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Abstract  
 
Proteomic exploration of the effects of psychotropic drugs on specific brain 
areas in rodents has the potential to uncover novel molecular networks and 
pathways affected by psychotropic medications, and may inform etiologic 
hypotheses on mental disorders, aiding drug discovery and improved side 
effect management. Haloperidol is a widely used first-generation antipsychotic. 
Treatment with haloperidol has been shown to produce structural and functional 
changes of the hippocampus. At the same time, the hippocampus has been 
implicated in the neuropathology of psychotic disorders such as schizophrenia 
and bipolar disorder. 
Seven male C57BL/6 mice, at 10 weeks of age, were injected daily 
intraperitoneally with 0.5 mg/kg of haloperidol, for 28 days. A control group of 
six animals was injected with vehicle only (saline). Animals were sacrificed, and 
protein levels of hippocampus homogenate were determined using a label-free 
liquid chromatography/tandem mass spectrometry (LC/MS/MS). Pathway 
analysis of proteins identified as differentially expressed in haloperidol-treated 
mice was undertaken using Ingenuity Pathway Analysis (IPA). Statistical testing 
of mean differences of Label-Free-Quantification (LFQ)-intensities in 
haloperidol-treated mice versus controls, identified 216 differentially expressed 
proteins with p-values <0.05. IPA analysis implicated oxidative phosphorylation 
and mitochondrial function as top canonical pathways. Identified proteins are 
overrepresented in networks involved in tubulin-mediated cytoskeleton 
dynamics, clathrin-mediated endocytosis, and extracellular signal-regulated 
kinase (ERK) - and c-Jun N-terminal kinase (JNK) signaling.   
The findings of this study have the potential to stimulate further research into 
protein networks, biological pathways, and cellular mechanisms associated 
with haloperidol treatment. Findings may generate testable hypothesis for the 
exploration of predictive biomarkers for haloperidol treatment response and 
side effects. The MS data have been deposited with the ProteomeXchange 
Consortium with dataset identifier … 
 

 

 

 
 
 
 
 
 
 
 



There is accumulating evidence that long-term exposure of the human and 

animal brain to the widely used butyrophenone antipsychotic haloperidol, 

prescribed for the treatment of schizophrenia and other psychotic disorders [1], 

can result in structural and functional changes, such as decreasing grey matter 

volumes [2-4], altered brain neuroreceptor expression [5, 6], decreases in 

resting cerebral blood flow [7, 8], and compromised cellular morphology [9-12]. 

The hippocampus, a temporal lobe structure involved in memory consolidation, 

appears particularly sensitive to the exposure to antipsychotic medications 

including haloperidol in humans and rodents [13-19]. In rats, chronic exposure 

to haloperidol was shown to increase hippocampal volume [20] in the contrast 

to prominent volume loss in other brain regions such as the anterior cingulated 

cortex (ACC) [21, 22]. Currently, it is unclear which molecular signaling 

mechanisms drive structural and functional brain changes, and whether these 

mechanisms contribute to the therapeutic effects of antipsychotic drugs or 

represent neurodegenerative effects independent of the disorders that they are 

intended to treat [23-27].  

Proteomic investigations, examining brain tissue in animal models, offer an 

opportunity for the generation of testable hypotheses about the molecular 

mechanisms affected by exposure to antipsychotics such as haloperidol. 

Proteomic findings could lead to improved understanding of the therapeutic and 

adverse effects of these widely used medications. Therefore, the aim of the 

current study was to investigate the proteomic effects of long-term haloperidol 

treatment on the hippocampus of C57/BL6 mice.  

 



Ethical approval for these experiments was granted by the RCSI Research 

Ethics Committee (application no. REC175). Seven male C57BL/6 mice, at 10 

weeks of age, were injected daily intraperitoneally with 0.5 mg/kg of haloperidol, 

for 28 days. A control group of or six animals was injected with vehicle only 

(saline). Immediately after decapitation, the hippocampus was dissected, snap 

frozen in liquid nitrogen, and stored at -80°C. Time frame of treatment and 

intraperitoneal dose were determined in accordance to previously published 

literature, suggesting that 28 days of daily antipsychotic exposure in mice 

models chronic drug treatment in humans [28-30]. 

