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Efficient synaptic communication is crucial to maintain healthy behavioural and cognitive 36 

processes. In neurodevelopmental diseases, like schizophrenia, affected individuals can exhibit 37 

behavioural symptoms like psychosis, hallucinations and alterations in decision-making. A 38 

reduction in cortical grey matter volume and enlarged ventricles in the brains of schizophrenia 39 

cases has been consistently reported [1,2]. This reduction in cortical volume is likely to be an 40 

outcome of neuronal and synaptic loss, which has also been reported in schizophrenia but the 41 

results have varied between brain area and synaptic markers examined [3–7]. A meta-analysis 42 

of the expression of synaptic markers in the disease has shown reduced levels of pre-synaptic 43 

markers in the frontal cortex which are heavily implicated in schizophrenia, but not in 44 

unaffected areas like the temporal and occipital lobes [8]. Synapses are crucial mediators of 45 

brain communication [9], and so, such synaptic alterations can have an impact on brain network 46 

connectivity, a process known to be affected in schizophrenia [10]. There are several factors 47 

during brain development that influence brain connectivity, with non-neuronal contributors 48 

playing an important role in synaptic formation and network maturation [11,12]. One of these 49 

non-neuronal contributors are microglia, the resident brain immune cells and primary 50 

phagocytes of the brain [12,13]. Gliosis is commonly observed during loss of brain 51 

homeostasis. Microglia have also been shown to facilitate neural network shaping in 52 

development by phagocytosing synapses using the complement system [14]. However, 53 

microglia can be aberrantly involved in synaptic elimination in non-physiological contexts, as 54 

observed in animal models of Alzheimer’s disease [15]. Here, we performed a human post-55 

mortem study to investigate the role of microglia in synaptic engulfment in schizophrenia. We 56 

examined microglial burden using Iba1 which labels the microglial cytoplasm and reflects 57 

microglial motility and homeostasis. Iba1 is considered as a pan-microglial marker and has 58 

been observed to be increased in a subset of neurodegenerative diseases [16]. Our other 59 

microglial marker, CD68, labels the lysosomal compartment of microglia [17]. 60 

 61 

We studied post-mortem brains from 10 control and 10 schizophrenia cases from the  62 

dorsolateral prefrontal cortex (DLPFC) which is affected in schizophrenia [1]. Cortical sections 63 

were stained with Iba1 and CD68 to label microglia (Figure 1A-D). We observed that there 64 

was no difference in either Iba1 (p=0.315) or CD68 (p=0.794) area coverage of the cortex 65 

(burden) between the schizophrenia and control cohorts (Figure 1E, F) (full statistical results 66 

found in Supplementary Table 1). Furthermore, there was no difference in the co-localisation 67 

between CD68 and Iba1 in controls and schizophrenia brains (p=0.639), suggesting the co-68 

expression of the two markers per single cell is unchanged (Figure 1G).  69 
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Though no difference in microglial burdens between the two cohorts was observed, we aimed 70 

to assess whether microglia were involved in synaptic engulfment in schizophrenia. To do this, 71 

we quantified the amount of co-localisation between synapsin I and CD68 (% area), as a 72 

measure of engulfed synaptic material in the microglial phago-lysosomal compartment (Figure 73 

1H-M). Firstly, in our cohort we did not find a significant difference in the cortical area 74 

occupied by synapsin I staining between the schizophrenia and control groups (p=0.956) 75 

(Figure 1N). Furthermore, we found no difference in synaptic engulfment by microglia 76 

between the schizophrenia and control cases (p=0.413) (Figure 1O). Additionally, when we 77 

normalised this co-localisation to their respective CD68 or Iba1 burdens, there was still no 78 

statistical difference between schizophrenia and control tissue (p=0.167 and p=0.964 79 

respectively) (Figure 1P&Q). Of note, we have also shown microglia are capable of ingesting 80 

other pre-synaptic proteins like synaptophysin, as well as the post-synaptic protein PSD-95 81 

(Supplementary Figures 1 and 2). Our data therefore suggest that at the time of death, microglia 82 

do not appear to be involved in aberrant synaptic internalisation in patients with schizophrenia.  83 

