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Abstract 

Hyperglycemia soon after birth is common in extremely preterm infants. Hyperglycemia is 

associated with severe intraventricular hemorrhage and impaired neurodevelopmental 

outcome in these infants. Recent data in human infants and animal models demonstrate that 

hyperglycemia leads to decreased white matter content, abnormal synaptogenesis, microgliosis, 

and functional deficits in the absence of intraventricular hemorrhage. Data suggest that 

oxidative stress, inflammation, and abnormal substrate metabolism are responsible for these 

effects. 
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1. Introduction 

Hyperglycemia, typically defined as blood glucose concentration > 150 mg/dL [> 8.3 mmol/L], is 

common in preterm infants during the first two weeks of life, especially in those born before 28 

weeks of gestation (extremely low gestational age newborns, ELGAN). Between 30-80% of the 

ELGAN population is affected. Hyperglycemia in this population results from multiple factors, 

including a relative hypoinsulinism, inability to suppress hepatic glucose release, lower availability 

of insulin-responsive peripheral tissues, and higher dextrose infusion rates required for nutrition 

[1-3]. Hyperglycemia is associated with increased mortality and morbidities , including severe 

(grades 3 and 4) intraventricular hemorrhage (IVH), sepsis, and retinopathy of prematurity (ROP) 

in the neonatal period, and growth deceleration, risk of hypertension, and neurological and 

behavioral deficits in childhood [4-8]. At present, management of hyperglycemia in ELGAN consists 

of lowering glucose infusion rates and/or insulin administration. However, there is a wide practice 

variation in tolerance for high glucose levels and how neonatal practitioners manage 

hyperglycemia [9]. More evidence in the neonatal population will help guide clinical decision-

making at the bedside. 

2. Background 

2.1 Clinical Studies  

Clinical studies from both adult and pediatric populations with diabetes mellitus offer evidence 

that high blood glucose levels have adverse effects on the brain. Type 2 diabetes (T2D) is a risk 

factor for the development of dementia later in life [10, 11]. Children with hyperglycemia due to 

early onset type 1 diabetes (T1D), have structural and functional hippocampal deficits  [12]. Data in 

preterm neonates are sparse and conflicting. Alexandrou et al. reported that hyperglycemia on the 

first day of life in ELGAN is an independent risk factor for death as well as white matter reduction 

on MRI at term corrected age [13]. In a study of very low birth weight (VLBW) infants, 

hyperglycemia in the first 2 weeks of life was associated with poor growth in weight, length, and 

head circumference until 2 years corrected gestation age (CGA), although there were no 

measurable differences in neurodevelopment as determined by the Bailey Scales of Infant 

Development [5]. Similarly, a retrospective, observational cohort study of 443 infants born 

weighing <1500 g or <30 weeks of gestation demonstrated that hyperglycemic infants were less 

likely to survive without neurodevelopmental deficits at 2 years  [14]. However, the association 

was lost after correction for gestation, birth weight z-score, and socioeconomic status. Tottman et 

al. published that tight glycemic control in preterm infants with hyperglycemia did not improve 

their survival without neurodevelopmental impairment at 7 years [8]. Conversely, a retrospective 

study comparing preterm infants with hyperglycemia treated with insulin and age-matched 

controls without hyperglycemia demonstrated a higher incidence of neurodevelopmental and 

behavioral problems in the hyperglycemia group at 2 years of life [6]. Our unpublished data show 

that infants who were born at <32 week gestation and had 5 or more days of hyperglycemia in the 

neonatal period had lower cognitive, psychomotor, and language scores at 12 months CGA, 

compared with those infants without hyperglycemia (Gonzalez J, personal communication). It is 

noteworthy that all of these studies demonstrate an association and there is a lack of randomized 

controlled trials to establish a causative role for hyperglycemia in the adverse effects. 
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2.2 Animal Studies  

The clinical work provides framework for animal models of neonatal hyperglycemia  to evaluate 

the mechanisms and pathways affected in the developing brain. In the following sections, we 

briefly describe the concepts of regional vulnerability and substrate utilization during normal 

development, followed by details of the animal models used in our investigations and the results. 

