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Identifying the in vivo cellular correlates of antipsychotic drugs. 42 

Abstract: 43 

GPCRs such as 5-HT2A and D2 are implicated in the therapeutic and the side effects of 44 

antipsychotics. However, the pattern of brain activity that leads to the behavioural effects of 45 

antipsychotics is poorly understood. To address this question, we used the transgenic ‘FosTRAP’ 46 

mice (Mus musculus), where a fluorescent reporter marks the cells responsive to the stimulus of 47 

interest. Here the stimulus was an administration of various antipsychotic drugs. In case of typical 48 

antipsychotics such as Haloperidol, the c-fos active cells were predominantly found in the striatum 49 

whereas in case of the atypical antipsychotics (Clozapine and Olanzapine) c-fos induced cells were 50 

more numerous in the cortical regions e.g., orbital cortex, piriform cortex. Curiously, we also observed 51 

ependymal cells to be a novel cellular target of atypical antipsychotics. 5-HT2A is considered to be a 52 

major target for atypical antipsychotics. Therefore, we bred ‘FosTRAP’ mice with 5-HT2A knockout 53 

mice and tested their response to the prototype of atypical antipsychotics- Clozapine. Interestingly, 54 

the absence of 5-HT2A did not significantly affect the number of c-fos induced cells in the cortical 55 

regions. However, the ependymal cells showed a dramatically reduced response to Clozapine in the 56 

absence of 5-HT2A. In summary, the TRAP system has allowed us to identify various region-specific 57 

activity induced by antipsychotics and novel cellular targets of the antipsychotics. These results serve 58 

as a ‘proof of principle’ study that can be extended to explore the biochemical and physiological 59 

changes brought about by antipsychotics and specifically identify antipsychotic-responsive cells in the 60 

live tissue. 61 

  62 
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Significance Statement: 63 

Antipsychotic drugs have been the first choice of treatment for mental illnesses such as 64 

Schizophrenia. Thorough understanding of the cellular and neuronal targets of these drugs should 65 

deepen our understanding of the pathophysiology of the mental disorders and help the development 66 

of improved therapy. We report here the use of FosTrap mice that allowed us to label cells and brain 67 

areas that were responsive to the antipsychotic treatment. We identified brain regions such as orbital 68 

cortex, piriform cortex and ventral posteromedial thalamus as the targets of the atypical class of 69 

antipsychotics. Importantly, we also report for the first time that, ependymal cells, lining the ventricles, 70 

are targeted by the atypical antipsychotics and this effect is modulated by the 5-HT2A receptor.   71 

  72 
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Introduction: 73 

Antipsychotics have revolutionized the treatment of mental illness from the 1950s (Hippius, 1989; 74 

Shen, 1992). Even today antipsychotics are the preferred treatment for schizophrenia (Leucht et al., 75 

2009; Ross et al., 2006; Roth et al., 2004). However, the mechanism of action of antipsychotics still 76 

remains unclear and controversial, and the brain areas, neural circuits and cellular targets involved in 77 

the effects of antipsychotics need to be better identified. 78 

Binding affinities have suggested the D2 dopamine receptor and the serotonin receptor 5-HT2A as the 79 

prime targets of antipsychotics (Roth et al., 2004, 1994; Yadav et al., 2011a). Based on the relative 80 

affinities for the 5-HT2A and D2, antipsychotics are also classified as atypical or typical. Typical 81 

antipsychotics exhibit higher affinity for D2 than 5-HT2A and the reverse is seen for atypical 82 

antipsychotics (Meltzer et al., 1989). Antagonism at the 5-HT2A and D2 is thought to underlie some of 83 

the therapeutic effects and/or side effects of antipsychotics (Fribourg et al., 2011; Kapur et al., 2000, 84 

1995; Moreno et al., 2016; Wadenberg et al., 2000). Along with the 5-HT2A and D2, antipsychotics can 85 

also bind to many other GPCRs with varying affinities, for example, muscarinic receptors, adrenergic 86 

receptors, and histamine receptors (Roth et al., 2004). However, the role of these GPCRs in 87 

modulating the antipsychotic-induced effects on neural circuits or cellular targets is largely unknown. 88 

Previously c-fos activity has been used to identify the brain areas and cells that are active on the 89 

administration of antipsychotics. Up-regulation of c-fos gene has been suggested as a marker for 90 

neuronal activity. Many stimuli have been shown to cause up-regulation of c-fos, for example seizure 91 

(Gunn et al., 1990; Morgan et al., 1987), membrane depolarization (Sheng et al., 1990), novel 92 

environment and psychoactive drugs (Day et al., 2001; Ostrander et al., 2003; Uslaner et al., 2001).   93 

Prior studies showed that the typical and atypical antipsychotics cause increased c-fos activity in the 94 

striatum and prefrontal cortex respectively, whereas up-regulation of c-fos in the nucleus accumbens 95 

was reported for both (Deutch A. Y., 1996; Verma et al., 2007; Wan et al., 1995). In these studies, c-96 

fos activity was detected by immunohistochemistry or in situ hybridization. These techniques can be 97 

limiting due to the sensitivity and specificity of the probes. In addition, they provide limited access to 98 

cellular morphology. Since these procedures require the tissue to be fixed, they also severely 99 

compromise further biochemical and physiological investigations. 100 
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In this study we describe the activity induced by antipsychotics, using the ‘FosTrap’ system. This 101 

system, designed by Luo and colleagues (Guenthner et al., 2013), permanently marks cells in which 102 

c-fos is active following the stimulus. TRAP system requires co-administration of Tamoxifen post-103 

stimulus, as the c-fos promoter drives the expression of the CreERT2 recombinase. The presence of 104 

the estrogen receptor binding site (ER) allows entry of Cre recombinase into the nucleus only in the 105 

presence of Tamoxifen. Therefore Tamoxifen, coupled with the stimulus, traps ‘stimulus responsive 106 

cells’ to permanently express the reporter (Guenthner et al., 2013) (Figure 1a). ‘FosTrap’ mice have 107 

shown increased c-fos activity in specific areas following exposure to a novel context, whisker 108 

stimulation, light exposure etc. which led us to try and identify cells in the brain that are activated by 109 

antipsychotics.  110 

We tested two different antipsychotics each from the typical and atypical groups viz., Haloperidol, 111 