 84 

In human post-mortem tissue from both patients with schizophrenia and age-matched controls, 85 

we found pre-synaptic proteins inside microglial cells in the frontal cortex of the brain, but no 86 

difference in the levels of synaptic internalisation between the two groups. A limitation of our 87 

post-mortem tissue is that it provides a snapshot of the disease many years after onset, which 88 

does not address the mechanism involved in synaptic internalisation by microglia. A greater 89 

sample size in an independent cohort will be useful to assess the reproducibility of these results 90 

and to stratify by confounding variables like sex and age. This would also allow us to assess 91 

whether confounding factors like depression, psychosis, systemic inflammation, and use of 92 

antipsychotic drugs affect these microglial and synaptic interactions. Furthermore, we have 93 

looked through all six cortical layers in a non-biased manner, but we cannot exclude layer 94 

specific differences in gliosis, synapse loss, or synaptic engulfment by microglia. However, 95 

this study is unique by the type of assessment performed on schizophrenia tissue is scarce.  96 

 97 
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Figure 1. Microgliosis burdens unchanged in control and schizophrenia tissue. 99 
Representative confocal images of immunohistochemistry stained sections for the microglial 100 
markers Iba1 (cyan) and CD68 (magenta) in control (A and B) and schizophrenia (C and D) 101 
tissue. Nuclei are counterstained with DAPI. Scale bars in large images represent 20μm and 102 
10μm in the expanded inserts (denoted by dotted white lines). The insert images of A and B 103 
are represented as 3D-reconstruction in B and D, respectively (scale bar, 10μm). 3-D 104 
reconstructions made on ParaView. Quantification of Iba1 burdens (% area), CD68 burdens 105 
(% area) and Iba1+CD68 co-expression (% area) are shown in panels E, F, and G, respectively. 106 
Representative confocal images of the pre-synaptic marker synapsin I (green) engulfed by 107 
CD68 (magenta) and Iba1 (cyan) in control (H-J) and schizophrenia tissue (K-M). H and K 108 
show individual panels of each stain and lastly the merged image, with white arrowheads 109 
pointing to sites of co-localisation between CD68 and synapsin I. I and L are expanded images 110 
of H and K, with orthogonal views indicating where CD68 and synapsin I co-localise inside 111 
Iba1 positive cells. J and M represent 3D reconstructions from H and K, generated on 112 
ParaView. Synapsin I burdens are shown in panel N. In O, the co-localisation index of CD68 113 
and synapsin I is quantified for control and schizophrenia cases, where similar levels of 114 
synaptic engulfment by microglia are observed. By normalising each image to their respective 115 
CD68 burden or Iba1 burden there is still no statistical change in the engulfment of synapsin I 116 
by CD68 (P and Q, respectively). Each data point represents a mean average of 20 images 117 
taken per case, where n=10 per group. Linear mixed-effects model assessed statistical 118 
significance, considering p≤0.05 for significance. All scale bars in H-M represent 10μm.  119 
 120 
 121 
 122 
With gliosis being reported in multiple brain disorders, we assessed microgliosis in 123 

schizophrenia. As described above, we found no differences in microglial burden between 124 

disease and control groups. This suggests that microglial activation is not a sustained event in 125 

chronic schizophrenia, and if any changes do occur in these cells it would instead likely involve 126 

functional alterations. Previous literature looking at CD68 expression in control and 127 

schizophrenia cases has also reported a similar outcome [18]. It is possible that if any changes 128 

in glial dynamics were to occur, they may be seen closer to disease onset, and that by the time 129 

the brains were donated ~35 years later, any changes would have subsided. This would be 130 

consistent with the observations published to visualise and quantify microglial activation in 131 

vivo with positron emission computed tomography (PET) using specific ligands of the 132 

translocator protein TSPO [19]. The PET studies have revealed that activated microglia are 133 

present in patients within the first 5 years of disease onset or during a psychotic state, whereas 134 

other PET studies in chronic schizophrenia have shown no difference in microglial activation 135 

between healthy controls and these patients. Nevertheless, TSPO signals are not a perfect read-136 