Samples were prepared for Liquid Chromotography/ tandem mass 

spectrometry (LC/MS/MS) as described previously in detail [31]. In brief, 

hippocampi were homogenized by sonication, and protein concentration of 

each homogenate was determined using the Bradford assay [32]. 

Homogenates were subsequently denatured, reduced, and alkylated before 

tryptic digestion. Peptides were then resuspended in 0.5% TFA, dried, and 

desalted using Zip-Tips (Millipore, USA). Label-free LC/MS/MS was conducted 

using a Thermo Scientific LTQ ORBITRAP XL mass spectrometer connected 

to a Dionex Ultimate 3000 (RSLCnano) chromatography system. Tryptic 

peptides were resuspended in 0.1% formic acid. Each sample was loaded onto 

Biobasic Picotip Emitter (120 mm length, 75 μm ID) packed with Reprocil Pur 

C18 (1.9 μm) reverse phase media column, and was separated by an 

increasing acetonitrile gradient, using a 120 min reverse phase gradient at a 

flow rate of 250 nL/min. The mass spectrometer was operated in positive ion 

mode with a capillary temperature of 200 °C, a capillary voltage of 45V, a tube 

lens voltage of 100V, and with a potential of 1800V applied to the frit. All data 



were acquired with the mass spectrometer operating in automatic data-

dependent switching mode. A high-resolution MS scan (300-2000 Dalton) was 

performed using the Orbitrap to select the 7 most intense ions prior to MS/MS 

analysis using the Ion trap. 

Statistical analysis of Orbitrap data was carried out using Maxquant analysis 

software (Max Planck Institute of Biochemistry, Martinsried, Germany). Results 

were searched against rodent databases. 

Pathway analysis was carried out using the proprietary Ingenuity Pathway 

Analysis Software (IPA, Quiagen, Redwood City, USA, 

http://www.ingenuity.com).  

 

In total, 1068 distinct proteins of the mouse hippocampus were identified using 

LC/MS/MS technology. Statistical testing of mean differences of Label-Free-

Quantification (LFQ)-intensities in haloperidol-treated mice versus controls, 

identified 216 proteins with p-values <0.05 [range p=0.0001 to p=0.049] 

(Supplementary Table 1).  

False Discovery Rate (FDR)-adjusted p-values (q-values) for these tests 

ranged between q=0.09 and q=0.24. Seven proteins with q<0.1, 60 proteins 

with q<0.13, and 67 proteins with q<0.15 were identified. Corresponding fold 

changes were calculated, ranging from 6.2-fold reduced expression of 

Apolipoprotein A-1 binding protein (Apoa1bp), to a 3.7-fold over-expression of 

Gamma actin-like protein (Actg1) in haloperidol-treated mice, as compared to 

controls (Table S1). 74 of the 216 differentially expressed proteins (34%) had 

fold changes > ± 1.5.  

 

http://www.ingenuity.com/


IPA analysis was carried out on all 216 proteins demonstrating mean 

expression differences associated with p-values < 0.05. The IPA Associated 

Network Functions tool identified 5 top protein networks affected by chronic 

haloperidol treatment in mouse hippocampus (Table 1). A graphic 

representation of the top protein networks 1 is depicted in Figure 1. Graphs 

illustrating networks 2 and 3 are shown in the supplementary material   

(Supplementary Figure 1, and Supplementary Figure 2). Networks include 

proteins of the original dataset, as well as non-dataset proteins that are 

associated via network functions.  