Loxapine, Clozapine, and Olanzapine. Using this system we screened different cortical and 112 

subcortical brain areas for active c-fos in response to antipsychotics. In general, we observed that the 113 

typical and atypical antipsychotics showed little overlap in the area-wise pattern of activity. Brain 114 

areas such as the orbital cortex, piriform cortex and ventral-posteromedial thalamus (Vpm) were 115 

responsive to the atypical drugs while cells in the striatal region responded to typical antipsychotics. 116 

5-HT2A being the major target of Clozapine, we also investigated the role of 5-HT2A in modulating the 117 

activity pattern induced by Clozapine using an available 5-HT2A knockout mice.   118 

Our results also identified ependymal cells within the ventricles as novel cellular targets of the 119 

antipsychotics Clozapine and Olanzapine and heavily modulated by 5-HT2A. Briefly, the ‘FosTrap’ 120 

system has allowed us to identify live cells in brain regions which are known to be activated or 121 

modulated by typical and atypical antipsychotics as well as newer regions and cell types. The system 122 

can be used further for potential manipulation and investigation of the ‘trapped’ cells in vivo and the 123 

circuits they are a part of. 124 

  125 
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Material and Methods: 126 

Animals:  127 

Animals were maintained on ad libitum food and water on a day-night cycle of 10-14 hours. 128 

Experiments were performed during the daytime.  Males and females, minimum of 8 weeks or older 129 

were used for the experiments. FosCreER mice (c-Fos Cre ERT2 (B6.129(Cg)-Fostm1.1(cre/ERT2)Luo/J) 130 

and Lox-tdTomato (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) mice were obtained from the 131 

Jackson laboratory, (Stock No: 021882 and stock No: 007914, respectively) and maintained as per 132 

the Jackson laboratory guidelines. Htr2a-/- mice were maintained through heterozygous matings. All 133 

animal procedures were performed in accordance with the [Author University] animal care 134 

committee's regulations. 135 

F1 progeny of cross between FosCreERT2 mice (FosCreER/+) and Lox-tdTomato (R26AI14/A14) were used 136 

for the experiments. The F1 (FosCreER/+ R26AI14/+) mice were also crossed into Htr2a-/- background to 137 

generate the triple transgenic mice with the genotype FosCreER/+R26AI14/+Htr2a+/+ and 138 

FosCreER/+R26AI14/+Htr2a-/-. The FosCreER/+R26AI14/+Htr2a-/- were subsequently maintained on the Htr2a-/- 139 

background. Similarly the FosCreER/+R26AI14/+Htr2a+/+ mice were maintained on the Htr2a+/+ background. 140 

To rule out the effect of 5-HT2A, if any, on maternal rearing, experimental results were verified on a 141 

small set of Htr2a+/+ and Htr2a-/- animals obtained by heterozygous matings of FosCreER/+ R26AI14/+ 142 

Htr2a+/-.  143 

All the mice were genotyped for the presence of Cre, LoxP and the Htr2a locus.  144 

Genotyping: Genotyping was performed using polymerase chain reactions with genomic DNA 145 

obtained from tail clips.  146 

 147 

Primers: 148 

For Htr2a knockout strain, Wild Type (WT) fragment: fragment (1) 408bp or fragment (2) 200 bp, 149 

Htr2a Mutant fragment: 642 bp.  150 

WT Forward (1) -CAT GGA AAT TCT CTG TGA AGA CA, WT Reverse (1) -AGG ATG GTT AAC ATG 151 

GAC ACG, WT Forward (2)- GGT ACC GGT GGC CTT TGC C , WT Reverse (2)- TAC GGA TAT 152 
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GGT CCA CAC CGC AAT, Mutant Forward -AGT TAT TAG GTC CCT CGA AGA GGT, Mutant 153 

Reverse -GGT ACA AGT CCT TGC TGT ACA ATG. 154 

FosCreER mice, WT product: 215, Mutant fragment: 293 155 

Common Forward -CAC CAG TGT CTA CCC CTG GA,  WT Reverse- CGG CTA CAC AAA GCC 156 

AAA CT, Mutant Reverse- CGC GCC TGA AGA TAT AGA AGA. 157 

For Lox-tdTomato mice, WT fragment: 297 bp, Mutant fragment: 196 bp  158 

WT Forward- AAG GGA GCT GCA GTG GAG TA, WT Reverse- CCG AAA ATC TGT GGG AAG TC, 159 

Mutant Reverse- GGC ATT AAA GCA GCG TAT CC, Mutant Forward- CTG TTC CTG TAC GGC 160 

ATG G.     161 

Drugs: 162 

Clozapine (Catalogue No. 0444) stock: 50mg/ml, Haloperidol (Catalogue No. 0931) stock: 10mg/ml, 163 

Olanzapine (Catalogue No. 4349) stock: 50mg/ml, were from Tocris Bioscience, (Bristol, UK) and 164 

dissolved in DMSO. Loxapine (Catalogue No. L106) stock: 10mg/ml was from, Sigma-Aldrich, USA 165 

and dissolved in 0.9% saline. All aqueous solutions were buffered to pH 6 - 6.5 if required. The drugs 166 

were administered intraperitoneally. 167 

4-OH-Tamoxifen (Catalogue No. H6278) was purchased from Sigma-Aldrich, USA. It was prepared as 168 

described previously (Guenthner et al., 2013). Briefly, 4-OH-Tamoxifen was dissolved in ethanol at 169 

