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Increased translocator protein (TSPO) binding
throughout neurodevelopment in the perinatal
phencyclidine rodent model of schizophrenia
Radioligands for the 18 kDa mitochondrial translocator protein
(TSPO) have been used in positron emission tomography (PET)
and Single Photon Emission Tomography (SPECT) studies to inves-
tigate the potential neuroinflammatory status of patients with
neuropsychiatric disorders. TSPO is primarily expressed on the
mitochondrial membrane within microglia, astrocytes and vascular
endothelial cells (Notter et al., 2018), whereby its expression is
increased under certain neuroinflammatory states (Dupont et al.,
2017). However, TSPO imaging studies in subjects diagnosed with
schizophrenia have revealed inconsistent results (Fukudome
et al., 2018), leading to some confusion as to the neuroinflamma-
tory status. Such discrepancies may be due to medication history,
polymorphisms of the TSPO gene, TSPO tracer utilized, stage of
illness or the diverse heterogeneity of schizophrenia.

Animal models can aid in illustrating the development of and
heterogeneity associated with schizophrenia. To examine the rela-
tionship between TSPO binding and schizophrenia pathology, Not-
ter et al. (2018) investigated ex vivo TSPO expression and binding in
adult mice from the maternal immune activation model of schizo-
phrenia. Whilst they reported no change in TSPO ([3H]PK11195)
binding, a reduction in TSPO immunoreactivity was observed in
the prefrontal cortex, concurrent with increased cytokine levels.
Contrary, Fukudome et al. (2018) recently reported increased
TSPO ([125I]iodo-DPA-713) binding in adult mice following cupri-
zone short-term exposure (CSE), a model of psychosis, which has
shown increased cytokine levels (Tezuka et al., 2013). Although
limited in number, these animal studies appear to show conflicting
results, similar to clinical studies. Disparities between animal
models may highlight the differing mechanisms of altered neuroin-
flammatory processes or heterogeneity of symptom pathology, in
addition to the type and timing of insult and examination. There-
fore, the investigation of TSPO binding and neuroinflammation in
a variety of animal models of schizophrenia may aid in dissecting
the different mechanisms of schizophrenia pathology and neuroin-
flammation. The perinatal/neonatal phencyclidine (PCP) model
provides an established neurodevelopmental model, to investigate
these aspects of schizophrenia. Administration of PCP in neonatal
rodents has shown to produce pre-pulse inhibition deficits, loco-
motor sensitization, working memory and executive function defi-
cits at adulthood, in addition to neurochemical dysfunction to the
glutamatergic, GABAergic and dopaminergic system (for review
see Grayson et al., 2015). In an attempt to investigate the neuroin-
flammatory profile in the neonatal PCP rodent model of schizo-
phrenia, we examined TSPO autoradiography in various brain
regions, using the 2nd generation TSPO ligand, [125I]CLINDE at crit-
ical neurodevelopmental time-points.
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Male Sprague-Dawley rats were administered PCP (10mg/kg, s.c.)
or saline, as previously described (du Bois et al., 2012) and sacrificed
at postnatal day (PN) 12, 5weeks or 20weeks of age (Animal Ethics
Committee approval, AE09/03). Sections were incubated at 4 �C for
1 h in 50mM Tris-HCl buffer, pH 7.4, containing 3 nM [125I]CLINDE
(specific activity 3.7GBq/mmol). Non-specific binding was deter-
mined by incubating adjacent sections with [125I]CLINDE in the pres-
ence of 10 mM PK11195 (Sigma). Two-way Analysis of Variance was
used to analyze TSPO binding density in the prefrontal cortex (PFC),
hippocampus, thalamus and caudate putamen (CPu). For significant
interactions, post-hoc pairwise comparisons were used to compare
binding density between treatment groups at individual time-points.