2.2.1 Regional Vulnerability during Brain Development 

Brain development spans the prenatal and postnatal periods in humans and rodents  [15]. The 

period of peak development varies among the brain regions with some brain regions (e.g. striatum) 

developing earlier than the others (e.g., hippocampus and cerebral cortex). The peak development 

in a brain region is characterized by a parallel increase in its metabolic demand to support energy-

demanding processes, such as synaptogenesis , myelination, and neurotransmission [16]. 

Synaptogenesis occurs in waves; with each wave an overproduction of synapses occurs, followed 

by stabilization of meaningful connections and elimination of redundancy [17]. The highest rate of 

synaptogenesis begins at 20-24 weeks gestation and continues through birth at an estimated rate 

of 40,000 new synapses being established per second [18]. The vulnerability of a brain region to 

injury depends upon its developmental stage and metabolic demands at the time of the insult. 

Furthermore, neurons and glia exhibit different vulnerability to injury, likely related to their 

metabolic demand and stage of development [19].  

2.2.2 Substrate Utilization in the Developing Rodent Brain 

Glucose is the primary energy substrate to the brain, including in the neonatal period [16]. The 

brain requires a continuous supply of glucose from plasma because it has minimal glucose stores 

in the form of brain glycogen. Cerebral glucose transport involves specific glucose transporters 

(GLUT); GLUT1 is primarily expressed in the microvasculature of the blood brain barrier (BBB), 

astrocytes and oligodendroglia and GLUT3 in the neurons [14]. GLUT1 expression in rodent models 

is thought to be comparable to its expression and function in the human brain [20]. In rats, GLUT1 

expression is low until postnatal day (P) 14, doubles between P14 and P21 and then doubles again 

to reach the adult levels by P30 [21]. GLUT3 expression is also low until P7, but then steadily 

increases to reach the adult levels by P21-P30. Whereas there are no inter-regional variations in 

GLUT1 expression during normal development, GLUT3 expression varies among the brain regions, 

paralleling neuronal maturation and synaptogenesis in the region [21].  

In addition to glucose, the developing brain is capable of using ketone bodies (-

hydroxybutyrate and acetoacetate), lactate, amino acids, fatty acids , and glycerol for its energy 

needs [16, 22]. A common transporter system – monocarboxylate transporters (MCT) – is 

responsible for transport of -hydroxybutyrate, acetoacetate and lactate. MCT1 transports across 

the BBB and astrocytes, while MCT2 is the primary neuronal transporter [23]. MCT4 is primarily 

expressed in astrocytes and is responsible for lactate efflux into the extracellular space [24, 25]. 

Lactate availability is considered essential for synaptic development and plasticity [24, 26].  
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2.2.3 Rodent Models of Neonatal Hyperglycemia 

Our lab has used two different rat models of neonatal hyperglycemia. In the first model, 

neonatal rats are subjected to recurrent hypoinsulinemic hyperglycemia from P3 to P12 using 

twice daily injections of octreotide (100 μg/kg, s.c.) followed by 30% dextrose (3 g/kg s.c.). 

Octreotide, a somatostatin analog, temporarily suppresses glucose-induced insulin secretion from 

the pancreas. Littermates in the control group are subjected to octreotide injection, followed by 

0.9% saline injection [27]. Blood glucose levels measured 1 and 2 hours after dextrose 

administration confirm presence of hyperglycemia [blood glucose (mg/dL), 210  15 vs. 147  4 in 

controls at 1 hour, and 217  17 vs. 128  2 mg/dL in controls at 2 hours] [27].  

The second model is one of sustained hypoinsulinemic hyperglycemia using the neonatal 

streptozotocin (STZ) model [28]. STZ causes hypoinsulinemic hyperglycemia through its selective 

cytotoxicity against pancreatic  cells. STZ (100 mg/kg, i.p.) is injected on P2 which results in 

hyperglycemia by P3 (blood glucose, 265  15 mg/dL) that is sustained until P6 (blood glucose, 267 

 28 mg/dL vs. 144  3 mg/dL in controls). At adulthood (P90), hyperglycemia is observed in the 

STZ group in the fed state (blood glucose, 286  69 vs. 153  3 mg/dL in controls), but not in the 

fasting state (blood glucose, 123  8 vs. 142  9 mg/dL in controls) [29]. These time points are 

important from a brain development standpoint, because P2-P3 and P6 rat brains are 

developmentally similar to human brains at 25 and 32 weeks of gestation, respectively [30, 31].  

