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Abstract 39 

Experiments in primary culture have helped advance our understanding of the 40 

curious phenomenon of cell cycle-related neuronal death. In a differentiated 41 

postmitotic cell such as a neuron, aberrant cell cycle re-entry is strongly associated 42 

with apoptosis. Indeed, in many pathological conditions, neuronal populations at risk 43 

for death are marked by cells engaged in a cell cycle like process. The evidence for 44 

this conclusion is typically based on finding MAP2-positive cells that are also positive 45 

for cell cycle-related proteins (e.g., cyclin D) or have incorporated thymidine analogs 46 

such as BrdU or EdU into their nuclei. We now report that we and others may have 47 

partly been led astray in pursuing this line of work. Morphometric analysis of mouse 48 

embryonic cortical cultures reveals that the size of the 'cycling' MAP2-positive cells is 49 

significantly smaller than those of normal neurons, and their expression of MAP2 is 50 

significantly lower. This led us to ask whether, rather than representing fully 51 

developed neurons, they more closely resembled precursor-like cells. In support of 52 

this idea, we find that these small MAP2-positive cells are immunopositive for nestin, 53 

a neuronal precursor marker, Olig2, an oligodendrocyte lineage marker, and NG2, 54 

an oligodendrocyte precursor marker. Tracking their behavior in culture, we find that 55 

they predominantly give rise to GFAP+ astrocytes instead of neurons or 56 

oligodendrocytes. These findings argue for a critical reexamination of previous 57 

reports of stimuli that lead to neuronal cell cycle-related death in primary cultures. 58 

 59 

Significance 60 

While many laboratories use cultures of rodent embryonic cortex to study the cell 61 

biology of brain function, few attend to the identity of the cells in their cultures. We 62 

find that a subpopulation of small MAP2-weakly-positive cells, presumed for decades 63 

to be neurons, are actually NG2+Olig2+Nestin+ precursor cells that give rise over time 64 

mostly to astrocytes. Subjecting the cultures to a challenge meant to mimic an in vivo 65 

cell cycle-related neuronal death, we find the percentage of 'cycling' MAP2+ cells 66 

does indeed increase, but only because large MAP2+ cells (true neurons) die with no 67 

change in their mitotic activity. The MAP2+ precursors remain constant in number 68 

and in cell cycle activity. This argues for re-interpretation of experimental neuronal 69 

culture data. 70 

  71 
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Introduction 72 

A substantial number of studies have agreed that re-initiation of a cell cycle process 73 

in postmitotic cells such as neurons is tightly associated with apoptosis. This concept 74 

has been extended to suggest that cycle-related neuronal death contributes to the 75 

pathogenesis of several neurodegenerative disorders including Alzheimer’s disease 76 

(AD) (Busser et al., 1998; Herrup and Yang, 2007), Parkinson's disease (Hoglinger 77 

et al., 2007), ALS (Ranganathan et al., 2001), and others. While the correlations in 78 

vivo (in humans, mice, and flies) are robust, the detailed molecular mechanisms 79 

linking neuronal loss of cycle control to neuronal death are not yet fully understood. 80 

In search of these mechanisms, researchers have frequently turned to studies using 81 

primary neuronal cultures, primarily of embryonic neocortex or hippocampus. This 82 

approach offers a simple and reliable system that allows the manipulation of the cells 83 

and their environment. They are usually isolated at late embryonic or early postnatal 84 

ages near the end of the neurogenic phase of development. The choice of this early 85 

time of harvest is driven by the fact that at this stage, the young postmitotic neurons 86 

have not yet developed extensive processes and are relatively resistant to damage 87 

during the dissociation protocol (Sciarretta and Minichiello, 2010). While the precise 88 

embryonic age chosen for the harvest can impact the identity of the neurons in the 89 

culture (Romito-DiGiacomo et al., 2007), most studies involved use E16.5 mouse 90 

embryos or an equivalent gestational age of rat embryos. Culture media have been 91 

optimized to specifically favor the long-term survival and growth of fully differentiated 92 

neurons over other cell types (Brewer, 1995). Neurons isolated by these procedures 93 

remain postmitotic and form functional synapses after maturation making it possible 94 

to investigate neuronal development, aging, and death in vitro (Dajas-Bailador et al., 95 

2012; Dajas-Bailador et al., 2008; Garwood et al., 2011; Lesuisse and Martin, 2002). 96 

Despite this, and even after harvesting on the same gestational day, in the most 97 

widely used protocols the resulting preparations contain a diverse and changing set 98 

of cell types including astrocytes and oligodendrocyte precursor cells (OPCs) whose 99 

percentages change over time in culture (Hui et al., 2016).  100 

 101 

Several models based on embryonic cortical culture have been used to investigate 102 

cycle-related neuronal death in AD. To generate an in vitro model of AD, researchers 103 

frequently use the A  peptide as a stimulus as it has been reported to induce cell 104 
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cycle re-entry of cultured neurons (Bhaskar et al., 2009; Copani et al., 1999; 105 

Giovanni et al., 1999; Norambuena et al., 2017; Seward et al., 2013; Varvel et al., 106 

2008; Zhang et al., 2008). A less frequently used model is based on A -mediated 107 

neuroinflammation. Pro-inflammatory factors released by A -stimulated microglia 108 

have also been used to trigger cell cycle-related death in cultured neurons (Bhaskar 109 

et al., 2014; Hui et al., 2016; Koseoglu et al., 2019; Norambuena et al., 2017; 110 