[125I]CLINDE binding increased in an age-dependent manner in
all brain regions (p< 0.01, see Fig. 1), similar to previous observa-
tions in humans (Kumar et al., 2012). Furthermore, [125I]CLINDE
binding was upregulated in perinatal PCP-treated rats in an age
and brain region-specific manner. [125I]CLINDE binding was signif-
icantly increased in the hippocampus of perinatal PCP-treated ro-
dents compared to their saline-treated counterparts at PN12
(p¼ 0.040), 5 weeks (p< 0.001) and 20weeks (p< 0.001). Similarly,
PCP-induced increases were observed in the thalamus at 5
(p< 0.001) and 20weeks (p¼ 0.003). In the PFC, a significant in-
crease in [125I]CLINDE binding was observed in PCP-treated rats
at 20weeks (p¼ 0.001), indicating perinatal PCP treatment induces
delayed effects on [125I]CLINDE binding in the PFC. No changes in
[125I]CLINDE binding were observed in the CPu at any time-points
between saline- and PCP-treated rats.

There is conflicting clinical evidence regarding TSPO binding in
schizophrenia patients. Collectively, these varying findings are also
reflected in schizophrenia-relevant animal models, including the
present results, and may represent the pathogenic heterogeneity
of schizophrenia. Fukudome et al. (2018) hypothesized the discrep-
ancies in TSPO binding between the MIA model and their CSE
model may be due to the timing of immune/inflammatory activa-
tion, whereby early insults may lead to a reduction in TSPO levels.
However, the present results challenge this notion, whereby we
provide evidence of increased TSPO binding in the hippocampus
and thalamus following an early (excitotoxic) insult, which con-
tinues into adulthood. Furthermore, following perinatal PCP treat-
ment, we show a delayed increase of TSPO binding in the PFC, with
changes not detected until adulthood. Despite animal models being
able to represent an entire pathology, the PCPmodel permits inves-
tigation of a potential inflammatory aetiology of schizophrenia
throughout neurodevelopment. The clinical relevance of this model
is supported by a recent meta-analysis investigating in vivo TSPO
PET binding in individuals with schizophrenia, similarly finding a
significant increase in binding when binding potential was used
as the outcome measure (Marques et al., 2018).

As far as we are aware, this is the first study to examine TSPO
binding during several critical periods of neurodevelopment. These
results suggest brain region-specific responses that may reflect the
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Fig. 1. Effects of perinatal PCP treatment on TSPO binding density. A. Perinatal PCP treatment increased [125I]CLINDE in the prefrontal cortex (PFC) at 20weeks of age (38%,
p¼ 0.001). B. A significant increase of [125I]CLINDE density was observed in the hippocampus of perinatal PCP-treated rats at PN12 (39%, p¼ 0.040), 5 weeks (77%, p< 0.001) and
20weeks (84%, p< 0.001) compared to saline-treated rats. C. Furthermore, [125I]CLINDE binding within the thalamus was significantly increased at 5 (97%, p < 0.001) and 20weeks
(36%, p¼ 0.003). D. The caudate putamen (CPu) showed no difference in [125I]CLINDE binding between saline- and PCP-treated rats at PN12, 5 weeks or 20weeks. E. Representative
autoradiographs showing TSPO binding density in the thalamus and hippocampus at PN12, 5weeks and 20weeks of saline- and PCP-treated rats. *p< 0.05; **p < 0.01; ***p < 0.001
vs. age matched controls.
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neuronal damage previously observed following perinatal NMDA
receptor antagonism (Jevti�c et al., 2016; Wang et al., 2007). Howev-
er, further studies are required to establish the source of the
observed increase of TSPO binding and concurrent neuroinflamma-
tory state. Furthermore, investigation is required as to the extent
that microglia and astrocytes may contribute to the disease-rele-
vant behavioural and neurochemical abnormalities observed in
this model. However, taken together the TSPO response in the
different animal models may provide avenues for investigating
the different neurodevelopmental sequela in schizophrenia. This
study suggests perinatal disruption to the NMDA receptor, which
can arise via various avenues, can cause long-term region-specific
increases in TSPO binding and may provide a useful platform for
interrogating the underlying pathophysiology/mechanism of the
increases in TSPO observed in a subset of schizophrenia subjects.
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