 

 

[Insert Table 1 about here] 

[Insert Figure 1 about here] 

 

 

The top 5 IPA canonical pathways affected by chronic treatment with 

haloperidol were oxidative phosphorylation (13 proteins), mitochondrial 

dysfunction (13 proteins) epithelial adherens junction signaling (11 proteins), 

signaling by rho family GTPases (11 proteins), and germ cell – sertoli cell 

junction signaling (9 proteins) (Table 2).  

Hippocampal proteins affected by chronic haloperidol administration have 

previously been implicated in neurological disease, psychological disorders, 

skeletal and muscular disorders, hereditary disorders, and cancer, according to 

the IPA Diseases and Disorders database (Supplementary Table 2). In terms 

of IPA-defined cellular functions affected by haloperidol exposure, nucleic acid 



metabolism, small molecule biochemistry, cell death and survival, energy 

production, and cell cycle were most predominantly implicated (Supplementary 

Table 3). In addition, IPA reported the top toxicology pathways altered as a 

consequence of haloperidol treatment (Supplementary Table 4). These were 

mitochondrial dysfunction (13 proteins), oxidative stress (4 proteins), fatty acid 

metabolism (5 proteins), oxidative stress (4 proteins), cholesterol biosynthesis 

(2 proteins), and renal necrosis/cell death (10 proteins). 

 

[Insert Table 2 about here] 

 
 
The results of this study are of potential interest in interpreting molecular effects 

of haloperidol on the hippocampus. For example, the central node proteins of 

IPA protein network 1 (Fig 1), tubulin and Cullin-associated Nedd8-dissociated 

protein 1 (CAND1), have previously been implicated in antipsychotic drug 

action. Cellular tubulin, which was overexpressed in our study in haloperidol-

treated mice (Supplentary Table 1) forms cytoskeletal microtubules and is 

involved in many central cellular processes, including cell division and cellular 

transport of secretory vesicles, organelles, and intracellular substances [33]. 

Disrupted microtubule function has been implicated in neuropsychiatric 

disorders such as schizophrenia and bipolar disorder on the basis of 

morphological and molecular findings [34-41], and previous proteomic 

investigations have found strong associations between psychotic disorders and 

the tubulin-associated cytoskeleton [42]. Recent evidence suggests that 

pharmacological stabilization of microtubules could constitute an important 

molecular mechanism of antipsychotic and mood-stabilizing medications [43], 



which appears to be closely linked to the intracellular transport of mitochondria 

and the associated energy supply to existing or forming synapses [44].  

CAND1, which we found overexpressed in this study (Supplementary Table 1), 

is a regulator protein of Cullin-RING ubiquitin (Ub) ligases (CRLs) that are 

responsible for ubiquitinylation of approximately 20% of all proteins degraded 

by the Ub proteasome system (UPS) [45]. A recent study showed that increases 

of CAND1 protein induces adipogenensis from preadipocytes via regulation of 

the the cyclin-dependent kinase (CDK) inhibitor p27 [46]. In the context of 

haloperidol treatment, up-regulating effects on CAND1 signaling may be one 

explanation for the effects of haloperidol and other antipsychotics on weight 

gain and metabolic syndrome in treated patients.  

Effects of haloperidol on mitochondrial function, the electron transport chain, 

and oxidative phosphorylation have been documented extensively by previous 

studies, and IPA identified oxidative phosphorylation and mitochondrial function 

as top 3 canonical pathways affected by the drug in mouse hippocampus. 

Previously, the inhibition of electron transfer activity at respiratory complex I, 

and concomitant increases complex IV activity by haloperidol have been 

reported in rodent experiments [47, 48]. Overall, these effects likely result in the 

inhibition of the maximal oxygen consumption rate after mitochondrial 

uncoupling, and reduced cellular ability to produce ATP [48]. The findings 

suggest that antipsychotics such as haloperidol might contribute to 

compromised bioenergetic function, which in turn may be involved in the 

cellular pathology underlying severe haloperidol side effects such as tardive 

dyskinesia (TD). On the other hand, anti-mitochondrial effects may also play a 

part in haloperidol’s antipsychotic action.  