20mg/ml and stored in -20oC. 4-OH-Tamoxifen stock in ethanol was mixed with corn oil to achieve the 170 

final concentration of 10 mg/ml. The ethanol was evaporated using Centrivap prior to injection.   171 

Mouse brain processing: The animals were perfused with 4% paraformaldehyde (PFA) and the 172 

brains were dissected out. Brains were post-fixed in 4% PFA overnight. Following cryopreservation in 173 

30% sucrose, the brains were sectioned into 40 μm thick slices.  174 

Antibody staining: Anti-Vimentin antibody (Catalogue No: ab92547) was from Abcam (Cambridge, 175 

United Kingdom)) and the anti-S100 beta antibody (Catalogue No: Z0311) was from Dako (Agilent 176 

Technologies, Santa Clara, California, USA)). 0.3% Triton in 3% milk powder, prepared in PBS, was 177 
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used for blocking. The sections were incubated with the primary antibody anti-Vimentin (1:300) and 178 

anti-S100β (1:500) overnight at 40C, followed by staining with the secondary antibodies.  179 

Image acquisition and analysis: The brain slices were imaged on the Olympus FV1000 (Melville, 180 

NY, USA), confocal microscope. Orbital cortex (Bregma 2.46 to 1.98 mm), Piriform cortex (Bregma 181 

2.46 to 1.98), Vpm (Bregma -1.46 to -1.94 mm) and the 3rd Ventricle (Bregma -1.34 to -1.94 mm) were 182 

imaged in every 3rd section. The cingulate cortex (Bregma 1.42 to 0.38 mm), dorsal striatum (caudate-183 

putamen) (Bregma 1.18 to 0.34 mm) and lateral ventricles (Bregma 1.42 to 0.38 mm) were examined 184 

in every 6th slice. Images were processed using ImageJ 1.47, (NIH, Bethesda, Maryland, USA) 185 

software and the number of cells in each image were counted using Cell profiler (Openware, Broad 186 

Institute Imaging Platform, Cambridge, Massachusetts, USA). Final data was represented as the 187 

number of cells per section averaged from all the slices in the area of interest in both hemispheres. 188 

The ependymal cells were often too closely spaced to count individual cells, therefore total intensity 189 

was counted per image and the data was plotted as Unit intensity/section.  190 

Statistics: Data is represented as Mean ± SEM. Comparison between vehicle and drug treatments 191 

were interpreted using one-way ANOVA (or Kruskal Wallis test where appropriate) with correction for 192 

multiple comparisons. Htr2a+/+ and Htr2a-/- genotypes and treatments were compared using two-way 193 

ANOVA with correction for multiple comparisons. Student's t-test or Mann-Whitney U test was used 194 

for comparison between male and female data. The appropriate tests are indicated in the figure 195 

legends. 196 

 197 

  198 
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Results: 199 

Antipsychotics cause the increase in c-fos activity in a region-specific manner. 200 

To identify cells that respond to antipsychotics by activating c-fos we crossed FosCreERT2 mice 201 

(B6.129(Cg)-Fostm1.1(cre/ERT2)Luo/J) to Lox-tdTomato mice (B6.Cg-Gt(ROSA)26Sortm14(CAG-202 
tdTomato)Hze/J) and used the F1 progeny (FosCreER/+ R26AI14/+ mice) for the experiments (Figure 1a). The 203 

activated cells would express tdTomato, a red fluorescent protein. Following the acute antipsychotic 204 

injection, an increase in tdTomato positive cells was seen in various brain areas. Since the tdTomato 205 

is cytoplasmic, the entire cell could be visualized without any staining. The majority of the cells that 206 

were labelled also looked neuronal by morphology (Figure 1-1). We have used the term- ‘tdTomato 207 

positive labelling’ interchangeably with c-fos activation throughout. 208 

As mentioned earlier, previous reports show that typical antipsychotics such as Haloperidol caused 209 

activation of c-fos in the dorsolateral striatum. Therefore we analysed tdTomato labelling in the 210 

striatum first to validate our system. Dorsolateral striatum showed the highest number of tdTomato 211 

positive cells on treatment with Haloperidol (Vehicle vs Haloperidol, p< 0.0001)a. Loxapine, though 212 

considered typical antipsychotic, showed lesser numbers of activated cells in the striatum compared 213 

to Haloperidol (Vehicle vs Loxapine, p= 0.0407)a (Figure 1d, e). Interestingly, Olanzapine which 214 

belongs to the atypical class of antipsychotics showed a stronger c-fos response in the striatum 215 

(Vehicle vs Olanzapine, p= 0.0003)a (5.5 fold over control) compared to its structural analogue 216 

Clozapine, but lesser than haloperidol (Figure 1d & e). This was reproducibly observed suggesting 217 

that the labelling process was robust and antipsychotic-specific.  218 

In conclusion, the TRAP system could successfully and permanently label cells within specific brain 219 

regions in a specific antipsychotic-dependent manner. The area in which these cells were located was 220 

similar to what was expected of the typical antipsychotics based on previous literature.  221 

Cortical and thalamic sub-regions are more responsive to Clozapine and Olanzapine.  222 

While Clozapine labelled the least number of cells in the striatum, certain cortical regions (Figure 1e) 223 

were very responsive to Clozapine. Clozapine and Olanzapine caused c-fos activity patterns similar to 224 

each other in the cortical structures that we examined, unlike the striatum (Figure 1b & 2a, b, c). 225 

These atypical antipsychotics caused significantly higher increases in tdTomato positive cells in the 226 
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orbital cortex (Vehicle vs Clozapine p= 0.0006, Vehicle vs Olanzapine p< 0.0001)a, piriform cortex 227 

