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Abstract 26 

Preterm infants are at risk for a broad spectrum of neurobehavioral disabilities 27 

associated with diffuse disturbances in cortical growth and development. During brain 28 

development, subplate neurons (SPNs) are a largely transient population that serves a 29 

critical role to establish functional cortical circuits. By dynamically integrating into 30 

developing cortical circuits they assist in consolidation of intra and extracortical circuits. 31 

Although SPNs reside in close proximity to cerebral white matter, which is particularly 32 

vulnerable to oxidative stress, the susceptibility of SPNs remains controversial. We 33 

determined SPN responses to two common insults to the preterm brain, hypoxia-34 

ischemia and hypoxia. We employed a preterm fetal sheep model using both sexes that 35 

reproduces the spectrum of human cerebral injury and abnormal cortical growth. Unlike 36 

oligodendrocyte progenitors, SPNs displayed pronounced resistance to early or delayed 37 

cell death from hypoxia or hypoxia-ischemia. We thus explored an alternative 38 

hypothesis that these insults alter the maturational trajectory of SPNs. We employed 39 

DiOlistic labeling to visualize the dendrites of SPNs selectively labeled for complexin-3. 40 

SPNs displayed reduced basal dendritic arbor complexity that was accompanied by 41 

chronic disturbances in SPN excitability and synaptic activity. SPN dysmaturation was 42 

significantly associated with the level of fetal hypoxemia and metabolic stress. Hence, 43 

despite the resistance of SPNs to insults that trigger white matter injury, transient 44 

hypoxemia disrupted SPN arborization and functional maturation during a critical 45 

window in cortical development. Strategies directed at limiting the duration or severity of 46 

hypoxemia during brain development may mitigate disturbances in cerebral growth and 47 

maturation related to SPN dysmaturation. 48 
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 49 

Significance 50 

The human preterm brain commonly sustains blood flow and oxygenation disturbances 51 

that impair cerebral cortex growth and cause life-long cognitive and learning disabilities. 52 

We investigated the fate of subplate neurons (SPNs), which are a master regulator of 53 

brain development that plays critical roles in establishing cortical connections to other 54 

brain regions.  We utilized a preterm fetal sheep model that reproduces key features of 55 

brain injury in human preterm survivors. We analyzed the responses of fetal SPNs to 56 

transient disturbances in fetal oxygenation. We discovered that SPNs are surprisingly 57 

resistant to cell death from low oxygen states, but acquire chronic structural and 58 

functional changes that suggest new strategies to prevent learning problems in children 59 

and adults that survive preterm birth. 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 



 

 4 

During human development, the preterm brain commonly sustains antenatal, perinatal 72 

or postnatal disturbances in cerebral blood flow and metabolism. In 25-50% of survivors 73 

of preterm birth, these insults contribute to a broad spectrum of unexplained 74 

neurological disabilities in motor control, vision, language, cognition, attention, learning, 75 

and social development (Vohr, 2014). These behavioral abnormalities coincide with 76 

significant impairment in cortical growth and connectivity defined by volumetric MRI 77 

studies (Ball et al., 2013; Vinall et al., 2013). With the exception of more severe cerebral 78 

injury (Ligam et al., 2009; Andiman et al., 2010; Kinney et al., 2012), most cortical 79 

volume loss appears unrelated to significant cortical oxidative damage or neuronal 80 

degeneration (Back et al., 2005; Dean et al., 2013; Back and Miller, 2014). Given that 81 

subplate neurons (SPNs) mature when the preterm cerebrum displays peak 82 

vulnerability (Volpe, 2009), insults to SPNs were proposed to contribute to aberrant 83 

cortical growth and connectivity (Volpe, 1996). SPNs are a largely transient and unique 84 

neuronal population just below cortical layer 6 (Kostovic and Rakic, 1990; Hoerder-85 

Suabedissen et al., 2013) that dynamically integrate into developing cortical circuits to 86 

promote consolidation of functional intra and extra-cortical connectivity. SPNs generate 87 

the first axons of the corticothalamic tract (McConnell et al., 1989). These projections 88 

provide a scaffold for thalamic inputs to directly innervate cortical layer 4 (Kanold and 89 

Luhmann, 2010; Viswanathan et al., 2012). Most SPNs later undergo programmed cell 90 

death (Chun and Shatz, 1989; Torres-Reveron and Friedlander, 2007), which leaves a 91 

monosynaptic thalamocortical projection to layer 4. 92 

 Since ablation of SPNs disrupts the entry or patterning of corticothalamic 93 

projections (Ghosh et al., 1990; Kanold et al., 2003), hypoxia-ischemia (HI) was 94 
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proposed to similarly trigger SPN degeneration to disrupt formation of thalamocortical 95 

afferents. After HI, neonatal rat SPNs selectively degenerated unlike other neuronal 96 

populations (McQuillen et al., 2003). However, analysis of preterm human autopsy 97 

brains found no significant loss of the total SPN population (Kinney et al., 2012). 98 

Recently, three different SPN-specific markers were employed to quantify SPN 99 

vulnerability to HI in the neonatal rat. SPN degeneration was only observed in 100 

association with more severe cortical neuronal loss (Okusa et al., 2014).  101 

 Since these disparate results leave unresolved the role of SPNs in preterm brain 102 

injury, we employed an instrumented preterm fetal sheep model of in utero global 103 

cerebral HI that closely replicates in a gyrencephalic brain both human cortical 104 

maturation and the spectrum of antenatal and postnatal preterm cerebral injury (Back et 105 

al., 2012; Back, 2014). We uniquely defined the dendritic arbor of preterm SPNs 106 

through DiOlistic labeling in combination with immunolabeling for complexin 3 (Cplx3), a 107 

selective SPN marker (Hoerder-Suabedissen and Molnár, 2013). We analyzed SPN 108 

responses to hypoxia (Hx) and HI. Whereas SPNs were strikingly resistant to 109 

degeneration from either insult, they displayed persistent disturbances in dendritic arbor 110 

maturation that were significantly related to the severity of the hypoxic insult. 111 

Dysmaturation of SPNs was accompanied by chronically increased SPN synaptic 112 

activity and a highly correlated reduced electrical excitability. Hence, aberrant SPN 113 

maturation appears to contribute to disturbances in preterm cortical growth and 114 

connectivity during a critical window in the evolution of cortical circuitry. 115 

 116 

 117 
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Materials and Methods 118 

Ethics Statement: 119 

All experiments performed on animals adhere to strict protocols approved by the 120 

Oregon Health and Science (OHSU) Institutional Animal Care and Use Committee 121 

(IACUC). 122 

Instrumented Fetal Sheep Surgery 123 

Sterile surgeries on time-bred pregnant ewes were performed between 88-92 days 124 

gestational age (dGA; term 145 dGA) at OHSU as previously described (Hagen et al., 125 

2014). Briefly, a midline laparotomy and hysterotomy were used in a sterile field to 126 

access each of the twin fetuses. A vinyl catheter was placed non-occlusively in either a 127 

carotid, brachial, or femoral artery, and an inflatable silastic occluder was placed around 128 

the brachiocephalic artery to control blood flow to the brain through the common carotid 129 

and vertebral arteries. In the sheep, all collateral circulation to the brain except the 130 

spinal arteries is provided through branches of the brachiocephalic artery. An additional 131 

catheter was sewn to the fetal skin to allow monitoring of the fetal amniotic fluid 132 

pressure. Following surgical instrumentation, the fetus was returned to the uterus, the 133 

maternal incision was closed, and the ewe was allowed to recover from surgery for 134 

three days after which hypoxia-ischemia studies were conducted (figure 1A). Fetuses of 135 

either sex were included in the study (n = 10 female, n = 12 male) 136 

Cerebral Hypoxia-ischemia Studies and Physiological Monitoring 137 

Maternal hypoxia was induced by supplying the pregnant ewe with a mixture of 50% 138 

room air and 50% nitrogen gas for an inhaled oxygen fraction of 10.5%. Following five 139 

minutes of maternal hypoxia, cerebral ischemia was initiated in one of the twin fetuses 140 
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(designated HI fetus), and maintained by inflating the brachiocephalic occluder for 25 141 

minutes. Four arterial blood gas (ABG) samples were collected from each fetus 142 

throughout experimentation: pre-hypoxia (baseline or pre ABG), at 5-minutes after 143 

initiation of maternal hypoxia (Hx ABG), 25 minutes after initiation of ischemia-induction 144 

(hypoxia-ischemia or HI ABG), and 10 minutes after cessation of ischemia (recovery or 145 

post ABG). Blood samples were analyzed using an ABL800 flex blood gas analyzer 146 

(Radiometer Medical A/S RRID:SCR_014772, Bronshoj, Denmark). If the fetal arterial 147 

oxygen concentration (ctO2) fell below 5.0 vol% after a 5-minute exposure to maternal 148 

hypoxia, the maternal inhaled oxygen fraction was enriched to 14% for the duration of 149 

the experiment. Fetuses exposed exclusively to maternal hypoxia were designated 150 

hypoxic controls (Hx), while fetuses exposed to maternal hypoxia in combination with 151 

cerebral hypoperfusion were designated hypoxic-ischemic (HI) animals (figure 1A). 152 

Each experimental twin pregnancy was comprised of a Hx and HI pair. 153 

Tissue Collection and Processing 154 

To insure the viability of the fetal brains for concurrent electrophysiological studies, the 155 

ewe was placed under general anesthesia and ventilated. After fetal harvest, ewes were 156 

then euthanized with a 12 ml intravenous bolus of a pentobarbital sodium and phenytoin 157 

sodium solution (Euthasol NAC# 10230760, Virbac USA). Fetal brains were harvested 158 

either 24 hours (Hx n=5, HI n=4) or 4 weeks (Hx n=8, HI n=8) after exposure to 159 

maternal hypoxia and hypoxia-ischemia. Separate groups of appropriately age-matched 160 

normal twin fetuses were harvested to serve as true controls (TC: 4 wk./120 dGA, n=7; 161 

24 hr./95 dGA, n=3) to the Hx and HI experimental groups. Fetal brains were removed 162 

from the cranial vault, and the cerebellum and brainstem were removed by cutting the 163 
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cerebral peduncles at the pontopeduncular junction. The remaining cerebrum and 164 

diencephalon was then divided into anteroposterior pieces with a single coronal cut at 165 

the rostral end of the ectomarginal sulcus, caudal to the ansate (cruciate) sulcus. Next, 166 

the anterior and posterior blocks were hemisected by a single sagittal cut through the 167 

midline. The frontal block (anterior to section 0640 in the Michigan State University 168 

online sheep brain atlas: https://msu.edu/~brains/brains/sheep/index.html) of one 169 

hemisphere (specifically, the ansate (cruciate) gyrus containing the primary motor 170 

cortex (Simpson and King, 1911; Vanderwolf and Cooley, 1990)) was used for the 171 

cortical subplate electrophysiological studies reported on in this paper, while 172 

corresponding regions of the frontal block including primary motor and somatosensory 173 

cortical areas (Dinopoulos et al., 1985) of the opposite hemisphere was used for the 174 

subplate morphometric studies. The hemisphere destined for morphometric studies was 175 

subdivided into two equivalent coronal blocks (labeled A and B, where A is most 176 

anterior), and immersed in 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4, 177 