Seward et al., 2013; Wu et al., 2000; Zhu et al., 2019).  111 

 112 

In vivo and under normal conditions in vitro, mature neurons never divide. Therefore, 113 

a cell that becomes immunopositive for a cell cycle regulatory protein (e.g., a cyclin) 114 

is presumed to have lost its cell cycle suppression and re-entered a cell cycle. 115 

Viewing this process by immunocytochemistry is superior to techniques such as 116 

Western blot or flow cytometry since it reveals a clear cell-by-cell picture of protein 117 

localization and neuron morphology. In addition to cell cycle proteins, BrdU/EdU 118 

incorporation has also been widely used to detect cell cycle events. To verify that 119 

cycling neurons die, BrdU+ neurons were double-labeled with the apoptotic markers 120 

cleaved caspase-3 or TUNEL (Wu et al., 2000). Consistent with the suggestion that 121 

the dividing neurons were dying, BrdU+ neurons in culture are smaller in size and 122 

lose MAP2-positive processes (Bhaskar et al., 2009). 123 

 124 

In reviewing this rather extensive literature, we became intrigued that 125 

photomicrographs that illustrate the cycling neurons consistently showed cells that 126 

were considerably smaller than their non-cycling neighbors, with fewer and shorter 127 

processes. While this seems reasonable, as the cycling neurons would be expected 128 

to be unhealthy (Bhaskar et al., 2014; Bhaskar et al., 2009; Hui et al., 2016; 129 

Norambuena et al., 2017; Varvel et al., 2008), several findings in our lab led us to 130 

question this assumption. We realized that no study, including our own, provided 131 

evidence that these small cycling neurons came from normal healthy neurons.  132 

 133 

We report here that the 'dividing' MAP2-positive cells are not actual mature cortical 134 

neurons. Though positive for MAP2, they are also immunopositive for nestin, Olig2, 135 

and NG2. They thus are more accurately seen as progenitor cells. We find that with 136 

time, rather than dying, they differentiate into astrocytes. Our data emphasize the 137 
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importance of re-examining and more carefully defining the cell types present in 138 

primary cortical culture and suggest that many of the conclusions reached in 139 

previous in vitro studies of neuronal cell cycle activity may have to be re-examined. 140 
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Materials and methods 141 

Animals and primary cortical neuronal culture 142 

The C57BL/6 mice were maintained and bred in in the Animal and Plant Care Facility 143 

of The Hong Kong University of Science and Technology (HKUST). Primary cortical 144 

cultures were performed following standard protocols as described (Hui et al., 2016). 145 

Cervical dislocation was performed to sacrifice the pregnant female C57BL/6 mice, 146 

followed by isolation of embryonic mice. Isolated cerebral cortices from E16.5 or P5 147 

C57BL/6 mice were dissociated into single cells by digestion with 0.25% trypsin-148 

EDTA (Thermo Fisher Scientific) and gentle trituration. After neutralization with 149 

DMEM containing 10% FBS (Thermo Fisher Scientific), cells were suspended in 150 

Neurobasal medium supplemented with B27 and 2 mM GlutaMAX (Thermo Fisher 151 

Scientific), and then seeded on glass coverslips or dishes coated with poly-L-lysine 152 

(Sigma). Half of the medium was replaced with fresh every 5 days.  153 

 154 

THP-1 cell culture and conditioned medium 155 

Human THP-1 monocytes were grown in RPMI 1640 medium (Thermo Fisher 156 

Scientific) supplemented with 10% FBS and 0.05 mM β-mercaptoethanol (Sigma) at 157 

37°C in a humidified 5% CO2 atmosphere. The conditioned medium was prepared as 158 

described previously (Zhu et al., 2019). To stimulate the THP-1 cells, 2.27 L of 220 159 

M fibrillar A 1-42 (rPeptide) was added to the surface of each well of a 24-well plate 160 

and allowed to air dry. THP-1 cells were plated on the A -coated well surface at a 161 

density of 100,000 cells per well and cultured in Neurobasal medium for 3 days. The 162 

medium was removed, and after centrifugation, the supernatant (5%, v/v) was used 163 

to treat neuronal cultures for 24 hours.  164 

 165 

Histology, cell fixation, and immunofluorescence 166 

P5 C57BL/6 mouse pups were perfused with ice-cold PBS. After perfusion, the 167 

brains were dissected and immersed in 4% PFA (Sigma) at 4°C overnight. The fixed 168 

brains were cryoprotected by incubating in PBS containing 30% sucrose at 4°C 169 

overnight, followed by embedding in OCT. After cryostat sectioning at 10 m, 170 

samples were either used immediately for immunohistochemistry or stored at -80°C. 171 

Before immunofluorescence, sections were heated to 95°C in citrate buffer (pH 6.0) 172 
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for 10 mins for antigen retrieval. To prepare them for immunostaining, cortical neuron 173 

cultures were first washed in PBS, then fixed in ice-cold 4% PFA for 20 mins. 174 

 175 

To immunostain, cells or brain sections were blocked with 5% donkey serum in PBS 176 

containing 0.3% Triton X-100 at RT for 1 hour and then incubated with primary 177 

antibodies in blocking solution at 4°C overnight. After rinsing with PBS, samples 178 

were incubated with fluorophore-conjugated secondary antibodies at RT for 1 hour, 179 

followed by three washes in PBS and counter-staining with DAPI for 5 mins. After 180 

rinsing, samples were mounted with Hydromount media (National diagnostics). 181 

Images were taken using Leica TCS SP8 confocal laser scanning microscope (63X, 182 