3. Mechanisms of Hyperglycemia-Induced Injury in the Developing Brain 

Studies from our lab and others suggest that three major mechanisms are involved in brain 

injury due to neonatal hyperglycemia: oxidative stress, inflammation, and abnormal substrate 

utilization (Figure 1).  

 

Figure 1 Mechanisms involved in neonatal hyperglycemia-induced brain injury. 
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3.1 Oxidative Stress  

Adult and neonatal preclinical models of hyperglycemia demonstrate the presence of oxidative 

stress. Rosa et al. used the STZ model of neonatal hyperglycemia to provide evidence of oxidative 

stress in the whole brain tissue of hyperglycemic rat pups [32]. Compared with controls, glucose-6-

phosphate dehydrogenase (G6PD) activity, superoxide anion production, antioxidant defenses, 

lipid peroxidation, and protein damage were increased in the STZ group [32]. Tayman et al. used 

the recurrent model of neonatal hyperglycemia (twice daily dextrose injections without octreotide 

pretreatment) to demonstrate evidence of apoptosis, increased lipid peroxidation and oxidative 

stress (caspase-8 positive neurons, increased tissue total oxidant status, xanthine oxidase, and 

malondialdehyde) in the hippocampus [33]. 

A unifying mechanism behind oxidative stress and cell injury that occurs during hyperglycemia 

is overproduction of superoxide by the mitochondrial electron-transport chain following increased 

metabolism of glucose through glycolysis and the tricarboxylic acid (TCA) cycle [34]. Oxygen and 

nitrogen-based free radicals form peroxynitrate that causes DNA breakage and activates poly(ADP-

ribose) polymerase-1 (PARP-1) [35]. PARP-1 initiates DNA repair at breakage sites by poly(ADP-

ribosyl)ating itself and other DNA repair proteins (DNA ligases, polymerases, and histones) in an 

NAD+ dependent manner [36]. However, under pathophysiologic conditions, such as during 

hyperglycemia, that result in excessive DNA damage, massive PARP-1 activation causes NAD+ 

depletion and release of apoptosis inducing factor (AIF) from the mitochondria resulting in cell 

death [37]. The brain is also targeted as evident from PARP-1 activation and DNA damage in 

rodent models of diabetes mellitus [38, 39]. In the neonatal brain, our studies in rat models of 

recurrent and sustained hypoinsulinemic hyperglycemia (see above) also show upregulation of 

PARP-1 in the cerebral cortex and hippocampus [27, 29]. In contrast to adult rodent models, 

however, we did not find upregulation of caspases or AIF, or evidence of apoptosis in either the 

cerebral cortex or the hippocampus, but rather increased anti-apoptotic enzyme Bcl-2 (B cell 

leukemia/lymphoma 2) mRNA expression [27, 29]. 

3.2 Inflammation 

PARP-1 expression is associated with increased nuclear factor kappa B (NF-κB) expression in 

multiple models of hyperglycemia including our neonatal models [27, 29]. PARP-1 and NF-κB 

coregulation is a likely bridge between hyperglycemia and inflammation and has been implicated 

in end-organ dysfunction in diabetes mellitus [40, 41]. PARP-1 regulates NF-κB transcription; 

blocking PARP-1 reduces inflammatory markers; inducible nitric oxide synthase (iNOS), interleukin 

1-beta (IL-1), tumor necrosis factor alpha (TNFα) [42]. During physiologic conditions, NF-κB 

regulates the immune system, but pathophysiologic conditions lead to its upregulation and 

increased transcription of inflammatory products. In the cytosol, NF-κB is bound by its inhibitor IκB. 