4°C). Subsequent tissue processing of the B-block (level of frontal periventricular white 178 

matter, and the head of the caudate nucleus) varied according to individual studies. This 179 

block has been analyzed extensively by us in prior studies (Riddle et al., 2006; Riddle et 180 

al., 2011) because of the predilection for cerebral white matter injury at this level both in 181 

our fetal sheep preparations and in human preterm infants. 182 

Fetal brains used for GFAP area fraction and Cplx3/DiI studies were collected 4 183 

weeks after exposure to maternal hypoxia and/or hypoxia-ischemia at ~119-123 dGA. 184 

B-blocks were removed from fixative 3 hours post-immersion, and were cut into 200 μm 185 

coronal slices using a vibrating microtome (VT1000S, Leica Microsystems INC., Buffalo 186 
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Grove, IL). The brain slices were stored in PBS with 0.05% sodium azide at 4°C until 187 

use. Sections were collected at equivalent intervals across the B-block to ensure 188 

systematic sampling across the entire block.   189 

Fetal brains used for AC3/Tbr1 counts were collected both 24 hours (TC n=3, Hx 190 

n=5, HI n=4) and 4 weeks (TC n=7, Hx n=3, HI n=6) after hypoxia-ischemia. Fetal 191 

brains were also examined for the presence of inflammation 24 hours after hypoxia-192 

ischemia using GFAP and Iba1 antisera (TC, Hx, and HI n=3 animals/treatment group). 193 

B-blocks were sectioned at 50 μm using a vibrating microtome and stored until further 194 

use at -20°C in cryoprotectant (30% v/v ethylene chloride, 15% m/v sucrose, 0.3M PO4). 195 

Immunohistochemical Studies 196 

Antigen retrieval (Tris-EDTA with 0.05% Tween 20 at pH 9.0 for 10 minutes) and Triton-197 

X 100 (0.1% in 55mM PBS, for all staining steps) was used in all immunohistochemical 198 

studies to facilitate antibody penetration of tissue, except when double-staining with DiI 199 

was necessary. Activated Caspase-3 (AC3; rabbit polyclonal, Cell Signaling Technology 200 

Cat# 9662 RRID:AB_331439, Danvers, MA, 1:500) and T-Box, Brain,1 (Tbr1; chicken 201 

polyclonal, Millipore Cat# AB2261 RRID:AB_10615497, Darmstadt, Germany; 1:100) 202 

primary antisera were visualized with rhodamine Red-X conjugated secondary 203 

antibodies against rabbit (Jackson ImmunoResearch  Labs Cat# 111-295-045 204 

RRID:AB_2338025, West Grove, PA;  1:200) or chicken (Invitrogen Cat# A-11041 205 

RRID:AB_2534098; 1:100), respectively, and counterstained with the nuclear marker 206 

Hoechst 33342 (Invitrogen/Life Technologies Cat# H3570, Carlsbad, CA). Complexin-3 207 

primary antibody (Cplx3; Rabbit IgG, Synaptic Systems Cat# 122 302 208 

RRID:AB_2281240, Göttingen, Germany, 1:1000) was visualized with either a 209 
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fluorescein-isothiocyanate (FITC)-conjugated secondary antibody against rabbit 210 

(Jackson ImmunoResearch, 1:200), or a biotin-conjugated anti-rabbit secondary 211 

antibody (Jackson ImmunoResearch Labs Cat# 111-065-045 RRID:AB_2337962, 212 

1:200) and FITC-conjugated Streptavidin (Jackson ImmunoResearch Labs Cat# 016-213 

010-084 RRID:AB_2337236, 1:200), and a Hoechst counterstain. A rabbit polyclonal 214 

antisera against glial fibrillary acidic protein (GFAP; Dako Cat# Z0334, 215 

RRID:AB_10013382 Carpinteria, CA, 1:500), and a rabbit polyclonal antisera against 216 

the Iba1 calcium binding protein expressed in microglia/macrophages (Iba1; Wako 217 

Chemicals cat# 019-19741 RRID:AB_2665520, 1:500) were visualized with a biotin-218 

conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch Labs Cat# 111-219 

065-045 RRID:AB_2337962, 1:200) and FITC-conjugated Streptavidin (Jackson 220 

ImmunoResearch Labs Cat# 016-010-084 RRID:AB_2337236, 1:200). The mouse 221 

monoclonal O4 used to visualize oligodendrocytes was a gift from Dr. Steven E. Pfeiffer 222 

(University of Connecticut Medical School, Farmington, CT), and its purification and 223 

visualization have been described previously (Bansal et al., 1989; Back et al., 2001). 224 

Antigen retrieval and detergents were not employed in DiI studies in order to maintain 225 

cell membrane integrity. To improve antibody penetration, both primary (Cplx3) and 226 

secondary (biotinylated anti-rabbit) antibody incubations steps were extended to 6 days 227 

and conducted in PBS with 0.05% sodium azide at 4°C to avoid tissue degradation. 228 

Tertiary incubations (FITC-Streptavidin) were conducted overnight at 4°C in PBS. 229 

Overnight washes were conducted after primary and secondary antibody incubation 230 

steps.  231 

DiI Bullet preparation 232 



 

 11 

1-1'-Dioctadecyl-3,3,3',3'- tetramethylindocarbocyanine perchlorate (DiI) bullets were 233 

prepared as described in a JoVE tutorial  (Seabold et al., 2010). 234 

DiI Delivery 235 

DiI was delivered to neurons by shooting DiI-covered tungsten bullets into Cplx3-stained 236 

tissue slices using a Bio-Rad Helios Gene Gun System (Bio-Rad Laboratories Cat# 237 

165-2431 and 165-2432). Air pressure was set to 180 psi for optimum DiI penetration of 238 

the tissue. Following DiI delivery, tissue sections were washed in PBS for 30 minutes 239 

and mounted for imaging using Vectashield Antifade Mounting Medium (Vector 240 

Laboratories Cat# H-1000 RRID:AB_2336789, Burlingame, CA). Sections were imaged 241 

within 24 hours to avoid DiI diffusion out of labeled cellular membranes. 242 

Subplate Cell Death Imaging and Analysis 243 

Image montages for Tbr1 and AC3 staining were collected using a Nikon Confocal 244 

Microscope A1 system (Nikon Corporation, Tokyo, Japan). All images were collected 245 

using a 20X air lens (PLAN APO, Nikon, NA = 0.8) with consistent acquisition settings 246 

maintained between samples (pinhole = 57.6μm, 2X Optical zoom, 1024x1024 pixel 247 

resolution per tile, 2x averaging). 405nm and 561nm excitation used a solid state laser 248 

source, while 488nm emission used a variable argon/krypton laser set to emit at 488nm.   249 

Regions of interest (ROIs) were chosen to include the periventricular WM (PVWM) and 250 

subplate (SP). 251 

Confocal images in the Nikon *.nd2 format were opened using FIJI 252 

RRID:SCR_002285 (Schindelin et al., 2012), and Tbr1 and Hoechst staining were used 253 

in combination to define the lower boundary of the cortical mantle and the boundary 254 

between the SP and PVWM (figure 1B), which were outlined using FIJI’s region of 255 
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interest (ROI) tool. A grid was overlaid on the image to assist in counting, and the cell-256 

counter plugin of FIJI was used to note the presence of apoptotic, pyknotic, and Tbr1+ 257 

cells in each ROI. 258 

GFAP Area Fraction Analysis 259 

At 4 wks post-HI, white matter injury was assessed in 7 brains/treatment group by 260 

imaging GFAP staining using a systematic random sampling (SRS) approach with 261 

StereoInvestigator software (MicroBrightfield, Inc. RRID:SCR_004314, Williston, VT) on 262 

an upright fluorescent microscope (Zeiss AxioImager M2). SRS image series were 263 

acquired at 20x air lens (Zeiss EC Plan-NeoFluar, NA=0.5), with image distribution such 264 

that ~25% of the white matter from each section was imaged. Quantification of the 265 

GFAP area fraction for each image was performed as previously described (Hagen et 266 

al., 2014). 267 

Stereological Quantification of GFAP Cell Densities 268 

The density of 4-week post-HI GFAP-labeled cell somas was estimated using the 269 

StereoInvestigator optical fractionator probe (v. 2017.01.1, MBF Bioscience, Inc. 270 

RRID:SCR_004314, Williston, VT) on a Zeiss Imager M2 upright microscope. Contours 271 

for the WM regions of interest (ROI) were drawn as previously described (Riddle et al., 272 

2006). A digital sampling grid containing at least 50 sampling sites overlaid the entire 273 

ROI. Cells were counted using an APO chrom-AT 63X/1.40 NA oil objective within an 274 

85 X 85 μm counting frame. The distance from the top of the section to the unbiased 275 

virtual counting zone was fixed at 3 μm (guard zone), and the height of the unbiased 276 

virtual counting zone (optical dissector) was set at 30 μm. The thickness of the section 277 

was measured at every sample site. Density and coefficients of error were calculated as 278 
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previously described using the averages of the slices sampled from each animal (TC 279 

n=5, Hx n=3, and HI n=3 animals) (McNeal et al., 2016). 280 

Neuron Virtual Reconstruction 281 

Confocal z-stacks of the 200 μm thick tissue sections were acquired at 20x (488nm and 282 

561nm excitation, 2048x2048 pixel resolution, 1x optical zoom, pinhole = 19.2 μm, 1 μm 283 

step size, 2x averaging), such that the entire dendritic arbor of subplate neurons could 284 

be visualized and later reconstructed. Images were converted from *.nd2 to *.tif format 285 

using FIJI, and tiff stacks were opened using Neurolucida (MBF Bioscience 286 

RRID:SCR_001775, Williston, VT). Neurons were traced if they met the following 287 

criteria: (1) expression of Cplx3, (2) adequate filling of the cell body and dendritic 288 

processes with DiI, (3) presence of the entire dendritic arbor without significant process 289 

truncation, and (4) no obstruction of the neuron by other DiI-filled structures. The outline 290 

of the cell soma was traced at its widest point in the two-dimensional plane to provide 291 

an estimate of cross-sectional area, and the dendritic arbor was traced in the x, y, and z 292 

coordinate planes. The dendritic arbor was not followed into adjacent slices, and the 293 

dendritic diameter was not studied. Using these selection criteria, a total of 658 Cplx3+ 294 

subplate neurons (n=230 TC neurons, 6 fetuses – 4 female, 2 male; n=217 Hx neurons, 295 

8 fetuses – 3 female, 5 male; n=211 HI neurons, 8 fetuses – 3 female, 5 male) were 296 

examined. To estimate arbor complexity, a value was computed by Neurolucida 297 

software  by the following equation: [Sum of the terminal orders + Number of terminals] 298 

* [Total dendritic length / Number of primary dendrites] (Pillai et al., 2012). 299 