Z-stack specifically for IHC of P5 mouse brain sections) or Olympus DP80 183 

fluorescent microscope (20X). For IHC of P5 mouse brain sections, the grey matter 184 

of cortex was imaged. 185 

 186 

EdU-incorporation assay 187 

5-ethynyl-2’-deoxyuridine (EdU) was used to monitor DNA synthesis in the cultured 188 

cortical neurons. 5 μM EdU was added to the cell culture for 6 hours before fixation 189 

with 4% PFA. EdU labeling was performed according to the manufacturer’s protocol 190 

using the Click-iT EdU assay kit (Thermo Fisher Scientific). After EdU labeling, the 191 

samples were processed for immunofluorescence or DAPI labeling as described 192 

above. 193 

 194 

Measurement of sizes of the MAP2+ cells 195 

To measure cell size, neurons were stained with MAP2, and the boundaries of the 196 

labeled cells were marked using the free-hand selection tool of the Fiji software 197 

package. The selected region area was tabulated separately for MAP2-positive cells 198 

that were positive or negative for cell cycle markers. Size-frequency histograms were 199 

then assembled with bin sizes of 20μm2.  200 

 201 

Antibodies 202 

Primary antibodies against Ki67 (#ab15580, RRID: AB_443209), cyclin D1 203 

(#ab16663, RRID: AB_443423), cyclin A2 (#ab181591), PCNA (#ab29, RRID: 204 

AB_303394), MAP2 (#ab5392, RRID: AB_2138153), Nestin (#ab6142, RRID: 205 

305313), GFAP (#ab7260, RRID: AB_305808), and -III tubulin (#ab78078, RRID: 206 
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2256751) were purchased from Abcam (Cambridge, MA, USA). Mouse anti-GFAP 207 

(#G3893, RRID:477010) antibody was purchased from Sigma (St. Louis, MO, USA). 208 

Olig2 (#AB9610, RRID: 570666) and NG2 (#AB5320, RRID: AB91789) antibodies 209 

were purchased from Millipore (Billerica, MA, USA). Alexa Fluor 488 or 647-210 

conjugated secondary antibodies were purchased from Thermo Fisher (Waltham, 211 

MA USA). Anti-chicken Cy3 antibody was purchased from Jackson 212 

ImmunoResearch (West Grove, PA, USA).  213 

 214 

Statistical analysis 215 

Statistical analysis was performed using Prism 6 (GraphPad software) with further 216 

details provided in the results and statistical table in Table 1. Data from at least three 217 

independent experiments were presented as mean ± SEM. Differences between 218 

each group were assessed with unpaired Student’s T-test or one-way ANOVA. 219 

p<0.05 was considered statistically different. * p<0.05, ** p<0.01, *** p<0.001, **** 220 

p<0.0001. 221 

 222 

  223 
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Results 224 

Cycling MAP2-positive cells are distinct from neurons 225 

Embryonic cortical neurons in culture have been widely used to investigate the cell 226 

cycle events that accompany neuron death in a variety of neurodegenerative 227 

diseases. Most of these studies rely on the appearance and disappearance of 228 

different cell cycle proteins such as cyclin D1 as a marker for the G1 phase of the 229 

cell cycle, cyclin A2 and PCNA for S phase, and cyclin B1 for G2/M phase. Some 230 

studies also use the Ki67 protein as a marker for cells in any stage of the cell cycle. 231 

Thus, we and others have reported numerous examples of cell cycle activity in 232 

primary mouse cortical neurons using immunocytochemistry (Figures 1A-D). As 233 

observed previously, when we quantify resting untreated cortical cultures after 14DIV, 234 

we found a small but significant background of ‘cycling’ neurons ranging from 5-10% 235 

of the total, regardless of the protein marker used (Figure 1K). To look specifically at 236 

DNA replication, we used EdU incorporation and found that ~3% of the MAP2-237 

positive cells in our culture synthesized DNA (Figures 1E and K).  238 

 239 

While we have repeated observations such as these many times, we became 240 

troubled that the ‘cycling neurons' were all relatively small compared with most of the 241 

other MAP2-positive (MAP2+) cells in our cultures. We had always assumed that 242 

their small size and weaker MAP2 staining intensity were because their unscheduled 243 

cell cycle event caused them to shrink and enter an unhealthy state. As we had 244 

never done anything to test this impression, we measured the area of the cell body 245 

of all MAP2+ cells and plotted the cell cycle positive and negative cells separately 246 

(Figure 1F-J). We found that, regardless of the cell cycle marker used (except cyclin 247 

D1), the average cell body size of the cycling neurons was significantly smaller than 248 

the size of their non-cycling counterparts (Figure 1L), suggesting that they are in a 249 

very different biological state. We had seen this result before. Inspecting the 250 

photographs from earlier publications (Hui et al., 2016) shows that the EdU-positive 251 

neurons in experiments such as these were small in size with weak MAP2 staining 252 

just like the cells shown in Figures 2A and B. 253 

 254 

There was one exception to the atrophic appearance of the 'cycling neurons'. We 255 

consistently found a subpopulation of the neurons labeled with cyclin D that was 256 
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larger and more normal in appearance. While ~60% of the MAP2/cyclin D-positive 257 

cells were small in size (≤ 100 m2), the remainder had cell sizes more similar to 258 

non-cycling cells (Figure 1G). The morphology of the processes of the two sizes of 259 

cyclin D1 positive neurons was noticeably different as well (Figures 1D and M). The 260 

bigger cells had healthy, large caliber, MAP2+ dendrites. One possible explanation of 261 

this finding is that since cyclin D is the first marker to appear in a normal cell cycle, 262 

perhaps we had caught these cells just as they entered a pathological cell cycle. 263 