Upstream signaling causes phosphorylation and degradation of IκB, allowing NF-κB to translocate 

to the nucleus for transcription of target genes  [43]. Inhibiting NF-κB improves hyperglycemia-

induced neuroinflammation [44]. The upregulation of PARP-1 and NF-κB as outlined above, leads 

to the upregulation of inflammatory cytokines and the activation of pro-inflammatory cells in the 

developing brain. In particular, C-X-C motif chemokine ligand 10 (CXCL10) and its receptor C-X-C 

motif chemokine receptor 3 (CXCR3) are important chemokines involved in signaling and synaptic 

activity [45].  
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Adult humans with CNS infections or neurodegenerative disorders demonstrate an association 

between increased CXCL10 levels in the CSF and cognitive deficits [46, 47]. Related to 

hyperglycemia in particular, the CXCL10/CXCR3 signaling pathway is associated with the 

pathogenesis of pancreatic   cell injury in T1D [48-50] with serum CXCL10 levels in humans with 

T1D being elevated [51, 52]. Together, these data suggest that CXCL10/CXCR3 signaling is at play in 

neonatal hyperglycemia-mediated brain injury.  

Satrom et al. published to our knowledge the first evidence that neonatal hyperglycemia alters 

the CXCL10/CXCR3 pathway in the developing hippocampus of rat pups  [29]. Using the neonatal 

STZ rat model, they demonstrated upregulation of mRNA transcripts CXCL10, CXCR3, PARP-1, NF-

κB, and B-cell lymphoma 2 (BCL2) in the P6 hippocampus, in addition to downregulation of 

glutamate receptor, NR2b [29]. These findings, along with evidence of microgliosis, astrocytosis, 

and colocalization of CXCL10 and CXCR3 to both neurons and glia, suggest that oxidative stress 

leads to hippocampal inflammation mediated by CXCL10/CXCR3 signaling.  

The exact mechanism of communication between cell types in the setting of hyperglycemia has 

yet to be determined. We propose that both neurons and microglia serve as targets of CXCL10, 

which is supported by work from our group and others showing that CXCR3 is expressed in both 

neurons and microglia [46, 53, 54]. Unlike CXCR3, all three cell types (neurons, astrocytes and 

microglia) appear to be the cellular sources of CXCL10. Further studies are needed to confirm this 

relationship and for exploring the transport of CXCL10 from systemic circulation across the BBB. 

Neonatal - CNS inflammation mediated by hyperglycemia and abnormal CXCL10/CXR3 signaling 

may lead to altered NMDA receptor expression (suppressed NR2b mRNA expression as described 

above [29]) and therefore, long-term alterations in synaptic architecture. Our animal model of 

neonatal hyperglycemia demonstrated abnormal hippocampal function and decreased synaptic 

density in the hippocampus at adulthood on P90 as evidenced by impaired performance in Barnes 

Maze, decreased microtubule-associated protein 2 (MAP2) integrated density on 

immunohistochemistry, and lower postsynaptic density protein 95 (PSD95) expression [29].  

This overall mechanism, from oxidative stress to inflammation to altered synaptogenesis, 

provides a plausible pathway connecting neonatal hyperglycemia to functional 

neurodevelopmental impairments. Abnormal substrate transport and utilization as described 

below (see 3.3), also may play a role in abnormal synaptogenesis  and function.  

PARP-1 and NFκB upregulation also result in increased activation of microglia in the cerebral 

cortex and hippocampus of neonatal rats [27, 29]. Previous studies in adult preclinical models 

demonstrate that hyperglycemia results in an increased number and altered morphology of 

microglia, changing from a ramified phenotype with long thin processes to an activated amoeboid 

phenotype with a larger cell body and thicker, shorter processes  [55]. A hallmark of microglial 

activation is inflammation, both as the stimulus to activation and as a resultant product. 

Inflammatory cytokines, including TNFα and IL-6, and chemokines CCL-2 and CXCL10 are increased 

in the adult and developing brain following episodes of hyperglycemia [29, 44, 56].  