Fetal Ovine Ansate (Cruciate) Gyrus Acute Slice Preparation 300 
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 Methods for preparation of brain slices and subsequent patch-clamp recording were 301 

similar to our previous reports in rodents (Andrade and Rossi, 2010; Mohr et al., 2010), 302 

nonhuman primates (Welsh et al., 2011; Mohr et al., 2013), and fetal sheep (McClendon 303 

et al., 2014) All standard salts were from Sigma Chemicals (St. Louis, MO), and 304 

kynurenic acid was from Abcam. 305 

 After rapid removal of the brain, frontal forebrain was rapidly isolated and 306 

immersed in ice cold (0-2ºC), low-sodium, artificial cerebrospinal fluid (ACSF) 307 

composed of (in mM): sucrose 234, KCl 3.2, NaH2PO4 17, MgSO4 6, D-glucose 10, 308 

NaHCO3 27.7 and CaCl2 0.216, and transported to the electrophysiology laboratory 309 

(total transport time was ~5 min). The ansate (cruciate) gyrus was micro dissected from 310 

the surrounding cortex and mounted perpendicular to the white matter in a slicing 311 

chamber filled with ice cold (0-2ºC), low sodium ACSF. Horizontal slices (225 m) were 312 

made with a ceramic razor blade mounted in a vibrating microtome (Vibratome, Oxford 313 

Instruments). Slices were incubated in warmed (33±1oC), normal ACSF (in mM: 124 314 

NaCl, 26 NaHCO3, 1 NaH2PO4, 2.5 KCl, 2.5 CaCl2, 2 MgCl2, 10 D-glucose, and bubbled 315 

with 95%O2/5% CO2 (pH 7.4)) for one hour after brain collection and subsequently held 316 

in room temperature ACSF until used. Kynurenic acid (1 mM) was included in the 317 

holding solution (to block glutamate receptors to reduce potential excitotoxic damage) 318 

but was omitted from other experimental solutions.   319 

Electrophysiology. Slices were placed in a submersion chamber, and viewed with a 320 

Hitachi KP-M2RN CCD camera (Kokuasi Electric Inc, Japan) mounted on an Olympus 321 

BX-51 microscope equipped with a 60x 0.9 N.A. water immersion objective  (Olympus 322 

Corporation of the Americas, Waltham, Massachusetts) and modified Dodt contrast 323 
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enhancement optics. Slices were perfused with warmed (32-34º C) ACSF at a rate of 324 

~3ml/min. The subplate neuron layer was ~1.5 mm from the edge of the slice, adjacent 325 

to the white matter, and was visually identified using DIC. Patch-clamp recordings 326 

(using a Molecular Devices Multiclamp 700-B amplifier in voltage- and current-clamp 327 

configurations) were made with patch pipettes constructed from thick-walled borosilicate 328 

glass capillaries and filled with an internal solution containing (in mM): KGluconate 329 

132.3, KCl 7.7, NaCl 4, CaCl2 0.5, HEPES 10, EGTA 5, MgATP 4, Na2GTP 0.5. 330 

Solutions were pH adjusted to 7.2-7.3 with KOH. The internal solution also contained 331 

0.125% neurobiotin in ~50% of the recordings for histology. Since previous studies 332 

found that neurobiotin can affect electrical excitability at higher concentrations 333 

(Schlosser et al., 1998), we initially analyzed neuronal recording properties with varying 334 

concentrations of neurobiotin. When 0.5% neurobiotin was included in the recording 335 

electrode, electrical excitability was clearly altered (data not shown). However, no 336 

significant effects were detected at 0.125%, and all reported studies were done with 337 

concentrations of neurobiotin of 0.125% or lower. Electrode resistance was 3.5 to 5.5 338 

M . Cells were rejected if access resistance was greater than 10 M .  339 

Recording Protocol  340 

 After establishing whole-cell voltage-clamp configuration with stable access 341 

resistance (assessed by -5mV voltage steps), the amplifier was switched to current-342 

clamp mode. For each cell in the three experimental groups, a constant current was 343 

injected to bring Vm to -65mV (TC = -66.0±18.1pA, n=36; Hx = -19.3±5.7pA, n=53; HI = -344 

31.1±6.5 pA, n=52 cells). Cell excitability was determined by injecting a series of 345 

currents (300ms duration), from -40 pA to 125pA in 15 pA increments per step (12 346 
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current injection steps), and recording the voltage response. If none of the depolarizing 347 

current injections evoked action potentials, an additional current injection protocol was 348 

implemented, starting at +125 pA and increased by 25 pA increment steps to 250pA (6 349 

total steps). To quantify general excitability, plots of the number of action potentials 350 

evoked by a given current injection were generated for each cell (as in Fig. 8G), and the 351 

area under the resultant curve (AUC) was determined and used for a single, summary 352 

value of cellular excitability to be compared to various ischemic/metabolic parameters 353 

(as in Fig. 9H-J). Subsequently, the amplifier was switched to voltage-clamp 354 

configuration (Vh= -65 mV), and an I-V curve was constructed by implementing a series 355 

of 10 voltage steps from -85mV to +5mV in 10mV increments, each lasting 50ms. 356 

Voltage and current responses were acquired at 20 kHz, filtered at 10 kHz, and their 357 

magnitude and kinetics were analyzed with pClamp software (v10.6, Molecular Devices) 358 

and IGOR (Wavemetrics  RRID:SCR_000325). After completion of the I-V protocols, the 359 

holding potential was changed to Vh= -80 mV and spontaneous synaptic activity was 360 

recorded at 5 kHz, filtered at 2 kHz for 3-5 minutes. The kinetics and magnitude of the 361 

spontaneous synaptic currents were analyzed with pClamp. Note, for correlation 362 

analysis between synaptic current frequencies and metabolic parameters, two HI cells 363 

(out of 51 total) were excluded from analysis as aberrant outliers, because their 364 

frequency was > 3 standard deviations higher than the mean for all cells.  365 

Post-recording Immunohistochemistry for Cplx3.  366 

To confirm recordings in SPNs, a subset of cells were filled with neurobiotin (Vector 367 

Laboratories Cat# SP-1120 RRID:AB_2313575) and labeled for Cplx3. Four cells were 368 

recorded from each slice, in the same laminar position. The first and fourth cells, which 369 
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defined the outer boundaries of the recording site, were filled with neurobiotin. 370 

Immediately after termination of the recording from the fourth cell, the two neurobiotin-371 

loaded cells were visualized with fluorescence optics on the patch-clamp microscope. 372 

After confirming the location of the recorded cells within the subplate, slices were 373 

immersion fixed overnight at 4°C in phosphate buffered 2% paraformaldehyde, 15% 374 

picric acid, pH 7.4 and processed for immunohistochemical detection of neurobiotin with 375 

FITC-conjugated streptavidin, and Cplx3, as described above, visualized with anti-rabbit 376 

Rhodamine Red X conjugated secondary antibodies (Jackson ImmunoResearch Labs 377 

Cat# 111-295-045 RRID:AB_2338025, West Grove, PA;  1:200). 378 

Statistical Analyses 379 

All data analyses were performed with either SAS/STAT (SAS Institute Inc. 380 

RRID:SCR_008567, Cary, NC) or Prism 4 statistical software (GraphPad Software 381 

RRID:SCR_002798, La Jolla, CA). Data are expressed as means ± 1 SEM. 382 

Comparisons of group means for cell counts and area fractions among age-matched 383 

true control (TC), hypoxic control (Hx), and hypoxic-ischemic (HI) animals were 384 

performed with the Kruskal-Wallis (one-way ANOVA) test followed by the Dunn post-385 

hoc test for multiple pairs. Comparisons of group means for dendritic morphology and 386 

electrophysiological parameters among age-matched TC, Hx, and HI animals were 387 

performed with the SAS/STAT GLIMMIX mixed-effects model, which tested and 388 

controlled for any effects of ewe, fetus, or gender, followed by the Bonferroni post-hoc 389 

test for multiple treatment pairs. No effects of ewe, fetus, or gender were observed 390 

unless otherwise noted. Sholl (radius x treatment group) and branch order (branch order 391 

x treatment group) analyses of dendritic morphology parameters between age-matched 392 
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TC, Hx, and HI animals were performed by 2-way analysis of variance (ANOVA), 393 

followed by Bonferroni post hoc tests. A value of p<0.05 was considered statistically 394 

significant.  395 

Results 396 

Fetal hypoxia-ischemia (HI) generates acute cell degeneration in cerebral white 397 

matter and subplate 398 

Since human SPNs are highly enriched in the preterm brain during the period of 399 

increased risk for cerebral WMI (Volpe, 2009), we quantified cell degeneration in the 400 

subplate in a preterm fetal sheep model of diffuse WMI (Back et al., 2012) induced by 401 

brachiocephalic artery occlusion and/or maternal hypoxia (Hx) at 0.65 gestation 402 

(preterm human equivalent ~24-28 weeks gestation). At 24 hours (n = 3 TC, 5 Hx, 4 HI) 403 

and 4 weeks (n = 7 TC, 3 Hx, 6 HI) after the insult, cell death was quantified at the level 404 

of the frontal cerebral white matter (WM), a region that is particularly susceptible to 405 

cerebral WMI in human and sheep. Cellular degeneration was identified by the 406 

presence of activated caspase-3 (AC3) staining or condensed, pyknotic nuclei 407 

visualized with Hoechst 33342.  408 

 At 24 hr survival, the WM displayed a modest increase in cell death in response 409 

to fetal Hx and a more pronounced increase from HI, as measured by pyknotic nuclei 410 

(Fig. 1C: p < 0.0001, Kruskal-Wallis test; TC 1.35 ± 0.33 vs. Hx 8.16 ± 0.58, **p < 0.01; 411 

TC vs. HI 20.79 ± 3.18, ***p < 0.001, Dunn’s post-hoc test for multiple pairs) and 412 

AC3+/apoptotic cells (Fig. 1E: p < 0.0001; TC 0.63 ± 0.14 vs. Hx 4.42 ± 0.51, p < 0.01; 413 

TC vs. HI 17.71 ± 3.22, p < 0.001). A similar, but more moderate response, was also 414 

observed in the subplate for pyknotic nuclei (Fig. 1C: p < 0.0013; TC 0.14 ± 0.08 vs. Hx 415 
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2.61 ± 0.55, p < 0.05; TC vs. HI  9.04 ± 3.20, p < 0.01) and apoptotic nuclei (Fig. 1E: p < 416 

0.0113; TC 0.08 ± 0.05 vs. Hx 1.48 ± 0.53, n.s.; TC vs. HI 4.80 ± 1.72, p < 0.05).  417 

After a four week survival, a low level of delayed cell degeneration was seen in 418 

the WM and subplate in response to either insult (Fig. 1D, F). In response to fetal Hx a 419 

modest increase in cell death was seen in the WM  (Fig. 1D pyknosis TC 2.40 ± 0.31 vs. 420 

Hx 4.30 ± 0.35, p < 0.05; Fig. 1F apoptosis TC 2.55 ± 0.26 vs. Hx 4.05 ± 0.64, n.s.). A 421 

similar response was seen for HI (Fig. 1D pyknosis TC 2.40 ± 0.31 vs. HI 6.06 ± 0.74, p 422 

< 0.001; Fig 1F apoptosis TC 2.55 ± 0.26 vs. HI 7.15 ± 0.95, p < 0.001). Like the WM, 423 

the incidence of pyknosis in the subplate also declined in the Hx group (Fig. 1D: TC 424 

