averaged per coverslip, background subtracted, then grouped by treatment,

divided by the vehicle baseline and compared to other treatment groups. Confocal imaging

was done using a LSM 510 laser-scanning confocal microscope equipped with a 40x Plan

Neofluor [numerical aperture (NA) 1.3] DIC oil-immersion objective (Carl Zeiss

Microimaging). For Sholl analysis, images were taken, contrast was enhanced, background

was removed manually around DARPP32-positive cells, and the cells were skeletonized and

examined. Images were processed using ImageJ and the Advanced Sholl Analysis plugin

(37). Lines were dilated for ease of demonstration only (Fig. 4D), analysis was performed

with thinner, skeletonized lines. Because DARPP32 is present in spines (61), spines were

quantified with a DARPP32 stain using ImageJ. Spines were analyzed in the first 100 μm

from the soma and identified by the following criteria, they must contain a bright spot with a

neck near a projection at least 1 μm × 1 μm in size and present in at least two, 1 μm thick z-

stack frames.

SUnSET/SILAC—Striatal cultures were grown at 3 × 107 cells/treatment group in

Neurobasal and B27 (Invitrogen). Neurons used in the 48-hour study were changed to

SILAC media with haloperidol or vehicle and incubated for 48 hours before lysing. For the

5-hour study, cells were serum starved and incubated in SILAC media and 1 μg/ ml

puromycin for 5 hours in the presence and absence of 20 nM haloperidol. After treatment,

cells were lysed, centrifuged to remove DNA and debris, and all nascent proteins were

immunoprecipitated with an antibody recognizing puromycin (23).

Because the weight of the SILAC amino acid label was associated with the treatment group

(vehicle or haloperidol), samples could be combined and immunoprecipitated together to

avoid bias and variability between treatment groups. The buffer for immunoprecipitation

was 50 mM Tris-HCl (pH 8.0), 140 mM NaCl, 1% NP-40, and 10% glycerol. The

puromycin – SILAC initial screen (5-hour study) was performed once with haloperidol

labeled with the medium tag and vehicle screen with the heavy tag. For the 48-hour study, 3

independent biological replicates were conducted: the forward experiment in which

haloperidol had a heavy tag and the vehicle the medium tag, and 2 reverse experiments in

which the tags were reversed. For the 48-hour proteomic study. 3 × 107 striatal cells/

treatment group were grown to DIV7 and treated in the presence of 20 nM haloperidol or

vehicle for 48 hours in SILAC media. Sample preparation and LC/MS analysis were

performed as previously described (29). Briefly, immunoprecipitated proteins were

fractionated by SDS-PAGE, digested in-gel overnight with trypsin. Gel bands were cut into

small pieces and destained in 25 mM NH4HCO3/50% acetonitrile, dehydrated with

acetonitrile and dried. The gel pieces were rehydrated with 12.5 ng/μL trypsin solution in 25

mM NH4HCO3 and incubated overnight at 37C. Peptides were extracted twice with 5%

formic acid/50% acetonitrile followed by a final extraction with acetonitrile. Samples were

concentrated by vacuum centrifugation to dryness and redissolved with 2% acetonitrile in

0.1% formic acid before further analysis.

The resulting peptides were analyzed by nano-flow RPLC/MS using an LTQ-Orbitrap mass

spectrometer equipped with a nanoelectrospray ionization source (Jamie Hill Instrument

Services) and prepared for mass spectrometry using published methods (29). For the 48 hour

Forward 1 and 5 hour screen samples, an EksigentnanoLC system (Eksigent Technologies)
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equipped with a self-packed 75-μm × 12-cm reverse phase column (Reprosil C18, 3 μm, Dr.

Maisch GmbH, Germany) was coupled directly to the mass spectrometer. Peptides were

eluted by a gradient of 3–40% acetonitrile in 0.1% formic acid over 110 min. Mass spectra

were acquired in data-dependent mode with one 60 000 resolution MS survey scan by the

Orbitrap and up to eight MS/MS scans concurrent with the Orbitrap survey scan in the LTQ

for the most intense peaks selected from each survey scan. The automatic gain control target

value was set to 500 000 for Orbitrap survey scans and 10 000 for LTQ MS/MS scans.

Survey scans were acquired in profile mode and MS/MS scans were acquired in centroid

mode.

