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Neurons Derived from Human Induced Pluripotent Stem Cells Integrate into Rat 62 

Brain Circuits and Maintain both Excitatory and Inhibitory Synaptic Activities 63 

 64 

Abstract 65 

The human cerebral cortex is a complex structure with tightly interconnected excitatory 66 

and inhibitory neuronal networks. In order to study human cortical function, we recently 67 

developed a method to generate cortical neurons from human induced pluripotent stem 68 

cells (hiPSCs) that form both excitatory and inhibitory neuronal networks resembling the 69 

composition of the human cortex. These cultures and organoids recapitulate neuronal 70 

populations representative of the six cortical layers and a balanced excitatory and 71 

inhibitory network that is functional and homeostatically stable. To determine if hiPSC-72 

derived neurons can integrate and retain physiologic activities in vivo, we labeled hiPSCs 73 

with red fluorescent protein (RFP) and introduced hiPSC-derived neural progenitors to 74 

rat brains. Efficient neural induction, followed by differentiation resulted in a RFP+ 75 

neural population with traits of forebrain identity and a balanced synaptic activity 76 

composed of both excitatory neurons and inhibitory interneurons. Ten weeks after 77 

transplantation, grafted cells structurally integrated into the rat forebrain. Remarkably, 78 

these hiPSC-derived neurons were able to fire, exhibiting both excitatory and inhibitory 79 

postsynaptic currents, which culminates in the establishment of neuronal connectivity 80 

with the host circuitry. This study demonstrates that neural progenitors derived from 81 

hiPSCs can differentiate into functional cortical neurons and can participate in neural 82 

network activity through functional synaptic integration in vivo, thereby contributing to 83 

information processing.  84 
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 85 

Significance Statement 86 

We recently developed a differentiation method based on rosette neural aggregates 87 

(termed RONAs) to generate balanced excitatory and inhibitory neuronal networks from 88 

human induced pluripotent stem cells (hiPSCs). It is not yet known whether human 89 

neurons derived from this method can survive and function following transplantation into 90 

an intact rat brain. To address this question, we studied the properties of grafted hiPSC-91 

derived neurons labeled with RFP, which display stereotypical neuronal behavior, 92 

including firing, excitatory and inhibitory synaptic activity, and receive synaptic inputs 93 

from host neurons.  94 

 95 

Introduction 96 

Human induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007a; Takahashi et al., 97 

2007b; Yu et al., 2007) can be differentiated and directed to specific neuronal subtypes 98 

(Ben-Hur et al., 2004; Perrier et al., 2004; Li et al., 2005; Yan et al., 2005; Johnson et al., 99 

2007; Lee et al., 2007; Hargus et al., 2010; Hu et al., 2010), which offers novel 100 

opportunities for modeling human neurological diseases (Perrier et al., 2004; Roy et al., 101 

2006; Yang et al., 2008; Hargus et al., 2010) and potentially replacement therapies. After 102 

transplantation, the spontaneous fate determination of human neuronal progenitors and 103 

their functional integration into existing circuitry is the prerequisite for their long-term 104 

therapeutic potential.  105 

 106 
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The human cerebral cortex is characterized by the diversity of cortical neurons as well as 107 

the dynamic interconnection between excitatory pyramidal neurons and inhibitory 108 

interneurons (Rakic, 2009; Lodato et al., 2011; Lui et al., 2011). In terms of modeling the 109 

development of human cortex, prior in vitro studies have made considerable advances in 110 

generating excitatory (glutamatergic) projection neurons or inhibitory (GABAergic) 111 

interneurons (Pasca et al., 2011; Shi et al., 2012; Liu et al., 2013; Maroof et al., 2013; 112 

Nicholas et al., 2013; Espuny-Camacho et al., 2017). Subsequently, recent studies 113 

addressed that hiPSC-derived neurons possess the ability to fire high-frequency action 114 

potentials (AP), and are capable of exhibiting spontaneous postsynaptic currents after in 115 

vivo grafting (Weick et al., 2011; Nicholas et al., 2013; Espuny-Camacho et al., 2017). 116 

However, there has been little focus on producing a balanced network of both excitatory 117 

and inhibitory neurons resembling the complex constitution of human cortex. We 118 

recently established a human cortical neuron culture system that has representation of all 119 

six cortical layers with both excitatory and inhibitory neuronal networks (Xu et al., 2016). 120 

It is not known whether these hiPSC-derived excitatory and inhibitory networks can 121 

survive and develop in vivo, and how they exert their physiological roles in host brain.  122 