 264 

To test this, we challenged our cells with an Alzheimer's like environment to trigger 265 

cell cycle-related neuronal deaths. Our lab has previously used such an in vitro 266 

model system to investigate the contribution of inflammation to the pathogenesis of 267 

neurodegenerative disease. The paradigm involves treating microglia or THP-1 268 

monocytes with -amyloid, then using the conditioned medium from these cultures to 269 

treat primary neurons in culture (Hui et al., 2016; Wu et al., 2000). Typically, this 270 

amyloid-stimulated conditioned medium (AM) increases the percentage of EdU-271 

positive neurons from ~5% to ~15% (Hui et al., 2016). We repeated this experiment 272 

for this study and obtained similar results (Figure 2). Cell counts revealed that after 273 

24 hours of AM treatment, over 60% of the total MAP2-positive cells had been lost 274 

and, of the survivors, the percentage of MAP2+ cells that was labeled with EdU 275 

increased more than two-fold (Figures 2C and D). 276 

 277 

While these results are consistent with earlier studies, a different picture emerged 278 

when we examined small and big neurons separately. After 24 hours of AM 279 

treatment, over 60% of the population of large neurons was lost. Despite this, not a 280 

single EdU-positive neuron was observed in this group (Figures 2C and D). By 281 

contrast, the small neurons suffered virtually no cell loss, and what's more, the 282 

percentage of small neurons that was EdU-positive was not significantly changed 283 

(Figures 2C and D, statistical table is provided in Table 1). Therefore, the increase of 284 

the ratio of 'cycling' to total MAP2+ cells after AM treatment was actually caused by 285 

the death of the large neurons not by an increase in cell cycle activity. While 286 

unexpected, these findings lead to the conclusion that that AM has no effect on 287 

either the cell cycle activity or the fate of the small neurons in our cultures and raises 288 

questions concerning their identity.  289 
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The 'small neurons' have characteristics of neuronal progenitors  290 

Since the small neurons were mitotically active cells, we asked if they had any 291 

attributes that might mark them as neural progenitors. To do this, we stained our 292 

cultures with antibodies against nestin, an intermediate filament protein that is 293 

expressed in neural stem/progenitor cells found in the ventricular zone of the 294 

developing brain (Zimmerman et al., 1994). We found that virtually all of the small 295 

neurons were nestin-positive (Figure 3B). During a normal developmental 296 

progression, when nestin+ precursor cells in the ventricular zone exit the cell cycle 297 

and begin the process of migration, they stop producing nestin. During their 298 

migration and early maturation, the young postmitotic neurons begin expressing β-III 299 

tubulin, an embryonic isomer of adult β-tubulin (Menezes and Luskin, 1994; Sullivan, 300 

1988). With further maturation β-III tubulin also disappears and adult cells end up 301 

expressing exclusively MAP2, a microtubule-associated protein found in mature 302 

dendrites. Finding nestin in MAP2+ cells is unexpected since these two markers are 303 

normally expressed at very different developmental stages. To further define the 304 

developmental identity of the 'small neurons', we stained our cultures with -III 305 

tubulin. We found that the small MAP2+ neurons were -III tubulin-negative, whereas 306 

all big neurons were strongly labeled (Figure 3A). Finding β-III tubulin co-localized 307 

with MAP2 positive neurons was unexpected, as it suggests that despite their 308 

morphology, the biochemistry of the cultured neurons has not fully matured. The 309 

absence of β-III tubulin in the dual presence of nestin and MAP2 can be taken as 310 

evidence that that the 'small neurons' are much more like precursor cells and thus 311 

presumably not real neurons.  312 

 313 

The 'small neurons' express NG2, but do not develop into oligodendrocytes 314 

Neural progenitors have been shown to be able to differentiate into diverse cell types, 315 

including neurons, astrocytes, or oligodendrocytes (Mignone et al., 2004). While the 316 

'small neurons' express MAP2, it is unlikely that they are capable of developing into 317 

cortical neurons as they expressed neither -III tubulin nor Tbr2, a marker of 318 

intermediate neuronal progenitor cells (Englund et al., 2005) (data not shown). In 319 

testing whether they might be oligodendrocyte progenitors, we found that the 'small 320 

neurons' were immunopositive for neural/glial antigen 2 (NG2) (Figure 4A), a 321 

proteoglycan expressed specifically in oligodendrocyte precursor cells (OPCs) or 322 
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NG2-glia of the brain (Richardson et al., 2011). We, therefore, speculated that the 323 

'small neurons’ were in reality cells of the oligodendrocyte lineage cells. We verified 324 

this possibility by immunostaining cultures with the oligodendrocytes lineage marker 325 