For analysis of the 48-hour reverse SILAC samples, a Thermo Scientific EASY-nLC 1000

coupled to a Q Exactive mass spectrometer (Thermo Fisher Scientific) was used. A self

packed 75-μm × 50-cm reverse phase column (Reprosil C18, 1.9 μm, Dr. Maisch GmbH,

Germany) was used for peptide separation. Peptides were eluted by a gradient of 3–30%

acetonitrile in 0.1% formic acid over 240 min at a flow rate of 250 nL/min. The Q Exactive

was operated in the data-dependent mode with survey scans acquired at a resolution of

50,000 at m/z 400 (transient time = 256 ms). Up to the top 10 most abundant precursors

from the survey scan were selected with an isolation window of 1.6 Thomsons and

fragmented by higher energy collisional dissociation with normalized collision energies of

27. The maximum ion injection times for the survey scan and the MS/MS scans were 60 ms,

respectively, and the ion target value for both scan modes were set to 1,000,000.

Protein Identification and Quantitation—The raw files were processed using the

MaxQuant computational proteomics platform version 1.2.0.18. The fragmentation spectra

were searched against the IPI rat protein database (version 3.68) allowing up to two missed

tryptic cleavages. Carbamidomethylation of cysteine was set as a fixed modification.

Methionine oxidation, protein N-terminal acetylation, D4-lysine, 13C6-arginine, 13C6-15N2-

lysine, and 13C6-15N4-arginine were used as variable modifications for database searching.

For LTQ-Orbitrap data, the precursor and fragment mass tolerances were set to 7 ppm and

0.5 Da, respectively. For Q Exactive data, the precursor and fragment mass tolerances were

set to 7 ppm and 20 ppm, respectively. The estimated peptide and protein false positive rates

based on the decoy database search were 1%.

Proteomic Data Analysis—Identified proteins were manually classified according to

their descriptions on UniProtKB into (i) translational-related proteins (chaperones, folding

proteins, ribosomal proteins, and tRNA synthetases), (ii) cytoskeletal-related proteins (actin,

microtubule, cytoskeletal binding proteins, cytoskeletal modifiers, and motor proteins), (iii)

membrane-bound proteins, (iv) membrane signaling proteins (proteins that interact with

membrane and have a direct signaling cascade), (v) transcription and nuclear proteins, (vi)

mRNA-processing proteins (pre-mRNA to mRNA transport and splicing up to actual

ribosomal interaction), (vii) transport proteins (endocytosis and organelle processing), (viii)

proteins associated with degradation (for example, those involved in proteasome-mediated

degradation, lysosomal proteins, or any other protein breakdown process.), (ix) proteins

associated with synaptic release (actively involved in synaptic exocytosis), (x) proteins

involved in posttranslational modifications and that not part of a known signaling complex,

Bowling et al. Page 13

Sci Signal. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(xi) mitochondrial proteins, (xii) proteins associated with fat metabolism, and (xiii) other,

unclassified. Proteins with inconsistent changes in all three experiments or those that were

only measured in one experiment-- were not included in the analysis. A cutoff of 1.2-fold

increase (ratio protein amounts of haloperidol/vehicle was 1.2 (to one significant figure) or

greater) was selected because reported changes in this range could be reliably detected by

Western blot and have been used previously in mass spectrometry analysis of neurons in the

literature (30). The criteria that candidates must be measured and increased at least two

times out of three replicates is also based on previous publications (29,31). Those proteins

that changed 1.2 fold once with at least one other change in the same direction were declared

low stringency candidates. Those that changed 1.2 fold once but changed all three times in

the same direction where medium stringency. Those with at least two changes in the same

direction of greater than 1.2 fold were declared high stringency. Three low stringency

candidate proteins were then selected for validation from the pool of candidates.

Significance of these candidates was calculated using unnormalized peptide ratios and

subjected to t-test analysis for each mass spectrometry experiment.

In Vivo Experiments: Injection of mice with haloperidol—Adult male C57/Bl6

mice were injected i.p. with either 0.25 mg/kg haloperidol or vehicle (DMSO) dissolved in

0.9% saline and returned to their cage for 24 hours. The animals were sacrificed by cervical

dislocation, the striatum was microdissected on ice, and the tissue was flash frozen. The

striatal lysates were sonicated on ice in the presence of phosphatase and protease inhibitors

and analyzed by Western blot. Lysis buffer was as described in (13).