 123 

For this study, we generated a hiPSC cell line that constitutively expresses RFP to 124 

investigate the integration properties of human neurons after transplantation into the 125 

neonatal rat brain. We show that hiPSC-derived neurons are successfully introduced into 126 

the rodent cortex. More importantly, the grafted neurons are capable of firing, receiving 127 

synaptic inputs from neighbor neurons, as well as displaying both excitatory and 128 

inhibitory synaptic responses.   129 
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 130 

Materials and Methods 131 

hiPSCs culture and neural differentiation 132 

hiPSC lines were maintained on inactivated mouse embryonic fibroblasts (MEFs). To 133 

reliably in vivo visualize and trace transplanted cells, a stable hiPSC dsRED-SC1014 cell 134 

line was established by nucleofection with piggybac-dsRED transposon and piggyback 135 

transposase. All cell lines were maintained according to a standard protocol. Briefly, 136 

hiPSCs were cultured in human ES cell medium containing DMEM/F12 (Invitrogen), 20% 137 

knockout serum replacement (KSR, Invitrogen), 4 ng/ml FGF2 (PeproTech), 1 mM 138 

Glutamax (Invitrogen), 100 μm non-essential amino acids (Invitrogen), 100 μM 2-139 

mercaptoethanol (Invitrogen). Medium was changed daily. Cells were passaged using 140 

collagenase (1 mg/ml in DMEM/F12) at a ratio 1:6 to 1:12. Neural differentiation of 141 

hiPSCs was based on rosette neural aggregates (termed RONAs) method (Xu et al., 2016). 142 

Briefly, to initiate differentiation, hiPSC colonies were allowed to incubate with 143 

collagenase (1 mg/ml in DMEM/F12) in the incubator for about 5-10 min. After the 144 

colony borders began to peel away from the plate, the collagenase was gently washed off 145 

the plate with growth medium. While the colony center remained attached, the colonies 146 

were selectively detached with the MEFs undisturbed. Detached hiPSC colonies were 147 

then grown as suspensions in human ES cell medium without FGF2 for 2 days in low 148 

attachment 6-well plates (Corning). From day 2 to day 6, Noggin (50ng/ml, R&D system) 149 

or Dorsomorphin (1μm, Tocris) and SB431542 (10μm, Tocris) were supplied in human 150 

ES cell medium (without FGF2, defined as KoSR medium). On day 7, free-floating EBs 151 

were transferred to Matrigel or Laminin precoated culture plates to allow the complete 152 
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attachment of EB aggregates with the supplement of N2-induction medium (NIM) 153 

containing DMEM/F12 (Invitrogen), 1% N2 supplement (Invitrogen), 100 μm MEM 154 

non-essential amino acids solution (Invitrogen), 1 mM Glutamax (Invitrogen), Heparin (2 155 

μg/ml, Sigma). Cultures were continuously fed with N2-medium every other day from 156 

day 7 to 12. From day 12, N2-induction medium was changed every day. Attached 157 

aggregates broke down to form a monolayer colony on day 8 to 9 with typical neural 158 

specific rosette formation. With the extension of neural induction, highly compact 3-159 

dimensional column-like neural aggregates RONAs formed in the center of attached 160 

colonies. RONAs were manually microisolated, taking special care to minimize the 161 

contaminating peripheral monolayer of flat cells and cells underneath RONAs. RONA 162 

clusters were collected and maintained as neurospheres in Neurobasal medium 163 

(Invitrogen) containing B27 minus VitA (Invitrogen), 1 mM Glutamax (Invitrogen) for 164 

one day. The next day, neurospheres were dissociated into single cells and plated on 165 

Laminin/poly-D-lysine (PDL) coated plates for further experiments. For neuronal 166 

differentiation, either RA (2 μM), SHH (50 ng/ml), Purmorphamine (2 μM), or the 167 

combination of RA, SHH, Purmorphamine were supplemented in neural differentiation 168 

medium containing Neurobasal/B27 (NB/B27; Invitrogen), BDNF (brain-derived 169 

neurotrophic factor, 20 ng/ml; PeproTech), GDNF (glial cell line-derived neurotrophic 170 

factor, 20 ng/ml; PeproTech), ascorbic acid (0.2 mM, Sigma), dibutyryl cAMP (0.5 mM; 171 

Sigma) at indicated time after neurospheres were dissociated into single cells. For long-172 

term neuronal culture, neural differentiation medium containing rat astrocyte-conditioned 173 