out of microglia-mediated inflammation as they are influenced by age and are not microglia-137 

specific [20,21].  138 

 139 
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Although developmental synaptic alterations, like synapse loss, have been characterised in 140 

individuals with schizophrenia [3,8], there are key unanswered questions that remain. For 141 

instance, it is not clear how the synapse elimination is mediated, the extent to which it drives 142 

behavioural symptoms, or whether it is the outcome of other disease-specific pathologies. Right 143 

now,  a prominent mechanism for synaptic elimination in development is the use of the classical 144 

complement cascade (CCC), where it has been shown to sculpt neural circuits by tagging less 145 

electrically active synapses [14]. Recent research has now implicated complement as a signal 146 

for aberrant synapse elimination in disease [12,22]. Specifically, variants of C4 of the CCC are 147 

associated with a greater risk of developing schizophrenia [23], as well as poorer brain 148 

connectivity and schizophrenia-like behavioural deficits in mice [24].  149 

 150 

Currently, a suggested mechanism by which complement-tagged synapses are cleared is by 151 

microglial recruitment for synaptic removal. In co-cultured neuron and microglia-like cells 152 

from human induced pluripotent stem cells from control and schizophrenia lines, increased 153 

levels of the excitatory post-synaptic protein PSD-95 was reported phagocytosed in the 154 

schizophrenia co-cultures [25]. Interestingly, this increased phagocytic activity was mainly 155 

driven by the presence of schizophrenia-derived microglia. Indeed, when schizophrenia 156 

neurons were co-cultured with microglia from control patients, the phagocytic index was 157 

reduced, indicating that in schizophrenia microglia have intrinsic differences in their 158 

phagocytic response. It is worth noting that induced stem cells are a good model for 159 

understanding human disease but represent a developmentally earlier phenotype, and not that 160 

of the age of the donor. Therefore, this supports a role for phagocytic microglia in early stages 161 

of the illness and may explain why we did not see any changes in phagocytic ability of 162 

microglia towards synapses in chronic schizophrenia, since we are not studying the 163 

developmental time-frame.  164 

 165 

In conclusion, we report that microglia in human post-mortem tissue internalise pre-synaptic 166 

proteins physiologically, and that this does not appear to be altered in the chronic form of 167 

schizophrenia, in contrast with our observation in AD. Nevertheless, given the typically early 168 

onset of schizophrenia and that synapse loss is likely to have occurred years before brain 169 

collection, we cannot make assumptions on the role of microglia in synaptic clearance at the 170 

start of the disease. Looking forward, it would be interesting to study difference between young 171 

versus older cases in terms of synaptic uptake by microglia, and phenotype these changes in 172 

several brain areas to investigate any region-specific differences. Lastly, longitudinal PET 173 
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imaging of the pre-synaptic marker SV2A [26] and TSPO microglial marker would enable 174 

exploration of  any microglia-synapse association during the course of the illnesses.  175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 
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 205 

 206 
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Methods 207 

 208 

Human tissue 209 

Ten cases with a confirmed diagnosis of schizophrenia (mean age 64.80 ± 20.37)  and 10 non-210 

neurological and non-neuropathological controls (mean age 64.40 ± 19.78) were obtained from 211 

the Corsellis Collection (Table 1). Dorsal prefrontal cortex (DPFC, or Brodmann area 46), an 212 

area showing neuroimaging abnormalities with reduction of the grey matter volume in chronic 213 

schizophrenia [1], was investigated for all cases. Cases with any other significant brain 214 

pathologies such as infarct, tumour, or traumatic brain injury were excluded from the study. 215 

Controls with no history of neurological or psychiatric disease or symptoms of cognitive 216 

impairment were matched to cases as possible. No difference in age at death and in post-217 

mortem delay was detected between the 2 groups. To minimize the time in formalin, which has 218 

an effect on the quality of the immunostaining, the selection was performed on the availability 219 

of formalin-fixed paraffin embedded tissue, and thus on blocks processed at the time of the 220 

original post-mortem examination. Characteristics of the cohorts are provided in Table 1. 221 