Two-photon imaging—1-month-old Thy1-YFP-positive mice underwent bar

implantation surgery for head fixation and skull thinning to 20 μm at the region to be

imaged: a 0.2 × 0.2 mm area centered at +2.8 mm Bregma, +1.2 mm midline [frontal

association cortex (Day 0)]. Animals were allowed to recover for 24 hours, then they were

imaged (40), after which, they were injected with 0.25 mg/kg haloperidol or vehicle

dissolved in 0.9% saline and returned to their cage. 24 hours later the same dendrites were

re-imaged. ImageJ software was used to analyze image stacks. The same dendritic segments

were identified from three-dimensional stacks taken from different time points with high

image quality (ratio of signal to background noise >4:1). The number and location of

dendritic protrusions (protrusion length was more than one-third the dendritic shaft

diameter) were identified in each view without previous knowledge of the animal’s

treatment. Filopodia were identified as long, thin structures (generally larger than twice the

average spine length, ratio of head diameter to neck diameter<1.2:1 and ratio of length to

neck diameter>3:1). The remaining protrusions were classified as spines. No subtypes of

spines were separated. Three-dimensional stacks were used to ensure that tissue movements

and rotation between imaging intervals did not influence spine identification. Spines or

filopodia were considered the same between views if their positions remained the same

distance from relative adjacent landmarks. Spines were considered different if they were

more than 0.7 mm away from their expected positions based on the first view.

Statistical Analysis—Statistical analyses were performed in GraphPad Prism, InStat

Software (GraphPad Softwares, CA, USA), or Microsoft Office Excel. For comparing two
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groups, a Student’s Two-tailed t-test was used. For comparison of multiple groups, One

Way Single Factor ANOVAs were employed. For statistical analysis of Sholl analysis, a

Kolmogorov–Smirnov test was used, and the population was found to be normal, so a point-

by-point student’s t-test was employed. Significance was set at p<0.05 unless otherwise

stated and trend level was set at p<0.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acute antipsychotic treatment increases Akt-mTORC1 pathway signaling in D2R-
positive neurons
Primary DIV7 mouse striatal neurons were treated with haloperidol (Hal) or DMSO (Veh),

in the presence of an Akt inhibitor (Akti) or rapamycin (Rap) for 20 minutes. (A) Western

blot analysis of phosphorylated and total Akt in lysates exposed to the indicated conditions

(left, representative blot; right quantification of n =4, One Way ANOVA p < 0.0001, post

hoc analysis Veh vs Hal p <0.01, Hal vs Akti, p < 0.001). (B) Western blot analysis of

phosphorylated and total S6 and 4E-BP in lysates exposed to the indicated conditions [left,

representative blot; right quantification of S6 (n=3, One Way ANOVA p < 0.0008, Veh vs

Hal p < 0.05, Hal vs Akti and Hal vs Rap p < 0.01) and 4E-BP (n = 3, One Way ANOVA p

< 0.0003, Veh vs Hal p <0.05, Hal vs Akti p < 0.001, Hal vs Rap p <0.01). All graphs shown

are average ± SEM. (C) Changes in the abundance of the indicated phosphorylated proteins

in striatal neurons exposed to the indicated treatments as detected by immunofluorescence.

Arrows indicate responding neurons, stars indicate cells that are not responding.

Quantification of pS6 (n= 4, One Way ANOVA p < 0.05, all indicated single comparisons p

< 0.05) and p4E-BP (n=4, One Way ANOVA p < 0.0001, Veh vs Hal p < 0.01, Hal vs Akti

and Hal vs Rap p < 0.001). (D) D2Rs are detected in nearly all cells with increased pAkt

(arrow). A nonresponding cell is indicated by asterisk. Quantification of responding cells

and D2R-positive (D2R+) and D2R-negative (D2R−) cells (n=3, 109 cells counted). D2R

image underwent Iterative deconvolution in ImageJ to increase clarity of signal. (E) The

abundance of phosphorylated Akt and S6 in striatal neurons exposed to amisulpride (1 μM)
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or vehicle for 20 minutes (pAkt, n = 3, p < 0.06; pS6, n = 3, p < 0.03). Scale bars indicate 50

μm.
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Figure 2. Acute haloperidol treatment leads to transient increases in protein synthesis that are
mTORC1 dependent
(A) Primary DIV7 striatal neurons were treated with haloperidol (Hal) or DMSO (Veh) for

30, 60 minutes, or 4 hours and 1 μg/ml puromycin. Puromycin was detected by Western

blotting. A representative blot is shown. The 4-hr blot is a lighter exposure due to the

intensity of the signal. Data were quantified as the percent of puromycin signal in the

haloperidol-treated samples / puromycin signal in vehicle–treated samples normalized to

actin and shown as the average (30 min; n=8, p =0.007; 60 min, n=7, p=0.005; 4 hours, n=4,

not significant). Actin is a loading control. (B) The effect of S6K1 shRNA or the

doxycycline-inducible (DOX) dominant-negative 4E-BP AA on haloperidol-mediated

stimulation of translation. Data were quantified as in panel A for the 4E-BP AA “on” (Dox;

n=4) and “off” (No Dox; n=3) conditions. * p=0.02). Doxycycline with and without S6K1

inhibitor (S6K1i), n = 3, not quantified due to comparatively light signal. HA indicates the

presence of 4E-BP AA. Actin is a loading control. (C) The effect of S6K1 knockdown