2.13 ± 0.32 vs. Hx 3.00 ± 0.40, n.s.), while remaining significantly different in the HI 425 

group (Fig. 1D: TC 2.13 ± 0.32 vs. HI 4.60 ± 0.62, p < 0.01). In contrast to the WM, 426 

apoptsis failed to reach significance in the subplate four weeks after exposure to Hx or 427 

HI (Fig. 1F: TC 1.96 ± 0.33 vs. Hx 2.80 ± 0.64 or HI 3.75 ± 0.77, n.s.). Like the WM, no 428 

significant differences in the degree of pyknosis or apoptosis were observed between 429 

Hx vs. HI in the subplate. Hence, cell death in the WM was accompanied by a low level 430 

of cell death in the preterm subplate in response to Hx or HI.  431 

Complexin-3 (Cplx3) discretely localizes to fetal ovine neurons 432 

We next asked if degenerating subplate neurons (SPNs) were present in the white 433 

matter or subplate in response to Hx or HI.  We first tested several potential subplate 434 

neuron markers, Nurr1, Tbr1, and Cplx3, in preterm fetal ovine brain at 0.65 and 0.85 435 

gestation. Unlike the robust staining observed in neonatal rodents (Wang et al., 2010),  436 

Nurr1 staining gave inconsistent results at both gestational ages in the fetal ovine 437 

forebrain (data not shown).  Although we obtained reproducible Tbr1 staining at both 438 
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gestational ages, Tbr1 localized non-selectively to neurons both in deeper cortical 439 

layers as well as the subplate layer and subjacent white matter (Fig. 2A,B).  By contrast, 440 

complexin-3 (Cplx3) discretely localized to the subplate and scattered interstitial 441 

neurons in the white matter at both gestational ages (Fig. 2C,D), similar to that 442 

previously reported in rat (Hoerder-Suabedissen and Molnár, 2013). To confirm the 443 

localization of Cplx3 in the fetal ovine subplate, the neuronal marker Tbr1 was co-444 

visualized with Cplx3.  All Cplx3+ cells were also Tbr1+ (Figure 2E), but not all Tbr1+ 445 

cells were Cplx3+. Although, both Cplx3 and Tbr1 were robustly expressed in SPNs, the 446 

discrete localization of Cplx3 to the subplate identified it as a selective SPN marker in 447 

fetal ovine brain consistent with prior findings in rodents (Hoerder-Suabedissen and 448 

Molnár, 2013) and human (Molnár and Clowry, 2012; Wang et al., 2010). 449 

Degenerating cells in the subplate zone are not Tbr1+ subplate neurons.   450 

To determine the magnitude and extent of SPN degeneration, we next sought to 451 

combine staining for AC3 with a SPN marker.  It was not feasible to co-visualize AC3 452 

and Cplx3, since both were detected with a rabbit antisera.  Consequently, we pursued 453 

an alternative approach to quantify staining for AC3 and Tbr1 in the subplate (Fig. 454 

2F,G).  Surprisingly, at 24 hr after exposure to Hx or HI, colocalization of Tbr1 and AC3 455 

was not observed in the subplate. We confirmed this result by quantifying Tbr1-labeled 456 

cells that had a pyknotic nucleus visualized with Hoechst 33342. As summarized in 457 

Table 1, only 3.7% of pyknotic nuclei in the subplate were Tbr1+ in the Hx group. In four 458 

week survivors, the percentage of degenerating Tbr1+ subplate cells was still very low 459 

or negligible as defined by pyknotic nuclei (TC=0%, Hx=10%, and HI=8.3%) or AC3-460 

labeled cells (TC=2.2%, Hx=0%, and HI=1.5%). In cerebral WM, the percentage of 461 
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degenerating Tbr1+ cells was also similarly low for both the 24 hour and 4 week 462 

survivors. Hence, SPN degeneration did not appear to substantially contribute to the 463 

observed cellular degeneration in either the preterm fetal subplate or WM.  464 

Degenerating cells in the subplate layer are oligodendrocyte lineage cells 465 

Since we did not identify either early or delayed degeneration of Tbr1-labeled neurons 466 

in the subplate, we tested an alternative hypothesis that the degenerating cells might be 467 

glial in origin.  Since we previously detected widespread degeneration of O4-antibody 468 

labeled late oligodendrocyte progenitors (preOLs) in fetal cerebral WM at 0.65 gestation 469 

in response to HI (Riddle et al., 2006), we determined whether preOLs might also 470 

degenerate in the subplate in response to HI or Hx. Staining for the O4 antibody in 471 

combination with Hoechst 33342 detected numerous degenerating O4-labeled cells in 472 

the subplate after HI (Fig. 3A-E), as well as in cerebral white matter and the cortex. 473 

Scattered foci of degenerating preOLs were also detected throughout the white matter 474 

after Hx (Fig. 3G). Hence, preterm WMI was accompanied by degeneration of preOLs, 475 

but neuronal degeneration was rarely observed in the subplate or adjacent cerebral 476 

cortex. 477 

WMI from hypoxia-ischemia (HI) is not accompanied by SPN inflammation 478 

Periventricular WMI from HI in preterm fetal sheep and human is accompanied by 479 

persistent reactive astrogliosis and microgliosis (Riddle et al., 2011; Buser et al., 2012). 480 

We first determined if an acute inflammatory response was observed in the cerebral 481 

white matter adjacent to the subplate layer in response to HI or Hx. Fetal (93 dGA, 0.65 482 

gestation) brains were analyzed at 24 h after HI with the astrocyte marker GFAP (Fig. 483 

4A-F) and the macrophage/microglial marker Iba1 (Fig. 4G-L). Despite the presence of 484 
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periventricular WMI with preOL degeneration, we did not observe increased astroglial or 485 

micoglial/macrophage reactivity in the superficial white matter adjacent to the subplate.   486 

Similarly, at 4 weeks after HI or Hx, there were no significant differences in 487 

GFAP-labeled cells as determined by area fraction analysis in the TC vs. HI groups 488 

(Fig. 4O), whereas GFAP-labeling was significantly lower in the Hx group relative to 489 

both TC and HI groups (Fig. 4O: p <0.001 Dunn’s post-hoc for multiple comparisons). 490 

The density of GFAP-labeled cells, quantified by stereology did not differ among the 491 

three groups (ANOVA F(2, 8)=1.048, P=0.3943). Hence, neither HI nor Hx appeared to 492 

promote acute or chronic enhanced glial reactivity adjacent to the subplate.  493 

SPN basal dendrite maturation is disrupted in response to fetal Hx or HI 494 

We previously found that HI-induced WMI in the preterm fetal brain was accompanied 495 

by disturbances in neuronal maturation in the cerebral cortex (Dean et al., 2013) and 496 

caudate nucleus (McClendon et al., 2014).  Although SPNs displayed significant 497 

resistance to cell death in the setting of WMI, we determined whether they might display 498 

disturbances in dendritic arborization in response to Hx or HI. Since SPNs display a 499 

wide variety of morphological subtypes, this hetereogeneity precluded the unambiguous 500 

identification of SPNs through the widely used Golgi-impregnation technique. We 501 

employed an alternative approach where Cplx3 immunohistochemistry was combined 502 

with DiOlistics to specifically label subplate neurons by gene gun delivery of DiI to 503 

permit 3-D reconstruction of dendritic arbors visualized by confocal microscopy (Fig. 5A-504 

C, top row). Unlike the Golgi stain, the use of DiI not only allowed us to select the Cplx3 505 

immunoreactive subplate population, but it also allowed us to visualize and trace the 506 

complete apical arbors (Fig. 5A-C, bottom row) as well as the basal dendritic trees (Fig. 507 
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5A-C, third row). The four criteria for selection of SPNs for morphometric analysis are 508 

described in the methods section. 509 

 The basal and apical dendrites of a total of 658 Cplx3+/DiI+ SPNs subjacent to 510 

the primary motor and somatosensory cortices (n = 230 TC, 217 Hx, and 211 HI cells; n 511 

= 6 TC, 8 Hx, and 8 HI fetal brains) were traced and quantified by Neurolucida after a 4 512 

week survival (~119-123 dGA, 0.85 gestation). For multiple measures of basal dendritic 513 

complexity, SPNs from the controls (TC) generally displayed greater complexity than 514 

either the Hx or HI groups (Figs. 5 and 6). Although not evident from most global 515 

measures of complexity, significant differences in SPN basal dendrites were also 516 

observed between the Hx and HI groups when complexity metrics were explored by 517 

branch order.  518 

To estimate the effect of Hx or HI on arbor maturation, an overall complexity 519 

value was calculated using Neurolucida (see Methods). In response to both Hx and HI, 520 

SPN basal dendrites displayed a significant reduction in overall complexity relative to 521 

controls (Fig. 6A: TC 40470 ± 3441 vs. Hx 20640 ± 1531, mean ± SEM, DF=(2, 652), t-522 

value= -4.25, Bonferroni p = 0.0001; TC 40470 ± 3441 vs. HI 25960 ± 1798, t-value= -523 

3.45, p = 0.0018). No significant differences (t-value= -0.32, p = 1.0000) were present 524 

between the HI and Hx groups. 525 

 Although several factors contribute to the calculation of the global complexity 526 

metric, for our population of SPNs, the dendritic length of the branches had the most 527 

impact on the complexity in the Hx and HI groups. The mean dendritic length was 528 

significantly reduced for the Hx  and HI groups vs. controls (Fig 6B: TC 402.30 ± 13.50 529 

vs.  Hx 308.90 ± 12.27, mean ± SEM, DF=(2, 652), t-value= -4.24, Bonferroni p = 530 
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0.0001; TC 402.30 ± 13.50 vs. HI 339.80 ± 13.25, t-value= -2.45, p = 0.0439). Branch 531 

order analysis revealed that the overall reduction in dendritic length was mostly related 532 

to reduced maturation of the sixth and seventh order basal dendritic branches, which 533 

decreased significantly in length in both Hx  and HI groups (Fig. 6F).  534 

Although a trend toward fewer total branch points (nodes) was present globally in 535 

SPNs exposed to Hx and HI vs control, these groups failed to reach statistical 536 

significance (Fig. 6C). However, when nodes were examined on the basis of individual 537 

branch orders, the decline in the quantity of branch points was significant for branch 538 

orders 2-6 for the Hx group, and branch orders 4-6 for the HI group (Fig. 6G). 539 

Consistent with the decline in nodes for the Hx and HI groups, there was also a 540 

significant decrease in the number of branches for branch orders 4-7 for both the Hx 541 

and HI groups vs. controls (Fig. 6H). No differences were seen in the number of total 542 

branches or endings (terminals) between the Hx and HI groups versus controls (data 543 

not shown). 544 

The complex responses of the SPNs was further illustrated by analysis of soma 545 

size and the related number of primary dendrites. The mean area of the cell soma was 546 

lower in both Hx and HI animals vs. controls (Fig. 6D: TC 350.50 ± 9.34 vs. Hx 333.20 ± 547 

8.93, mean ± SEM, DF=(2, 652), t-value= -2.72, Bonferroni p = 0.0198; TC 350.50 ± 548 