3.2.1 Role of Microglia in Neurodevelopment and Synaptogenesis  

Changing microglial function related to hyperglycemia is important for neonatal brain 

development and potential injury. Microglia are the resident mononuclear macrophages of the 

brain. Unlike circulating macrophages that develop from bone marrow, microglia are derived from 
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yolk sac myeloid precursors that enter the brain during early embryogenesis and steadily increase 

in numbers through gestation and after birth [57]. Through normal development, microglia are 

involved in critical regulatory and developmental processes. Perhaps most important is the 

pruning of synapses; deficiency of pruning results in immature synapses, excess dendritic spines, 

and immature circuitry [58]. Other developmental roles include promotion of axonal elongation 

and pathfinding and myelination, production of neurotrophic factors, and strengthening of 

synapses [59]. Under adverse conditions such as infection, hypoxic-ischemic encephalopathy, and 

hyperglycemia, as stated above, microglia alter function to produce cytokines, present antigens, 

and induce adaptive immunity [60, 61]. The change in function from normal development to 

immune response is a change from quiescent monitoring to activation of M1 proinflammatory 

polarization. The defining markers of M1 polarization are production of inflammatory cytokines 

(e.g. IL-1β, TNFα, IL-6), nitric oxide, and co-stimulatory proteins such as CD40 and MHC-II [60]. This 

change in phenotype suggests that microglia may inadequately perform other tasks such as 

synaptic pruning or growth factor production during critical neurodevelopmental windows. 

Developmental synaptic pruning is a highly regulated process involving specific synaptic signaling 

molecules and corresponding microglial receptors that prevent or target for phagocytosis [62]. 

Imbalance of signals in either cell may result in over- or under-pruning of synapses [63-65]. 

Hyperglycemia appears to be a cause of imbalance.  

3.3 Abnormal Substrate Transport and Utilization 

In adult rodents, hyperglycemia is associated with increased plasma lactate and pyruvate 

concentrations, and a 7-17% upregulation of MCT1 expression in endothelial cells and astrocytes 

in the cerebral cortex and hippocampus [66]. An increased transport from plasma across the BBB 

is most likely responsible for increased brain lactate, although local production by the astrocytes 

also could be contributory [67]. In the hippocampus, glycogen concentration is increased and the 

expression of MCT2 (neuronal MCT transporter) is decreased [68]. The expression of MCT4, the 

transporter responsible for lactate efflux from astrocytes is not altered. 

Whether a similar effect occurs in the developing brain exposed to hyperglycemia was tested in 

a recent study from our laboratory [69]. Two non-overlapping experiments were performed. In 

experiment 1, neonatal rats were subjected to recurrent moderate (blood glucose, 214.6 ± 11.6 

mg/dL) and severe hyperglycemia (blood glucose, 338.9 ± 21.7 mg/dL) from P3 to P12. Blood 

glucose concentration in the control group was 137.7 ± 2.6 mg/dL. The neurochemical profile of 

the hippocampus was determined on P30 using in vivo ultra-high-field (9.4T) 1H NMR spectroscopy 

(MRS), followed by tissue harvest for determination of dendritic arborization using MAP-2 

histochemistry. In experiment 2, the effect of hyperglycemia on the mRNA transcript expression of 

glycogen synthase 1 (Gys1) and lactate dehydrogenase (Ldh), the enzymes responsible for 

glycogen synthesis and lactate production, respectively, and Glut1, Glut3, Mct1, Mct2 and Mct4 in 

the hippocampus was determined on P6 in the neonatal STZ rat model [29]. 

In experiment 1, MRS demonstrated lower lactate concentration and glutamate/glutamine 

ratio in the severe hyperglycemia group, compared with the control group. 

Phosphocreatine/creatine (PCr/Cr) ratio was increased in both hyperglycemia groups. MAP-2 

histochemistry demonstrated longer apical segment length of the dendrites in the two 

hyperglycemia groups, indicating an immature pattern and abnormal synaptic efficacy [70, 71]. In 
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experiment 2, the expression of Glut1, Gys1 and Mct4 mRNA transcripts was lower, and that of 

Mct1 higher in the hyperglycemia group, relative to the control group. 

Lower lactate concentration in the setting of decreased Glut1 and Gsy1 expression suggests 

decreased astrocytic glucose uptake, storage and conversion to lactate. Mct1 upregulation may be 

a compensatory response for increasing lactate and ketone body transport across the BBB and 

astrocytes. Although the expression of Mct2, responsible for neuronal lactate uptake was not 

altered, the expression of Mct4, responsible for lactate efflux from astrocytes was suppressed. 