(Vehicle vs Clozapine p= 0.0002, Vehicle vs Olanzapine p< 0.0001)a, and anterior cingulate cortex 228 

(Vehicle vs Clozapine p= 0.01, Vehicle vs Olanzapine p= 0.0027)a, compared to the vehicle. In these 229 

brain areas, the number of tdTomato positive cells induced by Haloperidol and Loxapine was 230 

comparable to the vehicle. 231 

Previous studies have reported higher Clozapine-induced c-fos activity in the cortical regions (Deutch 232 

A. Y., 1996; Ohashi et al., 2000; Verma et al., 2007), however c-fos activity in the orbital cortex and 233 

piriform cortex had not been reported.  234 

Along with the cortical regions, c-fos activity was also noticeable in the Vpm (Figure 1b & 2d). 235 

Clozapine and Olanzapine showed higher numbers of tdTomato positive cells in the Vpm compared 236 

to vehicle (Vehicle vs Clozapine p< 0.0001, Vehicle vs Olanzapine p< 0.0001)a. Vpm is a part of 237 

thalamus which relays oral and facial sensory information to the somatosensory cortex. There are a 238 

few reports of antipsychotic-induced c-fos activity in the thalamus (Cohen, 1995; Deutch et al., 1995; 239 

Rajkumar et al., 2013), although antipsychotic-induced c-fos responses have not been reported in 240 

Vpm.  241 

Most of the behavioural or biochemical studies have used only male mice, and the responses of 242 

female mice remain largely undetermined. Therefore in this study, we also analysed the antipsychotic-243 

induced c-fos responses in male as well as female mice. We systematically compared c-fos activity in 244 

various brain regions between males and females. We did not observe any gender-specific difference 245 

in any of the regions tested (Figure 2-1a, 2-1b) with either Clozapine or Vehicle treatment. Hence 246 

females were also included in the subsequent experiments and analysis.  247 

Since antipsychotic effects are dose-dependent, we analysed the dose response to Clozapine. 248 

Previously, significant differences in Clozapine-induced sedation between Htr2a+/+ and Htr2a-/- mice 249 

have been reported at 5mg/Kg (Joshi et al., 2016; McOmish et al., 2012); whereas doses of 250 

Clozapine around 20mg/Kg have been used very extensively to assess Clozapine-induced c-fos 251 

responses (Badiani et al., 1999; Deutch A. Y., 1996; Wan et al., 1995). Therefore we tested 0, 5 and 252 

20mg/Kg of Clozapine. At 5mg/Kg of Clozapine, most brain regions showed a trend towards 253 

increased c-fos activity (Supplementary figure 2-1c, 2-1f). However, at the higher dose of 20mg/Kg, 254 

Clozapine significantly increased the number of tdTomato positive cells in the cortical regions. Doses 255 



 

 12 

of the other antipsychotics that we tested were chosen based on the previous literature on 256 

behavioural and biochemical effects of these drugs (Cope et al., 2005; Deutch A. Y., 1996; Robertson 257 

and Fibiger, 1996). (Orb; Vehicle vs Clozapine 20mg/kg, p=0.0005, Pir; Vehicle vs Clozapine 258 

20mg/kg, p< 0.0001, Cg; Vehicle vs Clozapine 20mg/kg, p= 0.0130, VPM; Vehicle vs Clozapine 259 

5mg/kg, p=0.0147, Vehicle vs Clozapine 20mg/kg, p< 0.0001)a. 260 

Ependymal cells are a novel cellular target of Clozapine and Olanzapine.  261 

Among the areas that showed c-fos expression with atypical antipsychotics were the ventricular 262 

regions. We observed consistent tdTomato labelling along the ventricles in Clozapine and 263 

Olanzapine-treated animals. This labelling was observed in the lateral ventricles as well as the 3rd 264 

ventricle (figure 3a-d) and the 4th ventricle (data not shown) (Lateral Ventricles; Vehicle vs Clozapine 265 

p< 0.0001, Vehicle vs Olanzapine p< 0.0001), 3rd Ventricles; Vehicle vs Clozapine p< 0.0001, Vehicle 266 

vs Olanzapine p< 0.0001)a. Haloperidol and Loxapine showed very little labelling along the ventricles 267 

(figure 3a-d). Curiously, the cells lining the ventricles were more responsive to lower doses of 268 

Clozapine than the cortical regions and showed significantly higher responses even at 5mg/Kg of 269 

Clozapine (figure 3f & g) (Lateral Ventricle; Vehicle vs Clozapine 5mg/kg p< 0.0001, Vehicle vs 270 

Olanzapine p< 0.0001, 3rd Ventricle; Vehicle vs Clozapine 5mg/kg p=.0.0328, Vehicle vs Olanzapine 271 

p= 0.0015)a. 272 

Atypical antipsychotics have been shown to stimulate neurogenesis in the sub-ventricular zone, the 273 

sub-granular zone in the hippocampus and in the cortex (Halim et al., 2004; Kodama et al., 2004; 274 

Wakade et al., 2002; Wang et al., 2004). Therefore, we considered the possibility that the tdTomato 275 

positive cells lining the ventricles could be the neural stem cells. However, under high magnification 276 

these cells showed multiple cilia (Supplementary 3-1, Figure 3e), suggesting that these were 277 

ependymal cells (Brightman and Payal, 1963; Del Bigio, 1995; Jiménez et al., 2014). Additionally, 278 

these cells stained positive for the ependymal cell marker Vimentin and S100β (Figure 3e) (Bruni, 279 

1998; Didier et al., 1986; Schnitzer et al., 1981). Therefore we conclude that these were ependymal 280 

cells and are novel cellular targets of the atypical antipsychotics that we tested.  281 