9.34 vs. HI 307.80 ± 11.67, t-value= -2.94, p = 0.0102). No differences were observed 549 

between soma size of the Hx and HI groups (t-value= 0.28, p = 1.0000). It was notable 550 

that changes in complexity of the basal dendritic arbors to Hx or HI were variable and 551 

related to distance from the soma.  Despite the smaller soma size of the HI SPNs, the 552 

number of primary basal dendrites projecting from the soma  of the Hx and HI SPNs 553 
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tended to increase vs. control, but only reached statistical significance in the HI SPNs 554 

(Fig 6E: TC 4.06 ± 0.10 vs. Hx 4.79 ± 0.11 mean ± SEM, DF=(2, 644), t-value= 1.76, 555 

Bonferroni p = 0.2377; TC 4.06 ± 0.10 vs. HI 4.62 ± 0.10, t-value= 2.43, p = 0.0462).  556 

This finding suggested that an increase in primary dendrites in concert with an overall 557 

decline in dendritic complexity might potentially produce a null difference in Sholl 558 

intersections between controls and treated groups, since multiple simple arbors can 559 

produce as many intersections as a few complex arbors.  Nevertheless, the significant 560 

decline in basal dendritic complexity of the Hx and HI SPNs relative to controls did 561 

produce significant differences in the number of observed intersections in the Sholl 562 

analysis (Fig. 6I TC vs. Hx radii 60-105, p < 0.01; TC vs. HI radii 95-110, p < 0.05;  Hx 563 

vs. HI, n.s.). 564 

SPN apical dendrite maturation is disrupted in response to fetal Hx but not HI 565 

 Among the total population of SPNs studied, 99.5% of them had a single apical 566 

dendrite oriented toward the pial surface (TC = 100%, Hx = 99.1%, and HI 99.5%). In 567 

contrast to the basal dendritic arbors, the apical dendritic arbors of the HI group 568 

generally displayed no differences in morphology when compared to controls.  Both the 569 

control and HI groups tended to be more complex than the Hx group for multiple global 570 

measures of complexity, but failed to reach statistical significance for any of these 571 

metrics (Fig. 7). Specifically, Hx SPNs had fewer branch points (Fig. 7B:, TC 8.71 ± 572 

0.32 vs. Hx 7.09 ± 0.26 mean ± SEM, DF=(2, 641), t-value= -0.61, Bonferroni p = 573 

1.0000; Hx 7.09 ± 0.26 vs. HI 8.18 ± 0.27 t-value= -0.42, p = 1.0000), endings (Fig 7C: 574 

TC 10.00 ± 0.34 vs. Hx 8.52 ± 0.28 mean ± SEM, DF=(2, 641), t-value= -0.57, 575 

Bonferroni p = 1.0000; Hx 8.52 ± 0.28 vs. HI 9.68 ± 0.28 t-value= -0.09, p = 1.0000), 576 
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and total number of branches (Fig. 7A: TC 18.37 ± 0.64 vs. Hx 15.61 ± 0.54 mean ± 577 

SEM, DF=(2, 641), t-value= -0.41, Bonferroni p = 1.0000; Hx 15.61 ± 0.54 vs. HI 17.85 578 

± 0.56 t-value= 0.02, p = 1.0000), which resulted in lower complexity values for the Hx 579 

and HI groups (Fig 7D: TC 60950 ± 6206 vs.  Hx 39170 ± 3244 mean ± SEM, DF=(2, 580 

649), t-value= -1.79, Bonferroni p = 0.2208;  Hx 39170 ± 3244 vs. HI 49560 ± 4116 t-581 

value= 0.32, p = 1.0000). However, branch order analyses of nodes (Fig. 7G) and total 582 

number of branches per branch order (Fig. 7F) revealed that the tendency towards 583 

reduced complexity of SPNs in the Hx group was related to significant changes in 584 

branch orders 3-6 for nodes and 4-7 for numbers of branches. No significant differences 585 

in the apical dendritic arbors were observed among the three groups for total dendritic 586 

length or mean dendritic length when considered as a whole or by branch order (data 587 

not shown). Although the individual indices of complexity (nodes, endings, and total 588 

branch number) failed to reveal significant differences in the apical arbor between the 589 

TC and HI groups, a Sholl analysis (Fig. 7E) demonstrated that the number of 590 

intersections increased in the HI group at 25-50 μm from the soma relative to controls (p 591 

< 0.01) and 30-60 μm (p < 0.01) from the soma relative to the Hx group. A significant 592 

decline in the number of intersections was observed between TC and Hx groups at 100-593 

120, and 135 μm (p < 0.05) from the soma. 594 

SPN complexity is directly related to fetal systemic oxygenation  595 

 As noted above, we often paradoxically observed that the HI group was less 596 

significantly affected than the Hx group. To evaluate this paradox, we instrumented 13 597 

sets of twins to collect arterial blood gas values on both Hx and HI fetuses (4 females/9 598 

males in each experimental group). Blood samples were collected (Fig. 8A) at the start 599 
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of the experiment (pre-ABG), 5 min after the onset of maternal hypoxia (Hx-ABG), 25 600 

min later at the end of Hx or HI (HI-ABG), and 10 min after the end of Hx or HI (post-601 

ABG). The mean oxygen content, lactate, and glucose values of the 13 twin pairs (Fig. 602 

8B-D, blue (Hx) and red (HI) lines) were compared to the mean values of the 8 HI 603 

fetuses used in this study to analyze subplate anatomy (Fig. 8B-D, black (HI-SP) lines). 604 

Figure 8B shows that all fetal groups had the same mean baseline (pre ABG) values for 605 

oxygen content. Five minutes into maternal hypoxia (Hx ABG), all fetal groups respond 606 

with a drop in oxygen content (vol %). Twenty-five minutes later (HI ABG), the two fetal 607 

HI groups mounted a compensatory response that elevated their oxygen content back 608 

to baseline levels, while the Hx twins continued to display reduced oxygen content  until 609 

maternal hypoxia was terminated.  610 

To better understand the source of the rise in mean oxygen content values, we 611 

examined hemoglobin, hematocrit, oxygen saturation (sO2 %), and partial pressure 612 

(PaO2 mm Hg) values. While there were no differences in hemoglobin or hematocrit 613 

levels across the groups, oxygen saturation and partial pressure values had a 614 

corresponding rise in the HI group relative to the Hx (table 2). Hence, this compensatory 615 

response of the HI group to the severity of the hypoxic-ischemic insult resulted in 616 

normalization of the fetal systemic hypoxemia and appeared to be related to the 617 

generally greater complexity of the SPNs in the HI group relative to the Hx. To test this 618 

hypothesis, we analyzed the complexity of the basal dendritic arbors of the SPNs for 8 619 

HI animals for which blood gas values were available to calculate an oxygen content 620 

rebound ratio, which was defined as the ratio of the HI-ABG/Hx-ABG oxygen content 621 

values (Fig. 8E). Among HI animals, basal dendritic complexity was positively 622 
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associated with the oxygen content rebound ratio (F(1, 208)=3.81, p = 0.05) such that as 623 

the ratio increased, so did basal dendritic complexity. 624 

SPN excitability and synaptic activity are directly related to fetal systemic lactic 625 

acidosis  626 

To define how HI and Hx affect SPN signaling, we conducted current- and  voltage-627 

clamp recordings from cells in the subplate region (Figs. 9, 10). Cells were confirmed to 628 

be neuronal by their ability to fire action potentials and/or the presence of synaptic 629 

currents (Figs. 9D-F and 10A, B). These neurons were all located in the region of 630 

highest density of Cplx3-labeled cells and had dendritic morphologies similar to those 631 

observed from morphometric DiOlistic labeling (Figs. 5 and 9A-C). Of the 34 cells that 632 

were filled with neurobiotin and survived removal of the recording electrode and 633 

subsequent fixation, 80% were confirmed to be immunoreactive for Cplx3. Those cells 634 

that did not co-localize with Cplx or for which staining was ambiguous were not 635 

analyzed.   636 

To quantify overall neuronal excitability, current-clamp recordings were 637 

conducted, and voltage responses to a series of hyper- and depolarizing current 638 

injections were recorded (Fig. 9D-F). SPNs did not exhibit hyperpolarization-activated 639 

potentials or rebound spiking, but the vast majority of SPNs in each condition (TC = 640 

92%, Hx = 96%, and HI = 92%) exhibited action potentials in response to depolarzing 641 

current injections (Fig. 9D-F). Excitability (defined as the number of action potentials 642 

fired for a given depolarizing current magnitude, and quantified by the area under the 643 

input-output curve for each cell: AUC, see methods for details) varied considerably 644 
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across individual cells, but there were no significant differences across conditions (p = 645 

0.3310; Fig. 9D-H).  646 

However, excitability (AUC) was significantly negatively associated with the 647 

lactate rebound ratio (Fig. 9I) defined as the HI-ABG value/Hx-ABG value (DF=(1, 56), t-648 

value= -2.72, p = 0.0086) and the lactate recovery ratio defined as the post-ABG 649 

value/pre-ABG baseline value (Fig. 9J, DF=(1, 52), t-value= -2.57, p = 0.0132). The 650 

observed differences in excitability were not due to differences in the properties of the 651 

Na+ channels that generate action potentials, because there was no significant 652 

relationship between excitability and the Na+ current magnitude assessed under 653 

voltage-clamp (Fig. 9K, L). Instead, differences in excitability were significantly positively 654 

associated with differences in resting input resistance (DF=(1, 132), t-value= 7.18, p < 655 

0.0001; Fig. 9M), suggesting that differences in excitability are due to differences in 656 

electrical shunting (Heigele et al., 2016). 657 

 Although recording solutions were optmized for recording action potentials under 658 

physiological ionic conditions, upon switching to voltage-clamp (Vh = -80mV), 659 

spontaneous synaptic currents were clearly resolvable (Fig. 10A, B). Given that our 660 

recording solutions result in the reversal potential for glutamate-gated and GABA 661 

receptor-gated currents being ~0mV and -60mV respectively, both synaptic currents 662 

would be inward at Vh = -80mV, and so all analysis likely reflects the activity of both 663 

GABAergic and glutamatergic synapses. Similar to SPN excitability, the frequency of 664 

synaptic currents in SPNs was widely variable across cells, but there were no significant 665 

differences across conditions (DF=(2, 125), F-value= 2.71, p = 0.0706; Fig. 10A-C). 666 

However, synaptic current frequency was significantly positively associated with the 667 
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lactate recovery ratio (Post/Pre; DF=(1, 53), t-value= 2.05, p = 0.0451; Fig. 10D) and 668 

the glucose ratio (HI/Hx; DF=(1, 57), t-value= 2.25, p = 0.0283; Fig. 10E). Given that 669 

variation in cellular input resistance appears to explain differences in SPN excitability 670 

(Fig. 9M), we determined whether variation in synaptic activity across cells could 671 

account for the differences in input resistance. Indeed, the frequency of synaptic 672 

currents was significantly negatively associated with cellular input resistance (DF=(1, 673 

125), t-value= -3.25, p = 0.0015; Fig. 10F). Thus, SPN synaptic activity and electrical 674 

excitability (which is likely determined by the level of spontaneous synaptic activity) are 675 

directly related to hypoxemia-induced changes in levels of glucose and lactate. 676 