Collectively, these data suggest that neonatal hyperglycemia is associated with decreased lactate 

availability to the hippocampal neurons. Given the essential role of lactate in neurite growth and 

synaptic plasticity [24, 26], decreased lactate availability could be responsible for the abnormal 

dendritogenesis in the formerly hyperglycemic animals. Combined with the lower 

glutamate/glutamine ratio and increased PCr/Cr ratio, these data suggest an overall dampening  of 

neuronal activity in the context of impaired oxidative energy metabolism in the formerly 

hyperglycemic hippocampus, as has been demonstrated in rodent models of impaired energy 

production [e.g., due to chronic hypoxia [72]] and suppressed neuronal activity [e.g., following 

ethanol administration [73]] and could explain the hippocampus-mediated functional deficits we 

have reported previously [29].  

4. Working Model 

In review of available data from our lab and other labs, we propose a working model in which 

neonatal hyperglycemia leads to oxidative stress mediated by NF-kB. NF-kB then leads to the 

upregulation of CXCL10/CXCR3 pathway in the brain regions, with CXCR3 being expressed in both 

neurons and microglia and CXCL10 originating locally, and possibly systemically as well  [29]. The 

CXCL10/CXCR3 inflammatory cascade leads to suppression of NMDA glutamate receptor, which in 

turn, impairs synaptogenesis and function [74, 75]. A shift in substrate utilization and lower lactate 

availability may further worsen synaptogenesis and plasticity. We propose that unlike the adult 

brain, when hyperglycemia causes upregulation of apoptotic mediators and neuronal injury [27], 

the neonatal brain has protective mechanisms to prevent neuronal injury. This may occur through 

microglia-derived neurotrophic growth factors and upregulation of the antiapoptotic BCL2 

expression [27, 76]. However, given the abnormal synaptic structure at adulthood, long-term 

functional deficits are likely following neonatal hyperglycemia, despite the lack of neuronal injury.  

5. Future Directions 

In conclusion, this review focuses on how animal models inform the likely mechanisms involved 

in hyperglycemia-induced neonatal brain injury. These preclinical models allow for in-depth 

assessments of the specific brain regions, cell-types, and molecular pathways involved in a 

controlled fashion, that are not possible in human studies. The rodent models in particular allow 

for the assessment of effects on the developing preterm brain, as  the early postnatal period in a 

rodent neurodevelopmentally approximates the third trimester of human gestation when preterm 

infants at high risk for hyperglycemia are born [30]. The major limitation to these animal models is 

that they often lack the clinical complexity involved in the care of a critically ill human preterm 

infant, including comorbidities and consequences of various interventions , as well as the complex 

neurobehavioral repertoire of human infants. 
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Future directions include the evaluation of the influence of comorbidities that commonly occur 

with hyperglycemia in extremely preterm infants on brain injury. These include hypoxia/ischemia, 

anemia, and inflammation or infection. Some of these conditions may be causative factors for 

hyperglycemia itself, through catecholamine and cortisol-mediated pathways, and contribute to 

brain injury. Hyperglycemia is known to worsen brain injury due to hypoxic-ischemia or 

hypoglycemia in term human newborn infants and animal models [14, 77, 78]. We also need a 

better understanding of the effects of treatment of hyperglycemia on the neurological outcomes. 

The current management of neonatal hyperglycemia includes glucose restriction and insulin 

administration, both of which have side-effects, including poor nutrition and risk for hypoglycemia, 

respectively. Glycemic fluctuations are associated with greater risk of neuronal injury, 

mitochondrial membrane potential and oxidative stress [79]. There is a cascade of effects with 

insulin therapy as well, including the need for central lines for frequent lab monitoring, 

phlebotomy-induced anemia due to frequent lab draws, and risk for hypoglycemia and/or 

fluctuating blood glucose levels due to difficulties titrating continuous insulin infusions. Finally, we 

have focused our review to the effects of hypoinsulinemic hypoglycemia on specific brain regions 

and pathways, but other brain regions and pathways may be affected in hypoinsulinemic and 

other causes of hyperglycemia during development.  