Neurobasal medium/B27, BDNF, GDNF, ascorbic acid, dibutyryl cAMP was used for 174 

maintenance. 175 
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 176 

Animals and transplantation 177 

Animals were housed and treated in accordance with the National Institutes of Health 178 

(NIH) Guide for the Care and Use of Laboratory Animals and Institutional Animal Care 179 

and Use Committees. A total of 12 neonatal (6 males and 6 females at postnatal day 1) 180 

rats were used as transplant recipients. To avoid immunosuppression, NIH nude rats 181 

(RRID: RGD_2312499, Charles River) (Liang, 1997) were selected. hiPSC-derived 182 

neural progenitors were manually dissociated at day 31-32 in culture. Each newborn rat 183 

received an injection of 200,000 cells. Cells were injected into the right cortex (2.0 mm 184 

posterior and 1.9 mm lateral to bregma, 2.6 mm below the dura). Analyses were 185 

performed at 10 weeks after transplantation. 186 

 187 

Immunostaining 188 

For immunocytochemistry analysis, cultured cells were washed in phosphate-buffered 189 

saline (PBS) and fixed in 4% paraformaldehyde for 15 min. For immunohistochemistry, 190 

rat brain tissues were sectioned (25 μm) using a cryostat (CM3050, Leica) and collected 191 

on SuperFrost Plus glass slides (Roth). After blocking with 10% (v/v) donkey serum and 192 

0.2% (v/v) Triton X-100 in PBS, cells and sections were incubated overnight at 4°C with 193 

primary antibodies, followed by incubations with secondary antibody (Invitrogen) for 1 194 

hour. After staining, coverslips were mounted on glass slides, and sections were 195 

coverslipped using ProLong Gold Antifade Reagent (Invitrogen). The primary antibodies 196 

used in this study were human-specific NES (Millipore, MAB5326, RRID: 197 

AB_11211837), TBR1 (Abcam, ab31940, RRID: AB_2200219), CTIP2 (Abcam, 198 
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ab18465, RRID: AB_2064130), BRN2 (Santa Cruz Biotechnology, sc-6029, RRID: 199 

AB_2167385), SATB2 (Abcam, ab51502, RRID: AB_882455), PROX1 (Abcam, 200 

ab37128, RRID: AB_882189), TUJ1 (Millipore, MAB1637, RRID: AB_2210524), and 201 

MAP2 (Sigma, M2320,  RRID: AB_609904; Millipore, AB5622, RRID: AB_91939). 202 

The following cyanine 2 (Cy2)-, Cy3-, or Cy5-conjugated secondary antibodies were 203 

used to detect primary antibodies: donkey antibody against mouse, donkey antibody 204 

against rat, donkey antibody against goat, and donkey antibody against rabbit 205 

(Invitrogen). 206 

 207 

Patch clamp recordings in cell culture 208 

Whole-cell recordings in hiPSC-derived cell cultures were performed at 10 weeks after 209 

neuronal differentiation. Cultures were perfused at 2 ml/min at 32°C with artificial 210 

cerebrospinal fluid (ACSF) solution. Patch pipettes (3–5 MΩ) were filled with a pipette 211 

solution containing (in mM): K-gluconate 126, KCl 8, HEPES 20, EGTA 0.2, NaCl 2, 212 

MgATP 3, Na3GTP 0.5 (pH 7.3, 290–300 mOsm). Pipette resistance was 5–7 MΩ, and 213 

series resistance was typically 10–30 MΩ. The holding potential for voltage-clamp 214 

experiments was –70 mV. Action potentials were induced by a series of hyperpolarizing 215 

and depolarizing step currents. Sodium and potassium currents were evoked by a series of 216 

voltage steps (from –100 mV to +60 mV in 20-mV steps). Spontaneous miniature 217 

excitatory postsynaptic currents (mEPSCs) were obtained with voltage-clamp 218 

configuration, in the presence of tetrodoxin (TTX, 1 μM, Tocris), picrotoxin (10 μM, 219 

Tocris), and bicuculline (Bic, 10 μM, Tocris). Similar procedures were used to record 220 

spontaneous miniature inhibitory postsynaptic currents (mIPSCs). The intracellular 221 
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solution contained (in mM):  Cs gluconate 122.5; CsCl 17.5; HEPES 10; EGTA 0.2; 222 