677 
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Discussion 678 

We demonstrated that transient disturbances in fetal oxygenation can trigger chronic 679 

dysmaturation of SPNs without significant SPN degeneration during a critical window in 680 

the establishment of cortical connectivity. Under conditions of moderately severe Hx or 681 

HI, SPNs and interstitial white matter neurons were markedly more resistant to 682 

degeneration than preOLs.  PreOL degeneration appeared to account for almost all cell 683 

death in the subplate and adjacent white matter in response to HI or Hx. Future studies 684 

are needed to determine whether preOL degeneration in the subplate zone may also 685 

contribute to SPN dysmaturation through disruption of trophic interactions between 686 

preOLs and SPNs at the level of their dendritic or axonal arbors. Moreover, preOL 687 

dysmaturation in chronic white matter lesions may disrupt axonal inputs to SPNs (e.g., 688 

thalamocortical afferents), which may further contribute to aberrant cortical connectivity. 689 

The paucity of SPN degeneration is consistent with the response of preterm fetal 690 

ovine cortical pyramidal neurons (Dean et al., 2013) and caudate medium spiny 691 

neurons (McClendon et al., 2014), where minimal neuronal degeneration also occurred 692 

in response to HI. More severe cerebral insults appear to be required for SPN 693 

degeneration in rodents (Okusa et al., 2014; Jantzie et al., 2015; Mikhailova et al., 694 

2017) or human (Folkerth et al., 2008; Andiman et al., 2010; Kinney et al., 2012; 695 

Pogledic et al., 2014), in which case neuronal degeneration is also observed in other 696 

gray matter structures. Similarly, rodents models of excitotoxic white matter injury 697 

generate necrotic lesions that are accompanied by extensive neuronal degeneration 698 

and gyral abnormalities (Marret et al., 1995). The resistance of SPNs to degeneration 699 

does not appear related to a lower level of subplate ischemia, since fetal ovine cortex 700 
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and white matter sustain similar blood flow during ischemia and reperfusion (Riddle et 701 

al., 2006; McClure et al., 2008). Hence, both the selective vulnerability of preOLs (Back 702 

and Rosenberg, 2014), and the resistance of SPNs appears to reflect cell-specific 703 

responses to a similar magnitude of ischemia.  704 

 We identified a new form of SPN vulnerability related to disturbances in dendritic 705 

development, synaptic activity, and neuronal excitability. The long-term maturation of 706 

basal and apical dendritic arbors of SPNs was associated with transient disruption of 707 

fetal oxygenation one month earlier. Moreover, electrophysiological studies of SPNs 708 

from chronic survivors found increased synaptic activity, and a resultant shunting 709 

inhibition of electrical excitability, both associated with fetal hypoxemia-induced 710 

changes. Serial fetal blood gas measurements demonstrated that the preterm ovine 711 

fetus responds to maternal hypoxia with a broad range of systemic oxygen levels. In 712 

fetuses exposed only to Hx, fetal systemic oxygen levels remain low throughout the 713 

period of maternal hypoxia and only return to baseline levels with the cessation of 714 

maternal hypoxia. In contrast to their Hx-only twin, the fetal systemic oxygen levels of 715 

the HI twin rebounds in a compensatory response to the added ischemic insult before 716 

the cessation of maternal hypoxia and the onset of reperfusion. Although we expected 717 

that HI would more adversely impact SPN maturation, we actually observed that SPNs 718 

in the HI group were more similar to control than Hx neurons. We attribute this 719 

paradoxical difference to the compensatory response of the fetus to HI. In contrast to 720 

fetal exposure to Hx, animals that sustained HI displayed significantly higher systemic 721 

oxygen levels during ischemia, which suggested that HI promotes a fetal physiological 722 

response to cerebral hypoxemia that extracts more circulating oxygen (Brew et al., 723 
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2014). Consistent with the apparent inability of the Hx fetus to mount a protective 724 

response to hypoxemia, SPN arborization was significantly more affected. Moreover, 725 

the severity of the metabolic insult, as measured by lactic acidemia, was also 726 

significantly associated with SPN dendritic dysmaturation, as defined 727 

electrophysiologically. The association with lactate is consistent with the notion that 728 

lactic acidosis is a major consequence of hypoxemia (Volpe, 2008).  Hence, our 729 

morphometric and electrophysiology studies similarly support that chronic SPN 730 

dysmaturation is associated with the severity of fetal systemic hypoxemia and lactic 731 

acidemia, which are indicators of global fetal metabolic stress. A limitation of our in 732 

utero preparation is the lack of feasibility to measure fetal cerebral oxygenation or 733 

glucose metabolites such as lactate. Although our data found significant associations 734 

between measures of SPN activity and systemic lactate levels, we cannot conclude that 735 

cerebral lactate levels are mechanistically linked to SPN dysmaturation. Systemic 736 

hypoxemia may contribute to SPN dysmaturation through one or more potential 737 

mechanisms that include aberrant expression of genes that stabilize dendritic arbors 738 

(Curristin et al., 2002; Koleske, 2013) or regulation of inflammatory mediators shown to 739 

play a role in elaboration of the dendritic arbor or regulation of synaptic activity 740 

(Stellwagen, 2011; Pribiag and Stellwagen, 2014). 741 

 Although the response of SPNs to isolated acute or chronic Hx has not been 742 

studied in rodents, neonatal rodents respond to intermittent Hx or severe chronic Hx 743 

with disturbances in white matter gliogenesis and myelination (Schwartz et al., 2004; 744 

Back et al., 2006; Salmaso et al., 2012; Fancy et al., 2014; Scafidi et al., 2014; Juliano 745 

et al., 2015). Chronic hypoxia disrupts myelination through hypoxia inducible factor that 746 
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couples angiogenesis and preOL maturation (Yuen et al., 2014).  However, chronic 747 

hypoxia does not trigger preOL degeneration in neonatal mice. Similarly, unilateral 748 

acute HI is not associated with preOL degeneration in the contralateral hypoxic 749 

hemisphere in neonatal rats (Back et al., 2002; Segovia et al., 2008). In contrast, we 750 

observed that both preterm fetal HI and Hx triggered preOL degeneration. Hence, there 751 

appear to be species-associated differences in the response to Hx between rodents and 752 

sheep that may also be related to differences in adaptation to the in utero vs. extra-753 

uterine environment of the white matter.  754 

 Although, SPN maturation has not been specifically studied, chronic hypoxia also 755 

results in a variety of disturbances in gray matter maturation. Chronic Hx in mice 756 

reduces cortical volume, triggers neuronal apoptosis (Banasiak et al., 2000) and 757 

induces a delay in cortical maturation (Salmaso et al., 2014) that appears to involve 758 

disturbances in neurogenesis and disruptions in interneuron maturation, connectivity 759 

and activity (Komitova et al., 2013). Prolonged exposure to hypoxemia, induced by 760 

restricting utero-placental flow for 6 or 12 hours in utero in ~0.6 gestation preterm fetal 761 

sheep resulted in reductions in cortical, cerebellar and hippocampal volume, and 762 

reductions in Purkinje cell arborization and spine density after one week (Rees et al., 763 

1999), but with sparse cell death. Similarly, chronic hypoxia in full term neonatal piglets 764 

disrupts cortical growth and reduces neurogenesis (Morton et al., 2017).  765 

 Systemic inflammation induced by endotoxin or other inflammatory mediators is 766 

commonly associated with perinatal brain injury that results in cell death (Hagberg et al., 767 

2015) and maturational disturbances in white and gray matter (Dean et al., 2011; 768 

Favrais et al., 2011). In contrast, we did not observe that acute hypoxia resulted in 769 
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significant acute or chronic inflammation. Our findings are consistent with multiple 770 

studies of chronic hypoxia in mice, where neither gray or white matter inflammation 771 

mediated by reactive astrocytes or microglial was observed (reviewed in: (Back and 772 

Rosenberg, 2014)). Although we found no evidence that our models of HI or Hx 773 

activated glial inflammation in the subplate or adjacent subcortical white matter, there 774 

remains a potential role for inflammatory mediators as a synergistic contributor to SPN 775 

dysmaturation that might be identified by a more detailed analysis of intermediate 776 

recovery periods.  777 

 The timing of insults to the preterm subplate may be a critical factor that defines 778 

the magnitude of disruption to cortical connectivity. SPN dendritic maturation in rodents 779 

and carnivores involves both initial progressive growth and regressive events in which 780 

the arbor remodels. SPNs initially have large arbors that contact all cortical layers, but 781 

later most SPN connections are restricted to layer 4 or below (Friauf et al., 1990; 782 

Hoerder-Suabedissen and Molnár, 2013). The reduction in SPN arbors in response to 783 

fetal ovine hypoxemia is consistent with disruption of SPN maturation during a phase of 784 

progressive arbor growth.  Hence, the timing of hypoxemia may have variable impact 785 

depending on the phase of growth of the SPN arbors. 786 

SPN dysmaturation may have several potential consequences for maturation of 787 

the cortex, thalamus, and their connections. Thalamic inputs to the subplate and SPN 788 

projections to cortical layer 4 may be particularly affected as may be local interneuron 789 

projections to layer 4. In human preterm survivors, MRI-defined reductions in cortical 790 

and thalamic growth have been extensively described (Nagasunder et al., 2011; Ball et 791 

al., 2015; Loh et al., 2017) and may be related to SPN-mediated disturbances in 792 
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neuronal maturation in these structures. Consistent with this notion, we observed that 793 

the fetal ovine cortex displays progressive volume loss in response to HI that is 794 

accompanied by reduction in the dendritic arbor of cortical pyramidal neurons (Dean et 795 

al., 2013).  Alternatively, in the setting of more severe insults, primary injury to the 796 

thalamus (Pierson et al., 2007; Ligam et al., 2009) or cortex (Andiman et al., 2010) may 797 

disrupt projections to the subplate with secondary disturbances in SPN maturation. 798 

Human preterm survivors who sustain Hx or HI are at increased risk for a broad 799 

spectrum of cognitive and neurobehavioral disabilities (Volpe, 2008). Although our 800 

findings are derived from an in utero model, they suggest that persistent SPN 801 

dysmaturation may also contribute to these chronic neurobehavioral deficits when 802 

sustained by transient hypoxemia postnatally in preterm neonates. The particular 803 

sensitivity of fetal SPNs to transient disturbances in oxygen delivery in utero is clinically 804 

possible in several settings. During human pregnancy, transient or chronic intrauterine 805 

hypoxemia may arise from maternal, placental or fetal causes (Hutter et al., 2010). 806 

Transient or chronic episodes of hypoxemia are also commonly encountered in some 807 

preterm neonates in association with critical illness, cardiopulmonary disease or sepsis 808 

(Martin et al., 2011). Although experimental hypoxic preconditioning studies have 809 

demonstrated the neuroprotective effects of a transient hypoxic exposure to subsequent 810 

neonatal hypoxia-ischemia (Bergeron et al., 2000), our studies suggest that transient 811 

cerebral hypoxemia may also contribute to adverse neurodevelopmental outcomes by 812 

disrupting cortical connectivity at a critical window in development through persistent 813 

functional disturbances in activity of SPNs or other neuronal populations. 814 
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The magnitude of SPN dysmaturation was significantly related to the nadir of 815 

systemic hypoxia and lactic acidosis, which suggests a role in dendritic arborigenesis. 816 