The absence of 5-HT2A does not alter the number of tdTomato positive cells in the cortical and 282 

thalamic region. 283 
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5-HT2A has been considered an important target for the therapeutic efficacy of Clozapine seen in 284 

mouse models of Schizophrenia (Fribourg et al., 2011; Moreno et al., 2016; Schmid et al., 2014). 5-285 

HT2A expression has been reported in the various regions of cortex such as piriform cortex, orbital 286 

cortex, cingulate cortex etc. (Miner et al., 2003; Xu and Pandey, 2000). 5-HT2A levels are also 287 

reported to increase in post-mortem brain (cortical) samples of drug naïve schizophrenic patients 288 

(González-Maeso et al., 2008; Muguruza et al., 2013) and chronic treatment with Clozapine reduces 289 

levels of 5-HT2A in patients and animal models (Muguruza et al., 2013; Yadav et al., 2011b). 290 

Therefore, we examined if the 5-HT2A receptor would modulate the observed pattern of c-fos activity 291 

with Clozapine. We crossed Htr2a-/- mouse strain (obtained from Joshi et al., 2016), into the 292 

FosCreERT2 (c-Fos Cre ERT2 (B6.129(Cg)-Fostm1.1(cre/ERT2)Luo/J) and Lox-tdTomato (B6.Cg-293 

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) background. 294 

We observed that Clozapine-induced c-fos activity in the cortical and thalamic regions was largely 295 

unaffected in the Htr2a-/- background, at both the doses tested- 5mg/Kg and 20mg/Kg (Figure 4a-d). 296 

This suggested that 5-HT2A had minimal or no role in determining the number of tdTomato positive 297 

neurons in response to Clozapine, in these regions. This result was surprising especially considering 298 

that these cortical areas are known to express 5-HT2A.  This would suggest that the c-fos activity 299 

resulting in tdTomato positive cells in the cortex arise from the complex circuitry and are not derived 300 

from direct interactions between 5-HT2A and Clozapine. (Orbital Cortex; WT, Vehicle vs Clozapine 301 

20mg/kg, p=0.0005, KO, Vehicle vs Clozapine 20mg/kg, p=0.0055, Piriform Cortex; WT, Vehicle vs 302 

Clozapine 20mg/kg, p=0.0003, KO, Vehicle vs Clozapine 20mg/kg, p=0.0028, Cingulate Cortex; WT, 303 

Vehicle vs Clozapine 20mg/kg, p=0.0023, KO, Vehicle vs Clozapine 20mg/kg, p=0.0210, Vpm; WT, 304 

Vehicle vs Clozapine 20mg/kg, p< 0.0001, KO, Vehicle vs Clozapine 20mg/kg, p=0.0210)a. 305 

 Clozapine-induced tdTomato labelling in the ependymal cells is modulated by 5-HT2A. 306 

Unlike the rest of the brain regions, Clozapine-induced tdTomato labelling of ependymal cells was 307 

dramatically diminished in the Htr2a-/- mice even at 5mg/Kg of Clozapine (Figure 5 a & b). On 308 

increasing the dose to 20mg/Kg, labelling of the ependymal cells was observed in the Htr2a-/- mice 309 

and was statistically indistinguishable from the numbers observed in Htr2a+/+ mice (Figure 5c & d). 310 

This data suggests that the genetic deletion of 5-HT2A receptor modulates the Clozapine-induced c-311 

fos activity in the ependymal cells, even at low doses of Clozapine. (Lateral Ventricle; WT, Vehicle vs 312 
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Clozapine 5mg/kg, p= 0.0003, Vehicle vs Clozapine 20mg/kg, p< 0.0001, KO, Vehicle vs Clozapine 313 

20mg/kg, p= 0.0043, WT vs KO at Clozapine 5mg/kg, p= 0.0003, 3rd Ventricle; WT, Vehicle vs 314 

Clozapine 5mg/kg, p= 0.0134, Vehicle vs Clozapine 20mg/kg, p= 0.0006, KO, Vehicle vs Clozapine 315 

20mg/kg, p= 0.0226, WT vs KO at Clozapine 5mg/kg, p= 0.0270)a. 316 

In summary, the FosTrap system has led to the identification of brain areas such as orbital cortex, 317 

piriform cortex, Vpm etc. as areas where c-fos gets consistently and reproducibly induced by the 318 

antipsychotics- Clozapine and Olanzapine. The labelled cells are neuronal and can be potentially 319 

accessed ‘live’. Furthermore, we observed, with some surprise, that absence 5-HT2A did not alter the 320 

number of tdTomato positive cells at low or high doses of atypical antipsychotics in cortical or 321 

thalamic regions that were tested. However, a clear and dose-dependent effect on the tdTomato 322 

labelling of ependymal cells was seen with these drugs. To the best of our knowledge, this is the first 323 

report of the effect of antipsychotics on ependymal cells. 324 

a- Table 1.  325 

  326 
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Discussion: 327 

A thorough understanding of the mechanism of existing antipsychotics holds the key to develop safer 328 

and effective drugs. The pharmacology of the available antipsychotics has been studied quite well, 329 

though the neural correlates of these need more investigation. In this study, we have addressed a 330 

part of this issue and opened a new approach using the FosTrap system devised by Luo and 331 

colleagues (Guenthner et al., 2013).  332 

Our experiments have already provided novel information as well as corroborated some of the 333 

available results. Haloperidol-induced c-fos activity in the striatum has been reported before. This 334 

activity has also been attributed to its D2 antagonism and the cataleptic side effect induced by 335 

Haloperidol (Kapur et al., 2000, 1995; Wadenberg et al., 2000). In addition to the typical 336 

antipsychotics that we tested (Haloperidol and Loxapine), Olanzapine also showed induction of c-fos 337 

in the striatum. This was a surprising finding owing to the atypical classification of Olanzapine. 338 