Olig2 (Figures 4B, C) (Zhou et al., 2000). While the presence of these two proteins 326 

would tend to identify the 'small neurons' as OPCs, there was no sign of their further 327 

differentiation in our cultures. Thus, no cell in our culture was found to express the 328 

mature oligodendrocyte marker, myelin basic protein (MBP) (data not shown).  329 

 330 

The 'small neurons’ generate astrocytes  331 

It seemed that the 'small neurons’ could not generate either neurons or 332 

oligodendrocytes; we therefore asked if they were able to differentiate into astrocytes. 333 

In our cultures, we observed a number of nestin+ cells with a morphology that was 334 

distinct from that of the 'small neurons'. These nestin+ cells were larger in size with 335 

more processes than were found on the 'small neurons'. While they looked fully 336 

differentiated, they showed less MAP2 expression in processes (Figure 5B). In 337 

DIV14 cultures, over 95% of the nestin+ cells, including the 'small neurons', 338 

expressed nuclear Olig2 (Figures 4B, D). By contrast, these big nestin+ cells (also 339 

Olig2+) exhibited a weaker, diffuse NG2 signal. That raised the possibility that these 340 

larger cells were derived from 'small neurons' and that the expression of NG2 341 

declined during their transformation (Figure 5B, arrow). In keeping with this idea, we 342 

found that a large proportion of the big nestin+ cells expressed the astrocyte marker 343 

GFAP, co-localized with the nestin immunoreactivity (Figure 5C lower panel). 344 

Nestin+Olig2+ 'small neurons' did not express GFAP (Figures 5C, D upper panel), but 345 

many Olig2+ cells expressed GFAP as well (Figure 5D lower panel). From DIV3 to 346 

DIV14, the percentage of nestin+ cells that were GFAP+ gradually increased (Figure 347 

5F). During the same time period, the percentage of Olig2+ cells that were GFAP+ 348 

also significantly increased (Figure 5G). Thus, almost all of the GFAP+ cells in the 349 

culture were nestin+Olig2+. NG2 immunostaining could be found in the large GFAP+ 350 

nestin+ cells, but it was always weak and diffuse (Figure 5E lower panel). This 351 

decline in NG2 staining distinguishes the GFAP+ cells from the 'small neurons' where 352 

no GFAP expression could be detected despite the presence of NG2 (Figure 5E 353 

upper panel). Taken together, our data suggest that MAP2+/nestin+/Olig2+/NG2+ 354 

'small neurons' differentiate into GFAP+ astrocytes in the culture. 355 

 356 
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The 'small neurons' in mouse brain also give rise to astrocytes  357 

It would appear that the cycling 'small neurons' in cultures of E16.5 mouse cortical 358 

are progenitor cells that differentiate into astrocytes. However, the question arises: 359 

are such cells an artifact of culture, or can they also be found in vivo? In E16.5 360 

cultures, GFAP+ astrocytes first appear around DIV5, after which their number 361 

gradually increases up to at least DIV14 (Figures 5F and G). We isolated cortex from 362 

postnatal day 5 (P5) mice and established dissociated cultures using the same 363 

protocol for E16.5 cortex. In the P5 cortical culture, after 3 days, many characteristic 364 

Olig2+NG2+ 'small neurons' began to emerge (Figure 6A) along with many GFAP+ 365 

astrocytes (many of which were also Olig2+ – Figure 6B upper panel). This is much 366 

faster than such cells appeared in E16.5 cultures. During differentiation, as expected, 367 

these GFAP+ cells gradually lost their Olig2 (Figure 6B lower panel). That is to say, 368 

in P5 culture the emergence of Olig2+NG2+ 'small neurons' and Olig2+GFAP+ 369 

astrocytes occurred more quickly than in E16.5 culture. This suggests that the 'small 370 

neurons' are still present in the P5 brain and that they have begun to differentiate in 371 

vivo allowing them to establish themselves faster in dissociated culture. To further 372 

confirm this, we directly performed immunohistochemistry of the P5 mouse brain. 373 

Immunostaining of developing neocortex revealed a complex cellular landscape. 374 

Nonetheless, we were able to detect a small number of Olig2+nestin+ (Figure 6C) and 375 

Olig2+NG2+ (Figure 6D) 'small neurons' in the cortex of P5 mice as predicted from 376 

the in vitro work. We also observed GFAP+/Olig2+ (Figure 6E) cells, suggesting 377 

Olig2+ cells also differentiate into GFAP+ astrocytes in mouse brain.  These cells 378 

were relatively rare and scattered throughout the cortex with no obvious regional 379 

variability. These data are consistent with the idea that a population of cells very 380 

similar to the 'small neurons' we identified in vitro exist in the early postnatal mouse 381 

brain and further that these precursor-like cells develop into astrocytes in vivo.  382 

  383 

  384 
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Discussion 385 

Ectopic neuronal cell cycle re-entry is tightly associated with neuronal cell death and 386 

is often cited as an integral part of the pathogenesis of neurodegenerative disorders 387 

such as AD (Busser et al., 1998; Copani et al., 1999; Folch et al., 2012; Herrup and 388 

Yang, 2007; Kruman et al., 2004; Norambuena et al., 2017; Park et al., 1997; 389 

Seward et al., 2013). Most of the evidence supporting this disease model has come 390 

from descriptive correlations observed in neuropathological samples. Few if any 391 

controlled experimental manipulations have been done in vivo as such experiments 392 

are difficult to perform. For this reason, virtually all of the studies aimed at 393 

understanding the molecular mechanisms of cycle-related neuronal death have been 394 

done in vitro, in dissociated cultures of embryonic neurons. As with their in vivo 395 

counterparts, these cultured neurons exit the cell cycle and generate electrically 396 

active processes. The advantage of this preparation is that, in the controlled 397 

environment of a tissue culture dish, a variety of stimuli such as DNA damage 398 