Transient hypoxia in vitro disrupts long-term neuronal activity and connectivity defined 817 

with multi-electrode arrays (le Feber et al., 2017). Hypoxic conditions disrupt neurite 818 

extension and axon path finding through stabilization of hypoxia-inducible factor 1 819 

(Pocock and Hobert, 2008; Miyake et al., 2015). Recurrent moderate hypoxemia in 820 

neonatal mice caused a wide array of behavioral disturbances (Juliano et al., 2015), but 821 

may also be protective (Bouslama et al., 2015). 822 

The minimum duration of transient oxygen desaturations that may be deleterious 823 

requires further study.  A deleterious role for mild chronic hypoxemia is supported by the 824 

recent BOOST trials, which found that infants maintained at chronically lower oxygen 825 

saturations of 85-89% had an increased risk of death relative to infants administered 826 

oxygen to target saturations of 91-95%. Another potential benefit of the avoidance of 827 

low oxygen states during pregnancy or in preterm neonates may be to reduce the risk of 828 

abnormal cortical connectivity related to SPN dysmaturation. Future studies are needed 829 

to define critical developmental windows when isolated or recurrent hypoxic events 830 

maximally impact the maturation of SPNs and potentially other neuronal populations.  It 831 

will also be important to determine whether SPN dysmaturation may be reversible or 832 

treatable via strategies that promote neuronal maturation and cerebral growth, such as 833 

environmental enrichment, optimized neonatal nutrition or reduced neonatal stress 834 

(Back and Miller, 2014).  835 
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Figures and Legends: 1088 
 1089 
Figure 1: 1090 
 1091 
 1092 
 1093 
 1094 
Figure 1. Increased cellular degeneration following fetal hypoxia-ischemia, analyzed in 1095 

the white matter (WM) and the subplate (SP). A, Flow chart of the experimental protocol 1096 

described in the Materials and Methods section. B, A fetal (93 dGA, 0.65 gestation) 1097 

sheep brain slice collected 24 hrs after exposure to maternal hypoxia stained for the 1098 

Tbr1 cell marker (green). SP and PVWM demarcate the subplate and periventricular 1099 

white matter regions, respectively, that were sampled for pyknotic and apoptotic cell 1100 

death. Scale bar = 500 μm. C-D, density of pyknotic nuclei visualized using Hoechst 1101 

33342 24 hours (C) and four weeks (D) after HI. E-F, density of apoptotic cells 1102 

visualized using AC3 24 hours (E) and four weeks (F) after HI. Error bars indicate 1103 

standard error. Overall statistical comparisons were by Kruskal-Wallis Test; *p <0.05, 1104 

**p < 0.01, and ***p <0.001, Dunn’s post-hoc test for multiple comparisons; ns = no 1105 

statistical significance. Abbreviations: normal controls (TC), maternal hypoxia only 1106 

(hypoxic control, Hx), hypoxia- ischemia (HI).  1107 

1108 



 

 45 

Figure 2: 1109 
 1110 
 1111 
 1112 

 1113 
Figure 2. Cplx3+ subplate neurons are also Tbr1+. Tbr1 labeling of the cortex and 1114 

subplate layers at both 0.65 gestation (A), and 0.85 gestation (B). Unlike Tbr1, Cplx3 1115 

label is more confined to the subplate at both 0.65 gestation (C), and 0.85 gestation (D). 1116 

Sections stained for Cplx3 and Tbr1 were visualized at 0.85 gestation and examined for 1117 

colocalization of both markers within cells of the white matter, subplate, and cortex. 1118 

While Tbr1 (red) labeling extends into deep cortical layers above the subplate, all 1119 

Cplx3+ subplate neurons also contain a Tbr1+ nucleus (E). Scale bar = 50 μm. (F, G, 1120 

and H) Morphologies of the degenerating cells found in the subplate, cortex, and WM. 1121 

(F), apoptotic Tbr1+ neuron found in the subplate (Tbr1 = green, AC3 = red). (G), 1122 

apoptotic Tbr1- neuron found deep within the cortex (Tbr1= green, AC3 = red). (H), 1123 

apoptotic oligodendrocyte with a pyknotic nucleus (AC3 = red, Hoechst = blue). Nearly 1124 

all the degenerating cells displayed the pattern of AC3 labeling observed in H, and 1125 

could be identified as oligodendrocytes. Scale bar = 5 μm. 1126 

1127 
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 Figure 3: 1128 
 1129 
 1130 
 1131 

Figure 3. Degenerating cells in the cortex, subplate, and white matter are 1132 

predominantly oligodendrocytes. A, section of cortex and white matter from a 94 dGA 1133 

(0.65 gestation) sheep brain 24 hrs after hypoxia-ischemia (HI). Green O4 stain labels 1134 

cells of the oligodendrocyte lineage, and blue Hoechst stain allows identification of 1135 

degenerating nuclei (yellow arrowheads). Four degenerating cells from the cortex (B) 1136 

and subplate (C-E) are depicted in enlarged insets (B-E). F, Healthy O4 labeled cells in 1137 

the white matter of a 94 dGA (0.65 gestation) sheep brain true control (TC). G, Foci of 1138 

degenerating oligodendrocytes are seen throughout the white matter of a 94 dGA (0.65 1139 

gestation) sheep brain 24 hrs after exposure to maternal hypoxia (Hx). Scale Bars: A = 1140 

200 μm, B-E = 10 μm, F-G = 30 μm. 1141 

 1142 

 1143 

Figure 4: 1144 

 1145 

Figure 4. Astrocyte and microglial morphology and density are comparable across 1146 

treatment groups both at 24 hrs and 4 wks after exposure to hypoxia and/or ischemia. 1147 

A, A normal fetal (93 dGA, 0.65 gestation) sheep brain slice (TC) stained for the 1148 

astrocyte marker GFAP. The region bounded by the white box is enlarged in D. B, A 1149 

fetal (93 dGA, 0.65 gestation) sheep brain slice collected 24 hrs after exposure to 1150 

maternal hypoxia (Hx) stained for the astrocyte marker GFAP. The region bounded by 1151 

the white box is enlarged in E. C, A fetal (93 dGA, 0.65 gestation) sheep brain slice 1152 
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collected 24 hrs after exposure to both maternal hypoxia and fetal ischemia (HI) stained 1153 

for the astrocyte marker GFAP. The region bounded by the white box is enlarged in F. 1154 

Comparable sections from TC, Hx, and HI animals, respectively, are stained for the 1155 

macrophage/microglial marker Iba1 in G-I, and shown enlarged in K-L. M, A normal 1156 

fetal (120 dGA, 0.85 gestation) sheep brain slice (TC) stained for the astrocyte marker 1157 

GFAP. N, A fetal (120 dGA, 0.85 gestation) sheep brain slice collected 4 wks after 1158 

exposure to maternal hypoxia (Hx) stained for the astrocyte marker GFAP. O, GFAP 1159 

was quantified in the WM at 120dGA, four weeks after exposure to hypoxia and/or 1160 

ischemia using areal fraction analysis of section images. No significant difference was 1161 

seen between TC vs. HI groups. The Hx group was significantly lower than both TC and 1162 

HI groups (***p <0.001). Overall statistical comparisons were by Kruskal-Wallis Test; 1163 

Dunn’s post-hoc test was used for multiple comparisons. Scale bar = 200 μm for A-C 1164 

and G-I, 50 μm for D-F and J-L, and 100 μm for M and N.1165 
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Figure 5: 1166 

 1167 
 1168 
 1169 

Figure 5. A-C (top row), Max projection images of confocal z-stacks of representative 1170 

subplate neurons colabeled with Cplx3 (green) and DiI (red) from control (A TC), 1171 

hypoxic (B Hx), and hypoxic-ischemic brains (C HI). A-C (second row), The 3D 1172 

reconstructions of the soma and full basal and apical dendritic arbors of the 1173 

representative neurons in the top row were obtained by tracing in Neurolucida confocal 1174 

z-stacks collected at a 1μm step size. Branch order rank is indicated by color: 1st order 1175 

– bright yellow, 2nd order – white, 3rd order – purple/hot pink, 4th order – bright green, 5th 1176 

order – cyan blue, 6th order – orange, 7th order – slate gray, 8th order – salmon pink, 9th 1177 

order – forest green, and 10th order – bright blue. A-C (third row), Neurolucida tracings 1178 

of only the basal dendritic arbors and soma of the representative TC, Hx, and HI 1179 

neurons. A-C (fourth row), Neurolucida tracings of only the apical dendritic arbors and 1180 

soma of the representative TC, Hx, and HI neurons. 1181 

1182 
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Figure 6: 1183 
 1184 
 1185 
Figure 6. Decreased basal dendritic complexity found in subplate neurons (SPNs) after 1186 

exposure to maternal hypoxia (Hx) or in combination with ischemia (HI). Paired 1187 

comparisons are made to normal controls (TC) unless designated by brackets. (A) 1188 

computed complexity index for basal dendrites, (B) mean basal dendritic length, (C) 1189 

total number of nodes (branch points), (D) mean cell body area, (E) number of primary 1190 

basal dendrites, (F) mean basal dendritic length by branch order, (G) basal dendritic 1191 

nodes (branch points) by branch order, (H) number/quantity of dendritic branches by 1192 

branch order, and (I) Sholl analysis – number of dendritic intersections of Sholl sphere. 1193 

Black bars/symbols indicate true normal controls (TC), blue bars/symbols indicate 1194 

maternal hypoxia only (hypoxic control, Hx), and red bars/symbols indicate hypoxia- 1195 

ischemia (HI). Error bars indicate standard error. P-values were calculated using 1196 

Bonferroni’s post-hoc test for multiple comparisons after GLIMMIX procedure for global 1197 

metrics. For branch order and Sholl analyses, ns = no statistical significance, *P <0.05, 1198 

**P < 0.01, and ***P <0.001; Dunn’s post-hoc test for multiple comparisons. 1199 

1200 
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Figure 7: 1201 
 1202 
 1203 
 1204 

Figure 7. A trend toward decreased apical dendritic complexity was seen in subplate 1205 

neurons (SPNs) after exposure to maternal hypoxia (Hx), but failed to reach significance 1206 

in global measures.  Dendritic differences only become apparent when analyzed by 1207 

branch order and Sholl intersections. (A) total number of apical dendritic branches, (B) 1208 

total number of nodes (branch points), (C) total number of endings (terminals), (D) 1209 

computed complexity index for apical dendrites, (E) Sholl analysis – number of dendritic 1210 

intersections of Sholl sphere, (F) number/quantity of dendritic branches by branch order, 1211 

and (G) basal dendritic nodes (branch points) by branch order. Black bars/symbols 1212 

indicate true normal controls (TC), blue bars/symbols indicate maternal hypoxia only 1213 