NaCl 8; MgATP 2; Na3GTP 0.3 (pH 7.2, 290–300 mOsm). mIPSCs were recorded in the 223 

presence of TTX (1 μM), 6-Cyano-7-nitroquinoxaline-2, 3-dione (CNQX, 20 μM, Tocris) 224 

and D-2-amino-5-phosphonovaleric acid (D-AP5, 50 μM, Tocris) to elicit action 225 

potentials and excitatory postsynaptic currents.   Data were collected using PatchMaster 226 

software (HEKA Elektronik, Lambrech, Germany), sampled at 10 kHz, and filtered at 2.9 227 

kHz, then analyzed with Clampfit and Synaptosoft software. 228 

 229 

Electrophysiological recording of brain slices 230 

Rats (n = 6) were anesthetized with isofluorane and decapitated. Transverse brain slices 231 

of 350 μm thickness were prepared at 10 weeks after differentiated hiPSC cells injection 232 

using a vibratome (Leica VT1200S). Slices were incubated in ACSF containing (in mM): 233 

NaCl 125, KCl 2.5, MgSO4 1, NaH2PO4 1.25, NaHCO3 26, CaCl2 2, and D-glucose 10. 234 

Slices were maintained in ACSF and continuously bubbled with 95% O2 and 5% CO2, 235 

first at 34°C for 30 min, and then at room temperature. A single slice was transferred into 236 

a submerged recording chamber and perfused constantly with carbogen-equilibrated 237 

ACSF at a rate of 2 ml/min. Injected human neurons expressing RFP were visualized 238 

under a 40 X water immersion objective by fluorescence and DIC optics (Carl Zeiss, 239 

Germany). Recordings were performed at 32°C. For whole-cell patch clamp studies, 240 

borosilicate glass pipettes (BF-150, Sutter Instruments, Novato, CA, USA) with a tip 241 

resistance of 3–5 MΩ were pulled on a Flaming-Brown micropipette puller (P-1000, 242 

Sutter Instruments, Novato, CA, USA) and filled with solution containing (in mM): K-243 

gluconate 126, KCl 8, HEPES 20, EGTA 0.2, NaCl 2, MgATP 3, Na3GTP 0.5 (pH 7.3, 244 
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290–300 mOsm). RFP+ human neurons were randomly selected for recording 300 μm to 245 

1000 μm from graft site. Resting membrane potential (RMP) was recorded in current 246 

clamp mode at 0 pA immediately after establishing whole-cell configuration. Series 247 

resistance (Rseries) and input resistance (Rin) were calculated from a 5 mV pulse and 248 

monitored throughout the experiment. Unstable recordings (>10% fluctuation of Rseries 249 

value) during the course of experiments were rejected from further analysis. For voltage 250 

clamp experiments, the membrane potential was typically held at –70 mV. Drugs were 251 

applied through a gravity-driven drug delivery system (VC-6, Warner Hamden, CT, 252 

USA). All recordings were done using HEKA EPC10 amplifier (HEKA Elektronik, 253 

Lambrech, Germany), sampled at 10 kHz, and filtered at 2.9 kHz. Data were acquired by 254 

PatchMaster software (HEKA Elektronik, Lambrech, Germany). Na+
 and K+

 currents and 255 

action potentials were analyzed using Clampfit 10.5 software (Molecular devices, Palo 256 

Alto, CA, USA). Spontaneous synaptic events were analyzed using MiniAnalysis 257 

software (Synaptosoft, Decatur, GA, USA). 258 

 259 

Statistical analysis 260 

The number of cells and the number of mice used for each experiment were listed in 261 

figure legends. Quantification is presented as mean value with SEM, unless otherwise 262 

stated. Statistical analysis was performed using GraphPad Prism 8. Comparison between 263 

conditions was determined by a Student’s t test. Results were considered significant at p 264 

< 0.05. 265 

 266 

Results 267 
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Conversion of RFP-expressing hiPSCs to neural lineage  268 

To facilitate the identification of hiPSC-derived neurons after transplantation, stable 269 

hiPSC dsRED-SC1014 cell line was established by nucleofection with piggybac-dsRED 270 

transposon and piggyback transposase. Adapting our previous culture conditions (Xu et 271 

al., 2016), the cells were prepared and grown as embryoid body (EB) suspensions until 272 

day 7. We induced differentiation of hiPSCs into forkhead box G1 (FOXG1) forebrain 273 

progenitors to further generate excitatory and inhibitory neurons. Forebrain neural 274 

precursor cells (NPC) were produced from rosette neural aggregates (RONAs) at day 30, 275 

then grafted into the cortex of rat neonates (200, 000 cells/injection), and analyzed after 276 