Bowling et al. Page 21

Sci Signal. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(S6K1 shRNA) or control (S6K1 scramble) on the haloperidol-induced increase in

puromocyin incorporation. Data are quantified as in panel A. (n=4, p=0.03,). (D)

Effectiveness of S6K1 knockdown was quantified for each experiment, knockdown average

was 41% (n= 4 p < 0.0003). (E) Western blot analysis of S6 and clathrin abundance in

striatal neurons exposed to vehicle or haloperidol under the same conditions used for the

puromycin analysis (% Haloperidol/Vehicle normalized to actin loading control). (S6, n=3,

p=0.003) (clathrin, n=4, p=not signficant). (F) Western blot analysis of eEF2 abundance in

striatal neurons exposed to vehicle or haloperidol (20 μM, n=7, p=0.027), risperidone

(Risperidone 100 nM, n=,5, p < 0.06), or amisulpride (Ami, 1 μM, n = 5, p = 0.08) for 4

hours. All graphs shown are average ± SEM and analyzed by Student’s t test. P < 0.05 was

considered significant and is marked with asterisks; P< 0.1 is marked with #.
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Figure 3. Haloperidol treatment leads to specific early proteomic changes in proteins involved in
protein synthesis and associated with the cytoskeleton
(A) A representative plot of all normalized proteins measured by mass spectrometry after 48

hours of haloperidol or vehicle treatment and SILAC labeling. (B) Bioinformatic analysis of

the candidate proteins that increased with haloperidol treatment in the 48-hour mass

spectrometry assays. The plot shows the frequency of proteins abundance changes of the top

five categories from UniProtKB (see Materials and Methods, table S4). Translation=

proteins related to protein translation; mRNA= proteins related to synthesis and trafficking
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of mRNA; cytoskeletal= proteins related to or part of the cytoskeleton; membrane= proteins

integral to the plasma membrane; release= proteins related to synaptic vesicle release or

synaptic exocytosis. (C) Normalized fold changes for all proteins in top 5 candidate protein

classes. The symbols do not denote any special meaning. The colored squares correspond to

the classes as colored in B. (D) Western blot analysis of lysates of DIV7 striatal neurons

exposed to haloperidol or vehicle for 24 hours. The candidate proteins S6 (n=4, p =0.06),

ARMS (n=3, p <0.0001), and MAP2 (n=3, p= 0.02) were analyzed, as well as GSK3β, a

protein that was not a candidate (n=4, p=0.006). (E) Western blot analysis of ARMS and

MAP2 in striatal lysates from adult mice treated with either 0.25 mg/kg haloperidol or

vehicle for 24 hours. ARMS (n=6/group, p = 0.048); MAP2 (n=6/group, p= 0.08). All

graphs shown are average ± SEM and analyzed by Student’s t test. P < 0.05 was considered

significant and is marked with asterisks; p < 0.1 is considered trend level and is marked with

#.
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Figure 4. Haloperidol treatment leads to increased morphological complexity in striatal
DARPP32-positive neurons
Primary striatal neurons were cocultured with wild-type cortical neurons (2:3 ratio), grown

to DIV14, and exposed for 24 hours to either vehicle, haloperidol, amisulpride, or

risperidone. Neurons were stained with an antibody against DARPP32 and morphological

complexity was quantified by Sholl analysis. Images shown are line enhanced for

visualization. The number of intersections within 100 μm of the soma was quantified on

images without line enhancement. (A) The effect of haloperidol on morphological

complexity of wild-type striatal neurons. (n=4, p<0.000001, cells analyzed = 19 for vehicle

treated, 20 for haloperidol treated) (B) The effect of the indicated atypical antipsychotics on

morphological complexity of wild-type striatal neurons. Risperidone (n=3, p=0<0.002, cells

analyzed = 24 for vehicle treated, 23 for drug treated); amisulpride (n =3, p<0.01, cells

analyzed = 24 for vehicle treated, 21 for drug treated). (C) The effect of haloperidol on

striatal neurons expressing 4E-BP AA. 4E-BP AA-expressing striatal neurons were

cocultured with wild-type cortical neurons as described above, then induced with

doxycycline overnight and exposed to haloperidol for 24 hours. Scholl analysis was

performed on cells that were stained positive for both DARPP32 and the HA tag on the 4E-

BP AA. (n=3, p = 0.05 decrease, cells analyzed = 12 for vehicle treated, 13 for haloperidol

treated). (D) The effect of haloperidol on striatal neurons in which S6K1 is knocked down.