However, some studies have reported catalepsy induced by Olanzapine in animal models (Ahlqvist et 339 

al., 2003; Kalkman et al., 1997).  340 

A parsimonious and widely-accepted explanation for the pattern of antipsychotic-induced activity in 341 

the striatum (Figure 1d) is based on the relative affinities of these drugs to the receptors. As 342 

mentioned above, D2 antagonism is thought to promote catalepsy, whereas 5-HT2A antagonism is 343 

thought to improve catalepsy-like behaviour (Ansah et al., 2011; Creed-Carson et al., 2011). The 344 

balance of affinities for D2 and 5-HT2A may indeed determine the c-fos activity in the striatum. Among 345 

the four antipsychotics tested, Haloperidol has the highest affinity for D2 and Clozapine the least. 346 

Olanzapine and Loxapine have 10 fold more affinity for D2 than Clozapine and more affinity for 5-347 

HT2A than Haloperidol (Roth et al., 2004).  348 

Clozapine and Olanzapine-induced increases in c-fos activity in the cortical areas have useful 349 

implications, particularly because these regions have been associated with the pathophysiology of 350 

Schizophrenia and other mental disorders. For example, reduction in grey matter in the anterior 351 

cingulate cortex and orbitofrontal cortex has been observed in post-mortem samples of Schizophrenia 352 

patients (Fornito et al., 2009; Pantelis et al., 2003). Reduction in the volume of olfactory bulb and 353 

deficits in the olfactory capacity have also been reported (Moberg et al., 1999; Turetsky et al., 2000). 354 

Moreover, these cortical areas have been associated with cognitive functions such as reward 355 
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learning, decision making (Rushworth et al., 2011), working memory (Barbey et al., 2011), etc. c-fos 356 

activity in the piriform cortex has also been associated with antidepressant effects (Sibille et al., 357 

1997). Therefore, c-fos induction in these brain regions may indeed correlate with the effect of 358 

antipsychotics on the negative symptoms and the cognitive symptoms of Schizophrenia.  359 

Antipsychotic-induced increased c-fos activity in the Vpm is a novel finding. Hallucinogens such as 360 

LSD and DOI, 5-HT2A agonists, have been shown to bring about hallucinogen-specific gene regulation 361 

in the Somatosensory cortex (González-Maeso et al., 2003). Therefore the increased c-fos activity in 362 

the Vpm, in response to Clozapine and Olanzapine, may be related to the circuitry underlying 363 

modulation by antipsychotics in the somatosensory cortex. 364 

Certain behavioural effects of atypical antipsychotics for example sedation, are shown to be 365 

dependent on 5-HT2A (Joshi et al., 2016; McOmish et al., 2012; Williams et al., 2012), while other 366 

biochemical effects are reported to be independent of 5-HT2A (Bortolozzi et al., 2010; Yadav et al., 367 

2011a). Taking into account the high affinity of Clozapine for 5-HT2A and receptor’s expression in the 368 

cortex, we expected Clozapine to show a significant decrease in the number of tdTomato positive 369 

cells in the cortical areas in Htr2a-/- mice. Surprisingly, the response of Clozapine, in the number of 370 

tdTomato positive cells, was statistically indistinguishable in the cortical areas and the Vpm, between 371 

the Htr2a-/- and Htr2a+/+ backgrounds. This suggests that the increase in c-fos activity in the cortical 372 

areas due to atypical antipsychotics is 5-HT2A independent and perhaps likely due to the interaction of 373 

the antipsychotics with other receptors. It would certainly be of interest to determine the strength of 374 

the response and any variation in the transcriptome of the ‘tdTomato positive cells’ in the absence of 375 

5-HT2A, however, it is beyond the scope of the current report. The strength of the response in the 376 

TRAP system is limited to the number of cells activated and it is not designed to report on the levels 377 

of c-Fos in the cell.  378 

In our system, we saw c-fos activity predominantly in cells with neuronal morphology, except in case 379 

of the ependymal cells. Antipsychotic-induced activation of the ependymal cells is an important finding 380 

from this study. This finding is novel and particularly intriguing because of the functional properties of 381 

this multiciliated cell type. Ependymal cells play crucial role in cortical development (Jiménez et al., 382 

2014). Ependymal cells form a barrier between CSF and brain tissue and are involved in diverse 383 

functions such as the production and circulation of CSF (Nelson and Wright, 1974; Nielsen et al., 384 
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1997; Tissir et al., 2010) and transport of water molecules (Jiménez et al., 2014; Nielsen et al., 1997). 385 

Ciliopathies are associated with mental retardation and neurodevelopmental disorders (Lee and 386 

Gleeson, 2011). Moreover, several genes underlying neuropsychiatric disorders, have been found to 387 

be localized to or involved in the formation and maintenance of primary cilia, for example- 388 

Schizophrenia associated gene- ‘DISC-1’ (Marley and von Zastrow, 2012, 2010).  389 

c-fos activity in ependymal cells has been reported in response to formalin-induced acute pain 390 

(Palkovits et al., 2007), post-hypoxia seizures (Gunn et al., 1990) and on treatment with the 391 

antidepressants such as Rolipram (Dragunow and Faull, 1989). Importantly, ependymal cells also 392 

provide a niche for neural stem cells (Lim et al., 2000; Luo et al., 2008; Tramontin et al., 2003). Thus 393 

our results are particularly intriguing in light of the role of the ‘5-HT2A expressing’ Paneth cells in 394 

providing the niche for intestinal stem cells (Sato et al., 2011).  395 

In Clozapine-induced dose response, most brain areas did not show significant c-fos activity at the 396 

lower dose of 5mg/Kg. However, strikingly large number of ependymal cells showed response even at 397 

the lowest dose of Clozapine i.e. 5mg/Kg. This would indicate that ependymal cells are more sensitive 398 

to Clozapine than cells in other brain areas that we examined.  399 

Additionally, Serotonin has been shown to increase ciliary beat frequency, which can be blocked by 400 

the broad spectrum 5-HT2 receptor antagonist – Mianserin (Nguyen et al., 2001). Therefore, the 401 

interaction of antipsychotics with the ependymal cells may regulate ciliary beat frequency and in turn 402 

the flow of CSF and transport of molecules through CSF. Also it is important to note that we cannot 403 

exclude the involvement of the activated ependymal cells in the side effects of antipsychotics rather 404 

than the therapeutic effects. 405 

Clozapine-induced c-fos activity in the ependymal cells was absent in the Htr2a-/- mice at 5mg/Kg. 406 