 222 

Table 1: Demographic, clinical and post-mortem characteristics of control and schizophrenia 223 

cases  224 

 225 

Cases Ctrl (n=10) Sz (n=10) P value 

Sex 4F:6M 2F:8M  

Age at death (years, mean ± SD) 64.40 ± 19.78 64.80 ± 20.37 P = 0.94 

Post-mortem delay (hours, mean ± SD) 61.90 ± 51.23 50.60 ± 24.52 P = 0.61 

Age of onset (years, mean ± SD) NA 36.50 ± 13.81  

Duration of illness 

(years, mean ± SD) 
NA 35.13 ± 21.85 

 

Cause of death    

Cardiovascular disease 8 5  

infection/inflammation 1 3  

Trauma 1 1  

Others* 0 1  

Ctrl, neurologically/cognitively normal controls; Sz, Schizophrenia cases; F, female, M, male; SD, standard 226 
deviation; NA, Not Applicable; *foreign body in respiratory tract  227 
 228 
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Immunohistochemistry 229 

Paraffin-embedded tissue was cut at 7μm thickness on a microtome and mounted on Superfrost 230 

glass slides. The tissue was dewaxed in xylene, followed by rehydration in 100% EtOH, 90% 231 

EtOH, 70% EtOH, 50% EtOH, and finally water for 3 minutes each. Citric acid pH6 232 

(VectorLabs, H-3300) was used for heat-mediated antigen retrieval by pressure cooking for 3 233 

minutes at the steam setting. The slides were incubated for 5 minutes with autofluorescence 234 

eliminator reagent (Merck Millipore, 2160) to reduce background, followed by another 5 235 

minutes incubation with Vector TrueView autofluorescence quenching kit (VectorLabs, SP-236 

8400) to reduce red blood cell autofluorescence. Sections were blocked in 10% normal donkey 237 

serum (Sigma Aldrich, D9663-10ML) and 0.3% Triton X-100 (T8787-100ML) for 1 hour at 238 

room temperature. Microglia were stained with Iba1 (Abcam, ab5079, goat polyclonal, 1:500), 239 

and CD68 (DAKO, M0876, mouse monoclonal, 1:100), and pre-synaptic terminals with 240 

synapsin I (Sigma Aldrich, AB1543P, rabbit polyclonal, 1:750) or synaptophysin (R&D 241 

Systems, AF5555, goat polyclonal, 1:500) overnight at 4oC in a humid chamber. For post-242 

synaptic staining, PSD-95 was used to label excitatory post-synaptic densities (Synaptic 243 

Systems, 124 014, Guinea pig, 1:500), with the addition of salmon sperm DNA (Thermo Fisher 244 

Scientific, AM9680, diluted to 200μg/ml) in the blocking solution. All primary antibodies were 245 

diluted in the blocking solution described above. The following cross-adsorbed secondary 246 

antibodies were used: donkey anti-goat A647 (Thermo Fisher Scientific, A32849), donkey 247 

anti-mouse A594 (Thermo Fisher Scientific, A32744), and donkey anti-rabbit A488 (Thermo 248 

Fisher Scientific, A32790), donkey anti-Guinea pig A488 (Jackson Immunoresearch, 706-545-249 

148). All secondary antibodies were diluted in phosphate buffer saline (PBS) (Thermo Fisher 250 

Scientific, 70011036). For tissue washes, 10X PBS was diluted in water to 1X concentration, 251 

with the addition of 0.3% Triton X-100 in washes prior to primary antibody incubation. Nuclei 252 

were counterstained with DAPI (1μg/ml) (D9542-10MG, Sigma-Aldrich).  253 

 254 

Confocal microscopy and image analysis 255 

Twenty images were taken randomly throughout all cortical layers of the grey matter for each 256 

case using a Leica TCS8 confocal microscope with a 63x oil immersion objective. Acquisition 257 

parameters were kept constant for all images and cases. Lif files were split into tiff files, and 258 

batch analysed on ImageJ (version 1.52p, Wayne Rasband, NIH, USA) using a custom co-259 

localisation and thresholding macro. Images from different cases were also manually analysed 260 

to ensure the macro was accurately detecting positive signal and excluding background. For 261 
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synaptic internalisation by microglia we chose to analyse the colocalization of CD68 with 262 