(Kruman et al., 2004; Liu et al., 2014; Park et al., 2000), oxidative stress (Yang et al., 399 

2014), pro-inflammatory cytokines (Bhaskar et al., 2014; Varvel et al., 2009) and 400 

other manipulations can and have been used to induce ectopic neuronal cell cycle 401 

events. For many labs including our own, the outcome measure used to monitor this 402 

process is the appearance of cells that are double-immunolabeled with MAP2 and a 403 

cell cycle protein (or BrdU/EdU incorporation). The assumption has always been that 404 

these double-labeled cells were mitotically active neurons.  405 

 406 

Our current study challenges this assumption. We performed double-labeling of 407 

cultured neurons using antibodies against MAP2 and a variety of cell cycle proteins, 408 

including Ki67, cyclin D1, cyclin A2, and PCNA. We first showed that the double-409 

labeled cells formed a distinct cell population that was small in size (< 100 m2) with 410 

thin dendritic branches and significantly weaker MAP2 immunolabelling. Consistent 411 

with the cell cycle protein staining, EdU incorporation was only found in these cells. 412 

Building on this observation, we used cell body size to divide our cultures into two 413 

groups for analysis. We challenged our cultures with conditioned medium from THP-414 

1 cells stimulated with A . As expected, this manipulation increased the total 415 

percentage of EdU/MAP2 double-labeled cells. The effects of conditioned medium, 416 

however, were drastically different in the two different size classes of neurons. 417 
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Larger (normal looking) neurons were killed by the conditioned medium, but never 418 

incorporated EdU. The smaller MAP2+ cells continued to incorporate EdU but 419 

showed no response to AM – their numbers did not change, nor did the percentage 420 

that were EdU labeled. 421 

 422 

These observations have direct implications for previous cell cycle/cell death studies 423 

in neurons. Figures 2C and D repeat findings that have been replicated by many 424 

authors, including our lab. The interpretation of this simple experiment is that after 425 

AM, neuronal cell cycling increases, and when it does, the cycling neurons die. This 426 

may yet be true in vivo, but in vitro Figures 2E-H tell a cautionary tale. Large, fully 427 

mature MAP2+ neurons die in response to microglial conditioned medium, but they 428 

do not enter a cell cycle before doing so. The MAP2+ cells we have called 'small 429 

neurons' remain as the only mitotic cells in culture. When, after AM, the ratio of 430 

'cycling' to total MAP2+ cells increases in culture, the increase is caused entirely by 431 

the death of the large neurons (the denominator decreases) not by an increase in 432 

cell cycle activity (the numerator remains unchanged – Figure 2H). The inescapable 433 

conclusion is that many studies in this field need to be re-examined and perhaps 434 

reinterpreted. 435 

 436 

The cells we called 'small neurons' are not real neurons even though they have 437 

processes and express MAP2.  Instead, we find that they are nestin+/Olig2+/NG2+ 438 

progenitor cells. They cannot be committed to a neuronal lineage, since we seldom 439 

detect cells that are double positive for -III tubulin and nestin (or Olig2). Although 440 

they do express Olig2 and NG2, markers associated with the oligodendrocyte 441 

lineage, the absence of mature oligodendrocytes suggests that they do not 442 

differentiate into oligodendrocytes, at least in our culture conditions. Their most likely 443 

fate can be found in our observation of GFAP+ astrocytes that also express nestin 444 

and Olig2. While the co-expression of MAP2, Olig2, GFAP (neuron, oligodendrocyte, 445 

astrocyte proteins) along with proteins such as nestin that are found in immature 446 

ventricular zone precursor cells suggests that there are strong molecular cross-447 

currents buffeting the fate decision of these cells, our data suggest that these 448 

unusual cells most probably give rise to astrocytes in our culture system with time. 449 

To begin, we find cells expressing both GFAP and NG2, and it has been reported 450 
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that NG2 glia generate astrocytes in addition to oligodendrocytes (Zhu et al., 2008). 451 

We and others have also found that the number of astrocytes increases steadily with 452 

time. The nestin+/Olig2+/NG2+ ‘small neurons’ thus serve as a precursor pool for an 453 

ever-enlarging population of astrocytes. 454 

 455 

While the field has historically referred to the cycling MAP2+ cells in mouse 456 

embryonic cortical culture as neurons, the data show that they are instead glial 457 

progenitors that express NG2, MAP2, Olig2, and nestin. During their differentiation, 458 

these progenitors grow thicker processes and grow larger in size. At the same time, 459 

the MAP2 and NG2 proteins diffuse into their cytoplasmic processes and gradually 460 

degrade. During this same differentiation period, GFAP expression is established, 461 

and Olig2 and nestin are ultimately degraded (Olig2 preceding nestin). The 462 

expression of nestin and Olig2 in astrocytes finds precedent in the literature. While 463 

its exact function has yet to be determined, developing astrocytes in mouse brain are 464 

known to express Olig2 as they become specified and differentiated, gradually 465 

reducing expression as maturation is completed (Marshall et al., 2005). Nestin is a 466 

well-known component of radial glial cells – GFAP+ astroglial cells in developing 467 

mouse brain, so the co-expression of these two proteins also has precedence (Wei 468 

et al., 2002). Nestin is not expressed in mature astrocytes, but after injury, re-469 

expression of nestin was observed in reactive astrocytes (Schmidt-Kastner and 470 