10 weeks post-transplantation (Fig. 1A). Meanwhile, in vitro cultures were maintained 277 

until the same time point for characterization (Fig. 1A). The onset of neural 278 

differentiation was assessed by expression of neuronal progenitor cell markers Nestin and 279 

β-tubulin III (TuJ1) (Fig. 1B). 280 

 281 

Identity of forebrain neurons derived from hiPSCs in culture 282 

To determine the identity of hiPSC-derived neurons in culture conditions, 10 weeks after 283 

differentiation, an immunocytochemical study was performed for a set of cortical specific 284 

markers. Robust expression of T-box brain protein 1 (TBR1, a marker for cortical layer I, 285 

V and VI) and chicken ovalbumin upstream promoter-transcription factor interacting 286 

protein 2 (CTIP2, a marker for cortical layer V and VI) which colocalized with 287 

microtubule-associated protein 2 (MAP2) were detected (Fig. 2A, B). The cultures also 288 

expressed markers for cortical layer II to V brain-2 (BRN2) and special AT-rich 289 

sequence-binding protein 2 (SATB2) (Fig. 2A, B). In addition, prospero homeobox 290 
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protein 1 (PROX1) was also found in cells (Fig. 2C, D). PROX1 is known to be 291 

expressed in hippocampal neurons as well as muscle satellite cells, and the 292 

MAP2/PROX1 co-staining indicated the differentiation of hiPSC cells into hippocampal 293 

neurons. These data indicated that hiPSCs efficiently converted to a population of neural 294 

progenitors that corresponded to a forebrain neuronal identity.   295 

 296 

Balanced excitatory and inhibitory synaptic activity of hiPSC-derived neurons in 297 

culture 298 

To test whether the hiPSC-derived cells were functional neurons and how they 299 

contributed to neurotransmission, whole-cell patch recordings were performed to 300 

examine their electrophysiological properties 10 weeks after differentiation. Human 301 

neurons showed repetitive AP firing patterns upon superthreshold current injection (Fig. 302 

3A). At the single cell level, we observed voltage-dependent sodium (Na+) and potassium 303 

(K+) currents (Fig. 3B–D). Notably, both mEPSCs and mIPSCs were detected in neurons 304 

(Fig. 3E–I), consistent with the notion that the balanced activity of neuronal networks 305 

was maintained by both glutamatergic synaptic outputs and GABAergic synaptic inputs 306 

(Xu et al., 2016). Overall these data suggested that in vitro cortical neurogenesis from 307 

hiPSCs expressing RFP mimicked the forebrain patterning in both rodent and human.  308 

 309 

hiPSC-derived cortical cell grafts in rat newborn forebrain 310 

Ten weeks after transplantation, immunohistochemistry revealed that the hiPSC-derived 311 

neurons were mostly retained in the forebrain (>90%) and formed axon-like neuron 312 
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structures (Fig. 4A). Sectional analysis revealed that RFP-expressing neurons were 313 

located within the frontal cortex, including the cornu ammonis as well as the dentate 314 

gyrus, a major area undergoing neurogenesis in the adult brain, as shown by RFP/MAP2 315 

(a mature neuronal marker) double-positive cells (Fig. 4B) (Movie 1). Consistent with the 316 

immunostaining analysis, quantitative RT-PCR (qPCR) revealed the appearance of 317 

neuronal markers MAP2, β-tubulin III and Nestin (Data not shown).  318 

 319 

Functional integration of hiPSC-derived neurons in the rat brain 320 

Furthermore, we analyzed the functionality of hiPSC-derived cells integrated into the rat 321 

cortex, using patch-clamp recordings of RFP+ human cells on ex vivo brain slices acutely 322 

obtained from rats 10 weeks following transplantation. Strikingly, we found that human 323 

neurons in slices examined displayed passive membrane properties and excitability. Cells 324 

were capable of firing repetitive action potentials in response to depolarizing current 325 

injection, and increasing action potential firing rate was observed with increasing current 326 

(Fig. 5A). In voltage-clamp configuration, depolarizing voltage steps induced 327 

characteristic Na+ and K+ currents, which were sensitive to the voltage-gated Na+ channel 328 

blocker TTX, and the voltage-gated K+ channel blocker tetraethylammonium (TEA), 329 

respectively (Fig. 5B–D).  330 

 331 

We next investigated the synaptic connectivity of the transplanted neurons. We observed 332 

spontaneous excitatory postsynaptic currents (sEPSCs) in recorded human neurons (Fig. 333 