Interestingly, c-fos activity is regained when the dose of Clozapine is increased to 20mg/Kg, 407 

suggesting that 5-HT2A facilitates the activation of ependymal cells in response to Clozapine at the 408 

lower doses and the Htr2a-/- mice should serve to ascertain other pathways that may be also involved 409 

when Clozapine is present at higher concentrations.  410 

‘5-HT2A independent’ pathway of antipsychotic-induced activation of the ependymal cell would be of 411 

interest to pursue. Most antipsychotics, have a broad spectrum of GPCR targets (Roth et al., 2004). 412 
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Therefore, systematic comparison of the differences in receptor binding profile of the four 413 

antipsychotics that we tested, can reveal interesting candidates such as the Histamine receptor H1 414 

(Roth et al., 2004). Incidentally, Histamine has been shown to increase c-Fos immunoreactivity in the 415 

ependymal cells (Palkovits et al., 2007). Dopamine receptors and other 5-HT receptors would also be 416 

the other candidates and interestingly enough, 5-HT6 receptor and dopamine receptors (D1, D2 and 417 

D5) are reported to localize to primary cilia (Hu et al., 2017; Marley and von Zastrow, 2010). One has 418 

to also keep ‘functional selectivity’ in mind  i.e. when GPCRs interact with different antipsychotics 419 

(Raote et al., 2013; Yadav et al., 2011b). Importantly, the 5-HT2A independent pathway of activation of 420 

ependymal cells could be GPCR independent and be regulated by the other intracellular targets of 421 

antipsychotics instead (Yadav et al., 2011a). 422 

It is also important to keep certain limitations of this study in mind. Firstly, we have used wild-type or 423 

Htr2a-/- mice, which by themselves are clearly not a model for psychosis. We have so far only looked 424 

at the acute effects of the antipsychotic treatment. Antipsychotic treatments in patients are typically 425 

chronic and therapeutic effects often begin to appear later in the treatment whereas some side effects 426 

do appear in the early part of the treatment. Therefore, it is important to compare both the acute and 427 

chronic patterns of antipsychotic activity. The patterns of activity observed by us may also be limited 428 

by the differences in the efficiency of ‘TRAP' in different neural subtypes or brain regions. Variation in 429 

efficiencies can in part address the lack of antipsychotic-induced c-fos activity in the nucleus 430 

accumbens and medial prefrontal cortex, which have been reported as the targets of antipsychotics 431 

earlier.   432 

Nonetheless, the TRAP system has allowed us to re-examine antipsychotic-induced patterns of 433 

activity in the brain and led to the identification of novel targets. Trap system provides distinct 434 

advantages over the existing methods: 1) Better visualization of cellular morphology and potential 435 

connectivity 2) Permanent marking/labeling of the cells 3) Sacrifice of the animals immediately after 436 

the stimulus is not required.  437 

This approach can also be extended with the optogenetic and biochemical techniques to shed light on 438 

the physiological role of various cell types and brain areas in the functioning of antipsychotic drugs in 439 

detail and also can be extended to other genes.  440 

 441 



 

 19 

 442 

Figure Legend: 443 

Figure 1 FosTRAP mice showed increased labelling of cells by tdTomato in the striatum on 444 

treatment with antipsychotic drugs.  445 

a) Schematic representation of the ‘FosTRAP’ system. F1 progeny of FosCreER and Lox-tdTomato 446 

mice of the genotype FosCreER/+R26AI14/+ are used. Neural cells that respond (mostly neuronal in 447 

morphology, See also extended data Figure 1-1), express CreERT2 recombinase, which can only 448 

enter the nucleus if bound by Tamoxifen or 4-OH-Tamoxifen. Once CreERT2 enters the nucleus it 449 

excises the STOP sequence and initiates permanent expression of tdTomato. Arrowheads inside the 450 

nucleus indicate initiation and direction of transcription. Solid diamond shape denotes CreERT2, 451 

shaded arrows represent the LoxP sites. 452 

b) Schematic of the experimental protocol. Antipsychotic drugs (at the concentrations indicated) or 453 

vehicle were used as the stimulus. 4-OH-Tamoxifen was administered 2 hours later. The mice were 454 

fixed by perfusion after a minimum of 6 days, The brains were sectioned and imaged. 455 

c) Schematic representation of the areas imaged.  456 

d) Representative images of the tdTomato labelling induced by various antipsychotics in the 457 

dorsolateral striatum. Scale Bar-10 μM.  458 

e) Quantification of the number of tdTomato positive cells per section. Haloperidol showed the 459 

maximum number of tdTomato positive cells in the striatum, followed by Olanzapine and Loxapine. 460 

Numbers within the bars represent the number of mice examined in that group. Kruskal-Wallis test 461 

was used for statistical significance. Data represented as Mean ± SEM. p< 0.05, ** p<0.01, *** p< 462 

0.001, **** p< 0.0001.  463 

Figure 1-1. Antipsychotic-induced tdTomato positive cells had neuronal morphology. 464 

a-e) Representative images of the antipsychotic-induced tdTomato positive cells in various brain 465 

regions. The tdTomato positive cells exhibit neuronal morphology. Scale Bar-10 μM. 466 