This study has a number of limitations. Firstly, results were no longer 

statistically significant at a 5% threshold after adjusting for False Discovery 

Rate (FDR), which was applied to control for multiple testing. Proteomic 

findings across many fields of research have traditionally struggled to hold up 

to FDR, due to the significant variability measured across many experiments. 

Additionally, the statistical specifics of applying FDR to large proteomic 

datasets have remained somewhat controversial, implying that its use may 

result in overly stringent discarding of valuable data [49]. In our view, the global 

protein changes identified on the p-value level in the analysis, remain valuable 

for pointing to underlying biological pathways and mechanisms if applied to 

pathway analysis software such as IPA. Additionally, if the results serve to 

follow up on specific hypotheses concerning only small groups of candidate 

proteins, FDR becomes obsolete. Secondly, for the present investigation, only 

adult mice were used. It is possible that the same investigation in adolescent 

mice might have resulted in different findings. Studies on the effects of 

antipsychotics and other psychotropic drugs show differential effects in young 

and adult rats [50, 51]. Thirdly, the findings of this LC/MS/MS study have not 

been confirmed using alternative techniques. Confirmation experiments using 

Western blotting or ELISA would be paramount before specific candidates are 

taken forward for further analysis. 

In summary, the present study has used a high-throughput proteomic platform 

to achieve in-depth coverage of the proteome of the adult mouse hippocampus 

following long-term administration of haloperidol. These data contribute to the 

understanding of the mechanistic action of haloperidol in rodent brain, and 



possibly point to mechanisms in humans underlying therapeutic and adverse 

effects.  

 

The MS proteomics data are deposited in ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org)[52] via the PRIDE partner 

repository with the dataset identifier…. The data deposition to the 

ProteomeXchange Con- sortium was supported by the PRIDE Team, EBI. 
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Table 1: Top 5 IPA protein networks associated with chronic haloperidol 
treatment  

Network 1 
 

Associated network functions: Cellular Assembly and Organization, Cellular 
Function and Maintenance, Tissue Development 

Number of ‘focus molecules’ contained in the network: 26 

IPA p-score: 49 



Network proteins:  
26s Proteasome,60S ribosomal subunit;ACLY;Alpha tubulin Beta;  
Tubulin,CAND1,CAPZB,CCT3,DLST,DUSP3,ERK,FAM98B,GOT1,HSP,Hsp90,
HSPA4,HSPA8,INPP1,NAP1L1,PP2A,PPP2CA,PSMA2,PSMB2,PSMD6,QDPR,
RPL4,RPL7,RPL22,RPL31,RPLP1,SRR,STMN1,TUBB,Tubulin,TXNL 

Network 2 Associated network functions: Cellular Function and Maintenance, Molecular 
Transport, Cell-To-Cell Signaling and Interaction 

Number of ‘focus molecules’ contained in the network: 24 

IPA p-score: 46 

Network proteins:  
AAK1,ADD3,ADRB,AGK,Ap2alpha,AP2B1,ATP1A2,ATP1B2,ATP1B3,BIN1,CA
DPS,CASKIN1,Clathrin, Dynamin,ENDOD1,ERK1/2,Na+,K+ -ATPase,Na-k-
atpase,NAPG,NCALD,NSFL1C,PTGDS,SEPT3,SEPT5,SEPT6,Septin,SH3GL3,
SNAP25,Snare,STX1B,Syntaxin,TOLLIP,TPT1,TRIM2,Ubiquitin 

Network 3 Associated network functions: Nucleic Acid Metabolism, Small Molecule 
Biochemistry, DNA Replication, Recombination, and Repair 