S6K1 shRNA-expressing striatal neurons were cocultured with wild-type cortical neurons as
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described above and exposed to haloperidol for 24 hours. Scholl analysis was performed on

cells that were stained positive for both DARPP32 and GFP that marks the shRNA-

expressing cells. (n=3, p=not significant). Scale bar indicates 50 μm. All graphs shown are

average ± SEM. p ≤ 0.06 is indicated by the asterisk.
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Figure 5. Haloperidol treatment leads to increased spines in striatal neurons in vitro and cortical
Layer 5 pyramidal neurons in vivo
(A) Primary striatal cultures were co-plated with cortical neurons, grown to DIV14, and

treated for 24 hours with either haloperidol or vehicle. Images were processed using ImageJ

and spines were quantified on primary and secondary projections where detectable. Skeletal

representative images are shown and are line enhanced for visualization. Spines that met

specified criteria (see Materials and Methods) were quantified (n=4, p<0.0001). Primary

indicates spines counted on primary projections from the soma; secondary indicates spines

counted on secondary projections that branch from primary projections. The scale bar
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indicates 5 μm. S6K1 shRNA treated neurons (B) Experimental procedure for in vivo study.

One-month-old Thy-1 YFP mice underwent surgery to place head-fixation bars prior to

initial imaging session (Day 0), were imaged, and then either injected with haloperidol or

vehicle and imaged again 24 hours later. (C) Processed representative images of cortical

Thy-1 YFP positive neurons are shown for clarity. Asterisks indicate filopodia, closed

arrowheads indicate spines that formed, and open arrowheads indicate spines that were

eliminated. The number of spines eliminated or formed is plotted. (Veh=4, Hal=6, p =

0.006). All graphs shown are average ± SEM and analyzed by Student’s t-test for statistical

differences. p ≤ 0.05 is indicated by the asterisk.
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Table 1
Candidate proteins that met the highest stringency of increasing at least 1.2 fold in at least
two experiments

Proteins are grouped by function as defined by UniProt KB. Protein names or abbreviations and their

International Protein Index (IPI) identifiers are provided. A list of proteins that met lower stringencies can be

found in table S4.

Cytoskeleton and trafficking-related proteins

 Actc1, IPI00194087

 Protein linking IAP with cytoskeleton 1,IPI00203373

 Gamma-adducin, IPI00209216

 Coronin-1A, IPI00210071

 Hematopoietic system regulatory peptide, IPI00230925

 Developmentally-regulated brain protein, IPI00231407

 Ttll12, IPI00361443

 plexin A2, IPI00363440 (could also be listed as a membrane protein)

 Tbc1d17, IPI00364330

 Tpm1, IPI00391997

 Intersectin-1, IPI00554196

 Astrocytic phosphoprotein PEA-15, IPI00555213

 Protein-L-isoaspartate(D-aspartate) O-methyltransferase, IPI00555303

 IPI00561918

 heat shock protein 1, IPI00566286

 Tyrosine-protein phosphatase non-receptor type 23, IPI00782007

 catenin, alpha 2, IPI00870129

 Snx4, IPI00373092 (could also be considered endocytosis protein)

Translation, amino acid biosynthesis, and protein folding proteins

 Ppig, IPI00194996

 eif1b, IPI00196316

 60S acidic ribosomal protein P1, IPI00196316

 IPI00365169

 ER membrane protein complex subunit 2, IPI00366247

 Eukaryotic translation initiation factor 4H; IPI00370315

 Rrbp1 ribosome binding protein 1, IPI00769110

 IPI00870393

 IPI00876578

 Psat1, IPI00951316

Proteins at the synaptic terminal, involved in synaptic release, or secre proteins

 Synaptogyrin-1, IPI00209284

 Synapsin-3, IPI00390215

 Granulins, IPI00213847

 Proenkephalin-A, IPI00324459

 Pleiotrophin, IPI00204373
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 complexin 2, IPI00190397

mRNA-related proteins

 Calcium-regulated heat stable protein 1, IPI00201548

 LSM5 homolog, IPI00210564

 NOP58 ribonucleoprotein, IPI00214536

 Srpk2 SRSF, IPI00372013

 CELF1, IPI00373642

 U2surp, IPI00560940

 Rbmxl1, IPI00763272

 Snrpf, IPI00768974

Plasma membrane-associated proteins

 Nlgn2, IPI00209308

 Ephrin-B1, IPI00209416
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