(hypoxic control, Hx), and red bars/symbols indicate hypoxia- ischemia (HI). Error bars 1214 

indicate standard error. P-values were calculated using Bonferroni’s post-hoc test for 1215 

multiple comparisons after GLIMMIX procedure for global metrics (not significant). For 1216 

branch order and Sholl analyses, ns = no statistical significance, *P <0.05, **P < 0.01, 1217 

and ***P <0.001; Dunn’s post-hoc test for multiple comparisons. 1218 

Figure 8: 1219 
 1220 
 1221 
Figure 8. Fetal arterial blood gas values for Hx and HI groups during experimental 1222 

paradigm.  A, Flow chart of the experimental protocol described in the Materials and 1223 

Methods section. B, Fetal oxygen content (vol %) varies with changes in maternal 1224 

oxygenation and fetal ischemia (both HI groups red and black lines) while remaining 1225 

constant in the fetuses exposed only to maternal hypoxia (Hx group blue line). C, Fetal 1226 
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lactate concentration increases markedly in HI groups (red and black lines) by the end 1227 

of the ischemic period and continues to rise 10 minutes after the cessation of fetal 1228 

ischemia and maternal hypoxia as compared to fetuses exposed only to maternal 1229 

hypoxia (Hx group blue lines). D, Fetal glucose concentration rises markedly in HI 1230 

groups (red and black lines) as compared to Hx group (blue line). E, Basal dendritic 1231 

complexity is positively correlated with the fetal rebound ratio defined as the HI-ABG 1232 

oxygen content value divided by the Hx-ABG oxygen content value for HI-SP fetuses. 1233 

1234 
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Figure 9: 1235 
 1236 
 1237 
 1238 

Figure 9. SPN excitability is directly associated with hypoxemia-induced lactate 1239 

accumulation. A-C. Images show increasingly high magnification views of a Cplx3-1240 

stained cortical slices from which SPN recordings were made. Arrows point to cells that 1241 

were recorded with neurobiotin included in the recording electrode (B), showing the 1242 

location of recorded cells within the densely Cplx3-stained subplate (A, B), and typical 1243 

SPN morphology and colocalization with Cplx3 (C). D-F. Representative current-clamp 1244 

recordings from high (top row), medium (middle row), and low (bottom row) excitable 1245 

cells from each group of animals: TC (D), Hx (E), and HI (F). Square traces beneath the 1246 

recordings show the current injection protocol used to elicit the responses shown. G. 1247 

Plot of mean number of action potentials elicited for each level of current injection for 1248 

the 3 groups of cells. H. Plot of mean area under the curve (AUC; i.e. area under 1249 

individual cell action potential plots, as in G) for each group of cells. I, J. Plots of mean 1250 

excitability (AUC) for each fetus (n = 3 Hx, 10 HI; mean ± SEM) versus its ABG lactate 1251 

ratio for the HI/Hx (I) and Post/Pre (J) periods. K. Representative traces from voltage-1252 

clamped (-65mV) cells showing the sodium current elicited by a depolarizing step from -1253 

65 to 15 mV in cells with varying levels of excitability (AUC), demonstrating that low 1254 

excitability (as in the bottom traces in D-E) is not due to lack of Na+ channels or ability to 1255 

generate large Na+ currents. Initial upward transient deflection and subsequent transient 1256 

downward deflection are respectively the capacitance transient and Na+ current elicited 1257 

by the voltage step.  L. Plot of excitability (AUC) versus Na+ current (evoked by 1258 

depolarization, as in K) amplitude across individual cells, showing no significant 1259 



 

 53 

relationship between the two variables. M. Plot of excitability (AUC) versus input 1260 

resistance (determined by measuring the steady state current response to a small, 1261 

5mV, hyperpolarizing step) across individual cells, showing a significant positive 1262 

association between the variables. 1263 

Figure 10: 1264 
 1265 
Figure 10. SPN synaptic activity is directly related to hypoxemia-induced glucose and 1266 

lactate accumulation. A, B. Representative traces showing spontaneous synaptic 1267 

currents (SSCs; downward deflections in A and B, with time expanded exemplar shown 1268 

in subset of B) in voltage-clamped SPNs with low (A) and high (B) frequency synaptic 1269 

activity. Note, given the intra- and extracellular solution composition and holding 1270 

potential (-85mV) both GABAA and glutamate receptor-mediated SSCs will be 1271 

downward (see methods for details). And, the kinetics of individual events suggest a 1272 

mixed population of GABAA and glutamate receptor-mediated SSCs (not shown), 1273 

although no pharmacological confirmation was conducted. C. Plot of mean SSC 1274 

frequency across groups of cells showing no significant difference in SSC frequency 1275 

across conditions. D, E. Plots of mean SSC frequency for each fetus (n = 3 Hx, 10 HI; 1276 

mean ± SEM) versus its ABG lactate ratio (Post/Pre; D) and glucose ratio (HI/Hx; E) 1277 

showing significant positive associations across animals. F. Plot of input resistance (as 1278 

in Fig. 8M) versus SSC frequency across individual cells in all conditions, showing a 1279 

significant negative association.  1280 

 1281 
 1282 
Table 1: Degeneration of SPNs and interstitial white matter neurons was rarely 1283 

detected at 24 h or 4 weeks after maternal hypoxia (Hx) or hypoxia-ischemia (HI).  Data 1284 
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are presented as total counts of pyknotic nuclei or apoptotic nuclei in the subplate or 1285 

periventricular white matter. Note that a small percentage of degenerating cells were 1286 

labeled with Tbr1. See Materials and Methods for details of the counting protocol. 1287 

 1288 

                                                  24 hrs.                  4 weeks 
                                   pyknotic     apoptotic     pyknotic     apoptotic 
                               TC Hx HI TC Hx HI TC Hx HI TC Hx HI 
 

WM 

Total cells counted 135 877 1583 68 487 1329 337 233 645 356 215 755 

# Colocalized Tbr1 6 19 24 7 0 3 1 8 24 3 0 4 

% colocalization 4.4 2.2 1.5 10.3 0 0.23 0.30 3.4 3.7 0.84 0 0.53 

 

SP 

Total cells counted 3 27 61 1 12 37 43 30 84 46 28 67 

# Colocalized Tbr1 0 1 0 0 0 0 0 3 7 1 0 1 

% colocalization 0 3.7 0 0 0 0 0 10 8.3 2.2 0 1.5 

 1289 

 1290 
 1291 

1292 
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Table 2: The arterial blood gas (ABG) values of 13 twin pairs (one Hx and one HI 1293 
fetus/pair) are compared to the ABG values of the 8 HI fetuses used to study the 1294 
subplate in this paper (HI-SP). 1295 
 1296 

                                                         treatment                        p-value 
ABG 
parameter 

ABG 
timepoint 

Hx 
n = 12 

HI 
n = 11 

HI-SP 
n = 8 

Hx vs HI Hx vs HI-SP HI vs HI-SP 

O2 content   pre-ABG 
(vol %)         Hx-ABG 
                     HI-ABG 
                     post-ABG 

7.3 ± 0.8  7.1 ± 1.0  7.4 ± 2.0 
5.2 ± 1.1  4.8 ± 1.2  5.0 ± 2.0 
4.5 ± 1.2  6.5 ± 1.7  7.2 ± 2.2 
7.2 ± 0.9  7.5 ± 0.9  8.1 ± 1.8 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
< 0.01              < 0.001             n.s. 
n.s.                  n.s.                   n.s. 

Lactate         pre-ABG 
(mmol/L)      Hx-ABG 
                     HI-ABG 
                     post-ABG 

1.4 ± 0.1  1.5 ± 0.2  1.4 ± 0.5 
1.4 ± 0.1  1.6 ± 0.2  1.5 ± 0.6 
1.8 ± 0.3  2.8 ± 0.6  3.0 ± 0.6 
1.8 ± 0.3  3.4 ± 0.9  3.7 ± 0.6 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
< 0.001            < 0.001             n.s. 
< 0.001            < 0.001             n.s. 

Glucose       pre-ABG 
(mmol/L)      Hx-ABG 
                     HI-ABG 
                     post-ABG 

1.4 ± 0.2  1.2 ± 0.2  1.4 ± 0.3 
1.3 ± 0.2  1.3 ± 0.2  1.3 ± 0.3 
1.4 ± 0.2  1.7 ± 0.1  1.7 ± 0.4 
1.5 ± 0.2  1.6 ± 0.2  1.6 ± 0.3 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
< 0.05              n.s.                   n.s. 
n.s.                  n.s.                   n.s. 

Hct (%)        pre-ABG 
                     Hx-ABG 
                     HI-ABG 
                     post-ABG 

 28 ± 2.3   28 ± 1.9   27 ± 2.7 
 28 ± 3.2   28 ± 2.4   27 ± 2.6 
 29 ± 2.6   30 ± 2.7   29 ± 2.6 
 28 ± 2.5   29 ± 2.3   27 ± 2.6 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 

Hb (g/dL)     pre-ABG 
                     Hx-ABG 
                     HI-ABG 
                     post-ABG 

9.1 ± 0.8  9.0 ± 0.6  8.7 ± 0.9 
9.0 ± 1.1  9.0 ± 0.8  8.6 ± 0.9 
9.2 ± 0.9   10 ± 0.9  9.4 ± 0.9 
9.1 ± 0.8  9.3 ± 0.7  8.8 ± 0.8 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 

sO2 (%)        pre-ABG 
                     Hx-ABG 
                     HI-ABG 
                     post-ABG 

 59 ± 2.9   59 ± 8.0   62 ± 11 
 43 ± 8.1   40 ± 11    42 ± 13 
 36 ± 10    50 ± 15    57 ± 18 
 59 ± 4.3   60 ± 10    69 ± 9.8 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
< 0.05             < 0.001             n.s. 
n.s.                  n.s.                   n.s. 

paO2             pre-ABG 
(mm  Hg)     Hx-ABG 
                     HI-ABG 
                     post-ABG 

 22 ± 1.3   22 ± 2.6   23 ± 3.0 
 17 ± 2.0   17 ± 2.7   17 ± 2.0 
 16 ± 2.8   20 ± 3.6   22 ± 4.6 
 22 ± 1.6   23 ± 2.9   26 ± 3.9 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
< 0.05              < 0.001             n.s. 
n.s.                  < 0.01               < 0.05 

paCO2          pre-ABG 
(mm  Hg)     Hx-ABG 
                     HI-ABG 
                     post-ABG 

 48 ± 2.9   48 ± 2.7   47 ± 4.2 
 46 ± 2.6   46 ± 3.3   44 ± 5.8 
 47 ± 2.6   45 ± 2.7   44 ± 7.8 
 48 ± 2.5   48 ± 3.5   46 ± 4.2 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 

pH                pre-ABG 
                     Hx-ABG 
                     HI-ABG 
                     post-ABG 

7.4 ± .02  7.4 ± .02  7.4 ± .02 
7.4 ± .02  7.4 ± .02  7.4 ± .03 
7.4 ± .02  7.4 ± .02  7.3 ± .04 
7.4 ± .02  7.4 ± .03  7.3 ± .02 

n.s.                  n.s.                   n.s. 
n.s.                  n.s.                   n.s. 
n.s.                 < 0.001             < 0.001 
< 0.05             < 0.001             < 0.05 
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