Number of ‘focus molecules’ contained in the network: 24 

IPA p-score: 45 

Network proteins: 
ATP5A1,ATP5B,ATP5O,ATP6V1F,ATPase,BCR 
(complex),CD3,CNBP,CRK,CTSB,ENO2,FAAH,FDPS,GLS,H+-transporting 
two-sector ATPase,H2AFX,HNRNPH3,HNRNPR,HSPA9,IL12 
(complex),ILF2,Jnk,MAP2K1,MAP2K1/2,MDH2,PDIA6,PGK1,RNH1,RPS18,RP
S19,Sapk,Secretase gamma,Sos,TCR,TUFM 

Network 4 Associated network functions: Free Radical Scavenging, Small Molecule 
Biochemistry, Molecular Transport 

Number of ‘focus molecules’ contained in the network: 22 

IPA p-score: 40 

Network proteins: 
ACADL,Akt,ATP synthase,ATP2B2,C1QBP,Calcineurin 
protein(s),caspase,COX5A,Cycs,Cytochrome bc1,cytochrome C,cytochrome-c 
oxidase,DLAT,ETFA,F1 ATPase,HSPD1,Ikb,Mitochondrial complex 1,NADH 
Dehydrogenase,NADPH 
oxidase,NDUFA4,NDUFA11,NDUFB10,NDUFS1,NDUFS3,NOL3,peroxidase 
(miscellaneous),PRDX1,PRDX2,PRDX5,PRDX6,TST,UQCRB,UQCRC1,UQCR
FS1 

Network 5 Associated network functions: Cellular Assembly and Organization, Cellular 
Function and Maintenance, Cell Cycle 

Number of ‘focus molecules’ contained in the network: 23  

IPA p-score: 39 

Network proteins: 
ACOT7,ACTG1,Actin,ACTN1,ACTN4,ACTR1B,Alpha Actinin,Alpha 
catenin,CDC42,Cofilin,CTNNA2,DCTN2,DSTN,ECHS1,Erm,F 
Actin,GDA,GDI1,GDI2,GIT1,ICAM5,LASP1,Mlc,MYL6,MYO5B,NFkB 
(complex),Pak,PYGB,Ras homolog,Rho 
gdi,RHOC,Rock,SLC9A3R1,SORBS1,SYNPO 

 
Legend: Top 5 IPA protein networks associated with chronic haloperidol 
treatment. IPA generates the Network using a proprietary algorithm, and 
adds proteins not contained in the original dataset. The p-score is calculated 
by IPA, and indicates the probability of finding a given number of focus 
molecules in a given network randomly selected from IPA’s Global Molecular 
Network. The p-score is defined as: p-score = -log10 (p-value); the p-value is 
calculated by Fisher’s exact test. 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

Legend Figure 1: Graphic representation of mouse hippocampus protein 
network 1, identified by IPA as being affected by chronic haloperidol 
treatment. Graphic representation of the top protein network in bipolar 
disorder Known direct and indirect interactions between network proteins, as 
well as the direction of the interaction, are indicated by thin arrows (activation) 
or thin blocked lines (inhibition). Central to the network are tubulin, heat shock 
cognate 71 kDa protein (HSPA8), and Cullin-associated Nedd8-dissociated 
protein 1 (CAND1). 

 

 

 

Table 2: Top 5 IPA-identified canonical pathways affected by chronic 
haloperidol treatment 

Name p-value IPA ratio 

Oxidative 
Phosphorylation 

3.13E-11 13/120 
(0.108) 

Mitochondrial 
Dysfunction 

6.81E-09 13/215 
(0.06) 

Epithelial Adherens 
Junction Signaling 

1.52E-07 11/154 
(0.071) 

Signaling by Rho Family 
GTPases 

1.36E-05 11/263 
(0.042) 

Germ Cell – Sertoli Cell 
Junction Signaling 

1.87E-05 9/169 
(0.053) 

 
Legend Table 2: The table lists the top 5 canonical pathways associated with 
schizophrenia, as identified by IPA. The Ratio divides the number of implicated 
proteins from the study by the total number of pathway proteins listed in the IPA 
knowledge base. The p-value indicates the likelihood of each Ratio occurring 
by chance.  
 

 