5E), indicating that the cells had functional excitatory synapses. Importantly, spontaneous 334 
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inhibitory postsynaptic currents (sIPSCs) were also detected in some transplanted 335 

neurons, suggesting that the inhibitory synapses of the cells were physiologically 336 

functional (Fig 5E). Moreover and most strikingly, in hiPSC-derived neurons, excitatory, 337 

AMPA receptor-mediated currents could be evoked by stimulating the intact adjacent 338 

region to the transplanted cells (Fig. 5F). Together, these data showed that hiPSC-339 

neurons were able to display stereotypical neuronal behavior, including firing properties, 340 

excitatory and inhibitory synaptic activity, suggesting their ability to integrate into the 341 

host brain local neuronal circuits. 342 

 343 

Functional comparison of hiPSC-derived neurons in culture or from transplanted 344 

brain slices.  345 

To assess whether there are differences in the functional activity of hiPSC-derived 346 

neurons between culture and rat brain slices, we quantified neuronal properties at the 347 

single-cell level, including input resistance (R-input), resting membrane potential (RMP), 348 

cell capacitance, AP threshold, AP half-width, as well as voltage-gated Na+ and K+ 349 

currents. At 10 weeks post differentiation, the average R-input values for human neurons 350 

in culture and in brain slices were 0.59 ± 0.06 GΩ and 0.74 ± 0.11 GΩ (***p = 0.0001; 351 

Fig. 6A), respectively. The average RMPs of hiPSC-derived neurons in culture were -352 

66.06 ± 2.29 mV, significantly decreased compared with those of hiPSC-derived neurons 353 

in brain slices (-60.33 ± 1.21 mV) (*p = 0.046; Fig. 6B). Human neurons in culture 354 

showed a larger average cell capacitance (49.11 ± 2.56 pF) compared with human 355 

neurons in slices (38.19 ± 3.15 pF) (*p = 0.011; Fig. 6C). In response to steps of current 356 

injection, compared to hiPSC-derived neurons in culture, hiPSC-derived neurons in brain 357 
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slices appeared to have increased AP thresholds (hiPSC-derived neurons in brain slices: -358 

42.01 ± 1.74 mV; hiPSC-derived neurons in culture: -46.67 ± 1.41 mV; p = 0.044; Fig. 359 

6D) and AP half-widths (hiPSC-derived neurons in brain slices: 4.28 ± 0.37 ms; hiPSC-360 

derived neurons in culture: 3.07 ± 0.26 ms;** p = 0.001; Fig. 6E). Furthermore, hiPSC-361 

derived neurons in slices showed smaller Na+ peak current densities (-1495 ± 107 pA) 362 

and K+ peak current densities (1787 ± 130 pA), than hiPSC-derived neurons in culture (-363 

1936 ± 137 pA and 2283 ± 161 pA) (*p = 0.024 and *p = 0.033; Fig. 6F, G). Together, 364 

for age-matched 10 weeks hiPSC-derived neurons, cells in culture showed lower R-input, 365 

more negative RMP, larger cell capacitance, decreased AP threshold and AP width, 366 

larger Na+ and K+ channel currents, compared with cells in brain slices. Our data 367 

indicated that the development and maturation of transplanted neurons derived from 368 

hiPSC cells is delayed compare to neurons in culture.  369 

 370 

Discussion 371 

Here, we model functional human cortical neuron development from hiPSCs and 372 

demonstrate their acquisition of excitatory and inhibitory homeostatic features both in 373 

vitro and in transplanted rat brain in vivo. The transplanted cells retain the composition of 374 

the human cortex and integrated functionally in the host rat brain.   375 

 376 

High brain function, as well as neurological and neuropsychiatric diseases such as 377 

Alzheimer’s disease and schizophrenia, require a balanced neurotransmission contributed 378 

by both excitatory neurons and inhibitory interneurons (Turrigiano and Nelson, 2004; 379 
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Yizhar et al., 2011). Pluripotent stem cells possess attractive features because of their 380 

capacity for large-scale expansion and their potential for differentiation into a range of 381 

neural cell types. Both in vitro and in vivo procedures for human corticogenesis from 382 

iPSCs have been extensively studied (Gaspard et al., 2008; Michelsen et al., 2015; 383 