 467 
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Figure 2. Clozapine and Olanzapine showed increased c-fos activity in various cortical regions 468 

and Vpm.  469 

a-d) Representative images of the tdTomato labelled cells in the orbital cortex, piriform cortex, 470 

cingulate cortex and Vpm. Scale Bar-10 μM. The graphs on the right show quantification of the 471 

number of tdTomato positive cells per section. In all of these regions, Clozapine and Olanzapine 472 

significantly increased the number of tdTomato positive cells compared to vehicle. The number of 473 

cells induced by Haloperidol or Loxapine was comparable to that of the vehicle. Numbers in the bars 474 

represent the number of mice examined in that group. one-way ANOVA or Kruskal-Wallis test was 475 

used. Data represented as Mean ± SEM. * p< 0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001. 476 

See also extended data Figure 2-1. 477 

Figure 2-1 Gender-dependence and dose-dependence of Clozapine-induced c-fos activity.  478 

a and b) The graphs show quantification of the tdTomato positive labelling in various brain regions 479 

following a) Clozapine treatment and b) Vehicle treatment. There were no significant differences 480 

between the male and female mice for any of the brain regions tested. Minimum of 4 mice was 481 

analysed per gender per brain region. Clozapine-treated striatum group had 3 male mice.  Student’s t-482 

test or Mann-Whitney U test was performed to compare male and female data. Data represented as 483 

Mean ± SEM. * p< 0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001.  484 

c-f) Quantification of the dose-response curve to Clozapine administered at 0, 5 and 20mg/Kg is 485 

shown. The orbital cortex, piriform cortex, and cingulate cortex showed slight increases in tdTomato 486 

labelling at 5mg/Kg which reached significance at 20mg/Kg. Vpm showed significantly more tdTomato 487 

positive labelling at 5mg/Kg and 20mg/Kg. Numbers within the bars represent the number of mice 488 

examined in that group. one-way ANOVA or Kruskal-Wallis test, as appropriate, was used. Data 489 

represented as Mean ± SEM. * p< 0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001. 490 

 491 

Figure 3 Ependymal cells were a novel cellular target of Clozapine and Olanzapine.  492 
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a and c) Representative images of the tdTomato positive labelling along the lateral ventricles and the 493 

3rd ventricle, on treatment with various antipsychotics or vehicle. Scale Bar-10 μM. tdTomato 494 

fluorescence within cells were seen on treatment with Clozapine and Olanzapine.  495 

b and d) Quantification of the tdTomato fluorescence in cells lining the ventricles. Clozapine and 496 

Olanzapine showed significantly more fluorescence compared to vehicle. Haloperidol and Loxapine 497 

induced c-fos activity along the ventricles were not significantly different from that of the vehicle. 498 

Numbers in the bars represent the number of mice examined in the group. one-way ANOVA or 499 

Kruskal-Wallis test, as appropriate, was used.  500 

e) tdTomato positive cells lining the ventricles showed multiple cilia and stained positive for markers 501 

of ependymal cells (See also extended data Figure 3-1). White arrows point towards ciliated 502 

structures. Scale Bar-10 μM  503 

f & g) Graphs represent dose response to Clozapine. Cells lining the ventricles showed significantly 504 

higher tdTomato positive labelling even at 5mg/Kg dose of Clozapine. Numbers in the bars represent 505 

the number of mice examined. one-way ANOVA or Kruskal-Wallis test, as appropriate, was used. .  506 

Data represented as Mean ± SEM. * p< 0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001. 507 

Figure 3-1 Antipsychotic-induced tdTomato positive cells along the ventricles had multiple 508 

cilia. 509 

a-d) Representative images of the tdTomato positive cells along the ventricles under high 510 

magnification. The tdTomato protein filled the entire cell volume and the cilia which were identifiable 511 

(white arrows) at higher magnification. Scale Bar-10 μM. 512 

 513 

Figure 4 Clozapine-induced c-fos activity in the cortical regions and Vpm was largely intact in 514 

the Htr2a-/- mice.  515 

a- d) Htr2a+/+ and Htr2a-/- mice were not different in the number of c-fos positive cells in the orbital 516 

cortex, cingulate cortex, piriform cortex and Vpm, at 5 or 20 mg/Kg. Numbers in the bars represent 517 

the number of mice examined in that group. two-way ANOVA was used. Data is represented as Mean 518 
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± SEM. * comparison between vehicle and treatment for the same genotype. # represents the 519 

comparison between wild-type and mutant under the same conditions. * p< 0.05, ** p<0.01, *** p< 520 

0.001, **** p< 0.0001. 521 

Figure 5 Clozapine-induced c-fos activity in the ependymal cells was diminished by deletion of 522 

5-HT2A.  523 

a and b) Representative images of the lateral ventricles and the 3rd ventricles. tdTomato labelling was 524 

strikingly diminished in the Htr2a-/- mice at 5mg/Kg of Clozapine. However, at 20mg/Kg  of Clozapine 525 

increased levels of activity were seen.  Scale Bar-10 μM.  526 

c & d) The lateral and the 3rd ventricles showed reduced tdTomato fluorescence at 5mg/Kg in the 527 

Htr2a-/- mice compared to the Htr2a+/+. Fluorescence levels were not statistically different between the 528 

Htr2a+/+ and Htr2a-/- mice at 20 mg/Kg of Clozapine. Numbers in the bars represent the number of 529 

mice assayed in that group. two-way ANOVA was used for statistical significance. Data is represented 530 

as Mean ± SEM. * comparison between vehicle and treatment for the same genotype. # represents 531 

the comparison between wild-type and mutant under the same conditions. * p< 0.05, ** p<0.01, *** p< 532 

0.001, **** p< 0.0001.  533 

 534 

  535 
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