Syn1, and also normalised to either CD68 or Iba1 burden. Data are expressed as protein burden 263 

(%) defined as the area fraction of each image labelled by the antibody. 3D reconstruction 264 

images were generated in ParaView 5.8.0. All experiments and analyses were blinded to the 265 

experimenter.  266 

 267 

Ethics 268 

Ethical approval was provided by BRAIN UK, a virtual brain bank which encompasses the 269 

archives of neuropathology departments in the UK and the Corsellis Collection, ethics 270 

reference 14/SC/0098. The study was registered under the Ethics and Research Governance 271 

(ERGO) of the Southampton University (Reference 19791). 272 

 273 

Statistics 274 

R Studio version 3.6.0 (2019-04-26) was used for statistical analysis [2]. Linear mixed-effects 275 

models were used to examine the effect of disease status on microglial burdens and CD68-276 

Synapsin I co-localisation. This test was chosen because it allows all 20 images taken per case 277 

to be considered while accounting for non-independence, instead of a single mean value per 278 

case, allowing for a more powerful analysis on the results. QQ plots were generated in R Studio 279 

to check the residuals were normally distributed, which is an assumption of the mixed-effects 280 

model. To meet the assumptions of the test, all datasets were Tukey transformed prior to 281 

analysis (untransformed data presented in graphs). GraphPad Prism 8 was used for generating 282 

bar graphs with a mean value plotted per case, represented as a dot. We considered p	≤0.05 as 283 

significant.  284 

  285 
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 378 
 379 
List of supplementary figure legends 380 
 381 
Supplementary Table 1: Linear mixed-effects model outcomes from R Studio.  382 

 383 

Measurement Effect size Standard 
Error 

p-value 

Iba1 burden  
(% area) 

-0.1637 0.1580 0.315 

CD68 burden  
(% area) 

0.0165 0.06215 0.794 

Synapsin 1 
burden (% area) 

0.01049 0.1862 0.956 

CD68+Iba1 
colocalisation  

(% area) 

-0.0378 0.0792 0.639 

CD68+Syn1 
colocalisation  

(% area) 

-0.0772 0.0917 0.413 

CD68+Syn1 
colocalisation 

/CD68 (% area) 

-0.1414 0.0980 0.167 

CD68+Syn1 
colocalisation 
/Iba1 (% area) 

-0.0044 0.0958 0.964 

 384 

 385 
 386 
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 387 
 388 
Supplementary Figure 1. Microglia can engulf synaptophysin in control and schizophrenia 389 
human post-mortem tissue. Representative confocal images of the pre-synaptic marker 390 
synaptophysin, Sy38, (green), CD68 (magenta) and Iba1 (cyan) in control (A-C) and 391 
schizophrenia tissue (D-F). Nuclei are counterstained with DAPI. A and D show individual 392 
panels of each stain and lastly the merged image, with white arrowheads pointing to sites of 393 
co-localisation between CD68 and synaptophysin. B and E are expanded images of A and D, 394 
with orthogonal views indicating where CD68 and synaptophysin co-localise. C and F 395 
represent 3D reconstructions from A and D, generated on ParaView. All scale bars represent 396 
10μm. 397 
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 398 
 399 
Supplementary Figure 2. Microglia can engulf PSD-95 in control and schizophrenia human 400 
post-mortem tissue. Representative confocal images of the pre-synaptic marker PSD-95 401 
(green), CD68 (magenta) and Iba1 (cyan) in control (A-C) and schizophrenia tissue (D-F). 402 
Nuclei are counterstained with DAPI. A and D show individual panels of each stain and 403 
lastly the merged image, with white arrowheads pointing to sites of co-localisation between 404 
CD68 and PSD-95. B and E are expanded images of A and D, with orthogonal views 405 
indicating where CD68 and PSD-95 co-localise. C and F represent 3D reconstructions from 406 
A and D, generated on ParaView. All scale bars represent 5μm. 407 
 408 