Espuny-Camacho et al., 2017). However, establishing homeostatic neuronal networks 384 

reflective of human cortex patterning has been extremely challenging until the recently 385 

reported RONA method (Xu et al., 2016), which gives rise to a balanced human cortical 386 

neuron system composing of both glutamatergic projection neurons and a diversity of 387 

GABAergic interneurons. Consistently, neuronal markers specific for cortical layers 388 

(TBR1, CTIP2, BRN2, STAB2, and PROX1) were detected in hiPSC-derived neurons, 389 

indicating that these human neurons generated display an identity corresponding to the 390 

six layers of the human cortex. Notably, robust excitatory and inhibitory postsynaptic 391 

currents, as shown as mEPSCs and mIPSCs, were observed in human neurons labeled 392 

with RFP 10 weeks after induction of neuronal differentiation. These data support that the 393 

RONA culture method favors the formation of functional excitatory and inhibitory 394 

networks (Xu et al., 2016). Also, ubiquitous expression of RFP does not affect the 395 

effective development of neural cells and their acquisition of electrophysiological 396 

properties. 397 

 398 

The generation of better in vivo models that closely resemble the physiological features 399 

of the human brain is critical for testing new hypotheses (Espuny-Camacho et al., 2017) 400 

and developing advanced disease models. The integration of external hiPSC-derived 401 

neuronal precursors into host circuitry is a complicated affair over a prolonged period of 402 
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time, including several aspects such as temporal patterning, morphological development 403 

and acquisition of proper functions. In this study, our main purpose was to determine if 404 

transplanted hiPSC-derived neuronal precursors from our differentiation protocol would 405 

lead to functional and integrated neurons. These hiPSC-derived neural precursors are able 406 

to survive and develop, express neuronal markers at both the morphological and 407 

molecular level, as assessed 10 weeks post-transplantation. Importantly, grafted neurons 408 

exhibited firing properties, with increased frequency of action potential firing in response 409 

to increasing current injection.  These data are consistent with previous work showing 410 

human neurons with mature electrophysiological profiles following transplantation into 411 

the telencephalon of neonatal mice (Koch et al., 2009; Denham et al., 2012) or into stroke 412 

injured rat brain (Tornero et al., 2017). It is interesting that there are functional 413 

differences between cultured hiPSC-derived neurons versus transplanted neurons. Our 414 

results highlight that transplanted human neurons display functional neuron behaviors, 415 

but their development is developmentally delayed compared with age-matched cultured 416 

human neurons, as measured by intrinsic properties, AP threshold and AP half-width, as 417 

well as Na+ and K+ channel currents. The reconstruction of neural circuitry and network 418 

communication between transplanted neurons with host cells might be one of the reasons. 419 

Similar observations have been reported previously (Thompson LH, 2015), showing that 420 

grafted neurons generated from hiPSC cells continue to mature after 10 weeks. It is 421 

noteworthy that in our system, both excitatory and inhibitory postsynaptic currents were 422 

detected in grafted cells, which suggests that our hiPSCs not only can be differentiated 423 

into excitatory projection neurons, but also are able to develop into interneuron subtypes 424 

and produce GABAergic outputs. Additionally, our hiPSC-derived neurons are capable of 425 
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receiving synaptic inputs from host endogenous neurons. Thus, taken together the data 426 

indicate these transplanted neurons generated from hiPSC cells integrate into the host 427 

brain at a functional level. Future studies will characterize the molecular identity, the 428 

regional patterns, as well as the physiological fate of the transplanted neurons over time. 429 

 430 

In conclusion, we show that hiPSC-derived neurons are capable of completing synaptic 431 

integration with a preexisting network in vivo, and can make both excitatory and 432 

inhibitory connections with host neurons. It will be important to utilize our approach for 433 

modeling pathological features present in human disease brain to explore disease etiology 434 

and to determine if this approach can replace neurons lost to disease, stroke or trauma as 435 

a potential new therapeutic strategy. 436 

 437 
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Figure 1. hiPSC-derived neuronal progenitors constitutively expressing RFP. A, An 547 

outline showing generation and transplantation of forebrain progenitors from hiPSCs. B, 548 

Establishment of stable hiPSC dsRED-SC1014 cell line in culture. Representative images 549 

showed that cells went through iPS stage, neuron stem cell (NSC) stage, and neuron stage. 550 

Cells expressed Nestin and β-tubulin III (TuJ1) after neuronal differentiation.  551 