Humpel, 2002). The constant co-expression of nestin and GFAP in astrocytes in our 471 

culture suggests astrocytes in embryonic cortical culture are not fully mature, 472 

probably due to lack of astrocyte maturation factors. The existence of Olig2+/NG2+ 473 

and nestin+/NG2+ cells in the P5 mouse brain and cortical cultures established from 474 

P5 mouse indicates that the 'small neurons' are not artifacts of culture. GFAP+ 475 

astrocytes expressing weak Olig2 in nucleus confirms Olig2+ cells also develop into 476 

astrocytes in the brain of postnatal mice. 477 

 478 

Confusion in the field has arisen largely because these 'small neurons'/astroglial 479 

progenitors also express MAP2 in soma and processes. Traditionally, MAP2 is a 480 

neuron-specific cytoskeletal protein enriched in dendrites where it helps to stabilize 481 

microtubules. Like tau, however, of MAP2 has several alternatively spliced isoforms 482 

(Kalcheva et al., 1995). One of these includes exon 13 (MAP2 +13) and has been 483 

found to be transiently expressed in oligodendrocyte/astrocyte precursor cells during 484 
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human CNS development (Blumcke et al., 2001) and may well explain why the 'small 485 

neurons' express MAP2. The expression of protein markers for both neurons and 486 

glia in small ‘neurons’ or cells they generate suggest that they are probably a 487 

heterogeneous population. We noticed that in old embryonic cultures (DIV21), the 488 

number of small ‘neurons’ did not greatly drop compared with that of younger 489 

cultures (DIV10 or 14), suggesting that not all the cells grow to generate astrocytes 490 

in the culture. The small ‘neurons’ keep dividing, and some of them differentiate into 491 

astrocytes, but a proportion remain undifferentiated. Indeed, in DIV21 culture, we 492 

detected not many but a few NG2+/nestin+ cells that also express -III tubulin (Figure 493 

7), but they seem not fully differentiated. Probably extra neurotrophic factors are 494 

needed for them to become mature neurons.  In a word, the identity of these cells is 495 

complicated, and their fate is perhaps dependent on the extracellular environment.  496 

 497 

In summary, we have identified a population of neuron-like precursor cells in mouse 498 

embryonic cortical cultures that express MAP2 but also nestin, Olig2, and NG2. 499 

During the time in culture, they are highly proliferative but steadily differentiate, 500 

mostly into GFAP+ astrocytes. True cortical neurons are present in the dish, but they 501 

are postmitotic and do not incorporate BrdU. We submit that these neuron-like 502 

precursors have been mistaken for cortical neurons in previous reports investigating 503 

neuronal cell cycle events in vitro. These studies would bear re-examining and the 504 

data surrounding the measurement of ectopic neuronal cell cycles should be 505 

reinterpreted if the neuron-like precursor cells were targeted.  506 

  507 
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Table 1. 633 
 634 

Figure Data 
Structure 

Type of Test Power  

Figure 1L Unknown Unpaired t 

test, two tailed 

1) Ki67, Cycling neurons vs. non-
cycling neurons: P value < 0.01; 95% 
confidence interval 28.08 to 113.0 
2) Cyclin D1, Cycling neurons vs. non-
cycling neurons: P value > 0.05; 95% 
confidence interval -7.889 to 67.35 
3) Cyclin A2, Cycling neurons vs. non-
cycling neurons: P value < 0.0001; 
95% confidence interval 69.58 to 91.78 
4) PCNA, Cycling neurons vs. non-
cycling neurons: P value < 0.05; 95% 
confidence interval 23.03 to 110.6 
5) EdU, Cycling neurons vs. non-
cycling neurons: P value < 0.0001; 
95% confidence interval  
65.82 to 85.25 

Figure 2C Unknown Unpaired t 

test, two tailed  

1) Total, Control vs. 5% AM: P value < 
0.0001; 95% confidence interval -187.9 
to -116.6  
2) Big neurons, Control vs. 5%AM: P 
value < 0.0001; 95% confidence 
interval -175.5 to -114.0 
3) Small neurons: Control vs. 5%AM: P 
value = 0.4469; 95% confidence 
interval -30.05 to 15.05 

Figure 2D Unknown Unpaired t 

test, two tailed  

1) Total, Control vs. 5% AM: P value = 
0.0052; 95% confidence interval 
0.03192 to 0.1175 
2) Small neurons: Control vs. 5%AM: P 
value = 0.5184; 95% confidence 
interval -0.08946 to 0.1591 

Figure 5F Unknown One-way 

ANOVA  

1) DIV3 vs. DIV10: P value = 0.0235; 
95% confidence interval -0.3514 to -
0.01942 
2) DIV3 vs. DIV14: P value < 0.0001; 
95% confidence interval -0.5301 to -
0.2091 

Figure 5G Unknown One-way 

ANOVA 

1) DIV3 vs. DIV10: P value = 0.0005; 
95% confidence interval -0.3214 to -
0.08521 
2) DIV3 vs. DIV14: P value < 0.0001; 
95% confidence interval -0.3963 to -
0.1690 

  635 



 

 23 

Figure legends 636 
 637 

Figure 1 Detection of cell cycle markers in E16.5 mouse primary cortical 638 

culture. (A-D) Immunostaining for the indicated cell cycle regulatory proteins in 639 

DIV14 cortical culture. (E) EdU incorporation assay was used to detect the cells that 640 

synthesized DNA. (F-J) Cell body areas of MAP2+ cells were measured using Fiji 641 

software. Hand-traced measurement of cell body was conducted as illustrated by the 642 

yellow dashed line shown in (A). Size-frequency histograms were constructed to 643 

compare the relative sizes of marker-positive and negative cells. More than 80 644 

MAP2+ cells were quantified on each coverslip (N=3). (K) MAP2+/cell cycle marker 645 

double-positive cells expressed as a percentage of total MAP2+ cells. (L) Average 646 

cell body areas of MAP2+ cycling cells (red) and their non-cycling counterparts (blue). 647 

(M) Morphology of a big neuron expressing nuclear cyclin D1. Data from three 648 

batches of culture were presented as mean ± SEM. Scale bars, 25μm. 649 

 650 

Figure 2 AM treatment does not influence the cell cycle or fate of small 651 

neurons. DIV14 cortical cultures from E16.5 mice were treated with 5% AM for 24h. 652 

EdU labeling was used to detect cells with active DNA synthesis. (A, B) 653 

Representative fields (20X) showing small neurons incorporating EdU (inset is a 654 

higher magnification of a single cell from the field). (C) Quantification of the number 655 

of MAP2+ cells, separated by size, after AM treatment. (D) Quantification of the ratio 656 

of double-positive EdU+/MAP2+ cells to total MAP2+ cells remaining after AM 657 

treatment. Data from three independent experiments, presented as mean ± SEM. 658 

Scale bars, 50μm 659 

 660 

Figure 3 The 'small neurons' in E16.5 mouse cortical culture express the 661 

neural progenitor marker nestin. (A) DIV14 culture was immunostained with 662 

antibodies against neuronal markers MAP2 and -III tubulin. (B) Immunostaining of 663 

nestin in DIV14 cortical culture. A representative cell expressing nestin and MAP2 is 664 

shown enlarged in the bottom panels. Scale bars, 25μm. 665 

 666 

Figure 4 The 'small neurons' express Olig2 and NG2 but do not develop into 667 

oligodendrocytes in the culture. DIV14 cortical cultures from E16.5 mice were 668 

double labelled with antibodies against (A) nestin and NG2, (B) nestin and Olig2, (C) 669 
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Olig2 and NG2. (D) The percentage of the number of nestin+/Olig2+ double-positive 670 

cells expressed as a fraction of total nestin+ cells. Scale bars, 25μm. 671 

 672 

Figure 5 The 'small neurons' generate astrocytes in E16.5 mouse cortical 673 

culture. (A) Immunostaining reveals nestin+Olig2+ cells in addition to the 'small 674 

neurons' in DIV14 culture. (B) Double labeling of nestin (upper panels) or Olig2 675 

(lower panels) and NG2 reveals large nestin-negative cells with weaker and diffuse 676 

NG2 signal (arrow) compared with that of the 'small neurons' (arrowhead). (C) 677 

Double labeling of nestin and GFAP in DIV14 culture reveals big nestin cells 678 

expressing GFAP (arrow), while the nestin+ 'small neurons' are GFAP-negative 679 

(arrowheads). (D) Double labeling of Olig2 and GFAP in DIV14 culture reveals big 680 

Olig2+ cells expressing GFAP (arrow); nestin+ 'small neurons' do not express GFAP 681 

(arrowheads). (E) Double labeling of NG2 and GFAP in DIV14 culture shows NG2 682 

cells with weak and diffuse NG2 signals expressing GFAP (arrows); the NG2+ 'small 683 

neurons' do not express GFAP (arrow heads). (F, G) The ratio of GFAP/nestin 684 

double-postive cells to total nestin+ (F) or GFAP/Olig2 double-positive cells to total 685 

Olig2+ cells (G) gradually increases from DIV3 to DIV14. Data from at least three 686 

independent cultures are presented as mean ± SEM. Scale bars, 25μm. 687 

 688 

Figure 6 Detection of 'small neurons' in cortical cultures from P5 mice and in 689 

P5 mouse brain. (A) Immunostaining of Olig2, NG2 and MAP2 reveals the presence 690 

of  'small neurons' (arrows) in DIV3 cortical culture from P5 mouse. (B) Double 691 

labeling of Olig2 and GFAP shows astrocytes expressing Olig2 (arrows) or not 692 

(arrowheads) in DIV3 (upper panel) or DIV7 (upper panel) cortical culture from P5 693 

mouse. Stars denote the 'small neurons'. (C) Immunostaining of an Olig2+nestin+ cell 694 

(arrow) in the cortex of a P5 mouse. (D) Immunostaining of an NG2+Olig2+ cell 695 

(arrow) in the dorsal (motor) cortex of a P5 mouse. (E) Double labeling of Olig2 and 696 

GFAP showing astrocytes expressing Olig2 (arrows) or not (arrowheads) in the 697 

cortex of P5 mice. Scale bars, 25μm.698 

 699 

Figure 7 Expression of -III tubulin by some 'small neurons' in DIV21 cortical 700 

culture from E16.5 mice. (A) Immunostaining showing nestin+ 'small neurons' 701 
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expressing -III tubulin. (B) Immunostaining showing Olig2+ 'small neurons' 702 

expressing -III tubulin. Scale bars, 25μm. 703 
