 552 

Figure 2. Human cortical identity of hiPSC-derived neurons in culture. A, 10 weeks after 553 

differentiation, Cells expressed the cortical layer-specific markers TBR1, CTIP2, BRN2, 554 

and STAB2. DAPI expression is shown in blue. The scale bar represents 20 μm. B, 555 

Quantification of the percentages of TBR1, CTIP2, BRN2, and STAB2 in neuronal 556 

culture. Data are expressed as means ± SEM from three independent experiments. C, 10 557 

weeks after differentiation, some cells expressed the hippocampal marker PROX1. DAPI 558 

expression is shown in blue. The scale bar represents 100 μm. D, Quantification of the 559 

percentage of PROX1 in neuronal culture. Data are expressed as means ± SEM (n = 3). 560 

 561 

Figure 3. hiPSC-derived neurons display both excitatory and inhibitory synaptic activity 562 

in culture 10 weeks after differentiation. A, Current-clamp recordings from hiPSCs-563 

derived neurons showing action potential firing at depolarized potentials. B–D, 564 

Representative traces showing Na+ (inwards) and K+ (outwards) currents and their I-V 565 

curves (C and D) recorded from hiPSC-derived neurons (n = 6). E, Representative traces 566 

showing mEPSCs and mIPSCs recorded in hiPSC-derived neurons, inhibited by the 567 

application of CNQX (10 μM) and Bic (20 μM). F, G, mEPSCs amplitude (F) and 568 
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frequency (G) as well as their cumulative probability curves. For quantification, 18 569 

neurons were examined and values are expressed as means ± SEM.  H, I, mIPSCs 570 

amplitude (H) and frequency (I) as well as their cumulative probability curves. For 571 

quantification, 18 neurons were examined and values are expressed as means ± SEM. 572 

 573 

Figure 4. hiPSC-derived neurons integrate into the rat brain. A, Rat brain image 10 574 

weeks after introducing RFP+-hiPSC-NPCs (n = 6). RFP+ cortical neurons were presented. 575 

B, Brain slices stained with DAPI (blue) and the mature neuronal marker MAP2 (green). 576 

The scale bar represents 100 μm. CA, cornu ammonis; DG, dendate gyrus.  577 

See also Movie S1. 578 

 579 

Figure 5. hiPSC-derived neurons functionally integrate into the synaptic circuitry of the 580 

rat brain 10 weeks after transplantation. A, AP firing patterns of hiPSC-derived neurons 581 

(n = 14). Increased AP firing was observed with increasing current injection. B, 582 

Representative traces of whole-cell Na+ (inwards) and K+ (outwards) (n = 10) currents 583 

recorded from grafted cells, elicited by voltage steps from –100 mV to +60 mV in 20 mV 584 

increments, and blocked by TTX and TEA, respectively. C, D, I-V curves for voltage-585 

gated Na+ (C) and K+ (D) currents. E, Representative traces of sEPSCs (n = 14) and 586 

sIPSCs (n = 5) recorded in voltage-clamp configuration at –70 mV. Spontaneous EPSCs 587 

were obtained in the presence of picrotoxin (100 μM), and spontaneous IPSCs were 588 

recorded in the presence of CNQX (20 μM) and D-AP5 (50 μM). F, AMPA receptor-589 

mediated postsynaptic currents were evoked by stimulation delivered from an electrode 590 
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placed approximately 200-300 μm away from the transplanted cell, which was blocked 591 

by the subsequent application of CNQX. 592 

 593 

Figure 6. Quantification of electrical properties of hiPSC-derived neurons in culture vs. 594 

in brain slices 10 weeks post differentiation. A–E, R-input, RMP, cell capacitance, AP 595 

threshold and AP width of hiPSC-derived neurons were measured in whole-cell patch 596 

clamp recordings. hiPSC-derived neurons in rat brain slices (n = 14) showed significantly 597 

increased R-input (A) and RMP (B), decreased cell capacitance (C), enhanced AP 598 

threshold (D) and AP half-width (E) compared with hiPSC-derived neurons in culture (n 599 

= 18). Data are represented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 600 

Student’s t test. F, G, Quantification of Na+ (F) and K+ (G) peak currents. hiPSC-derived 601 

neurons in culture (n = 6) displayed enhanced Na+ and K+ peak currents compared with 602 

hiPSC-derived neurons in slices (n = 10). Data are expressed as mean ± SEM, *p < 0.05, 603 

Student’s t test.   604 

 605 

Movie 1. RFP/MAP2 double positive cells showing hiPSC-derived neurons integrated 606 

into host brain.  607 

 608 

 609 

 610 
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