Author Contributions 

Dr. Satrom, Dr. Gisslen, and Dr. Rao all contributed equally to the conception of this paper 

including the interpretation of the data presented. Dr. Satrom drafted the initial manuscript, and 

Dr. Gisslen and Dr. Rao revised it critically for important intellectual content. Each author 

approved the final version to be published and agree to be accountable for all aspects of the work.  

Funding 

The cited animal studies from the authors’ labs were supported through funding from the 

Viking Children’s Fund, Department of Pediatrics, University of Minnesota. 

Competing Interests 

The authors have declared that no competing interests exist. 

References 

1. Mericq V. Prematurity and insulin sensitivity. Horm Res. 2006; 65 Suppl 3: 131-136. 

2. McGill-Vargas L, Gastaldelli A, Liang H, Anzueto Guerra D, Johnson-Pais T, Seidner S, et al. 

Hepatic insulin resistance and altered gluconeogenic pathway in premature baboons. 

Endocrinology. 2017; 158: 1140-1151. 

3. Blanco CL, McGill-Vargas LL, Gastaldelli A, Seidner SR, McCurnin DC, Leland MM, et al. 

Peripheral insulin resistance and impaired insulin signaling contribute to abnormal glucose 

metabolism in preterm baboons. Endocrinology. 2015; 156: 813-823. 

4. Kao LS, Morris BH, Lally KP, Stewart CD, Huseby V, Kennedy KA. Hyperglycemia and morbidity 

and mortality in extremely low birth weight infants. J Perinatol. 2006; 26: 730-736. 



OBM Neurobiology 2019; 3(3), doi:10.21926/obm.neurobiol .1903038 

 

Page 10/14 

5. Ramel SE, Long JD, Gray H, Durrwachter-Erno K, Demerath EW, Rao R. Neonatal 

hyperglycemia and diminished long-term growth in very low birth weight preterm infants. J 

Perinatol. 2013; 33: 882-886. 

6. van der Lugt NM, Smits-Wintjens VE, van Zwieten PH, Walther FJ. Short and long term 

outcome of neonatal hyperglycemia in very preterm infants: A retrospective follow-up study. 

BMC Pediatr. 2010; 10: 52. 

7. Hays SP, Smith EO, Sunehag AL. Hyperglycemia is a risk factor for early death and morbidity in 

extremely low birth-weight infants. Pediatrics. 2006; 118: 1811-1818. 

8. Tottman AC, Alsweiler JM, Bloomfield FH, Gamble G, Jiang Y, Leung M, et al. Long -term 

outcomes of hyperglycemic preterm infants randomized to tight glycemic control. J Pediatr. 

2018; 193: 68-75. 

9. Alsweiler JM, Kuschel CA, Bloomfield FH. Survey of the management of neonatal 

hyperglycaemia in australasia. J Paediatr Child Health. 2007; 43: 632-635. 

10. Shalimova A, Graff B, Gasecki D, Wolf J, Sabisz A, Szurowska E, et al. Cognitive dysfunction in 

type 1 diabetes mellitus. J Clin Endocrinol Metab. 2019; 104: 2239-2249. 

11. Ninomiya T. Diabetes mellitus and dementia. Curr Diab Rep. 2014; 14: 487. 

12. Ho MS, Weller NJ, Ives FJ, Carne CL, Murray K, Vanden Driesen RI, et al. Prevalence of 

structural central nervous system abnormalities in early-onset type 1 diabetes mellitus. J 

Pediatr. 2008; 153: 385-390. 

13. Alexandrou G, Skiold B, Karlen J, Tessma MK, Norman M, Aden U, et al. Early hyperglycemia is 

a risk factor for death and white matter reduction in preterm infants. Pediatrics. 2010; 125: 

e584-e591. 

14. Tottman AC, Alsweiler JM, Bloomfield FH, Pan M, Harding JE. Relationship between measures 

of neonatal glycemia, neonatal illness, and 2-year outcomes in very preterm infants. J Pediatr. 

2017; 188: 115-121. 

15. Rice D, Barone S, Jr. Critical periods of vulnerability for the developing nervous system: 

Evidence from humans and animal models. Environ Health Perspect. 2000; 108 Suppl 3: 511-

533. 

16. Nehlig A. Cerebral energy metabolism, glucose transport and blood flow: Changes with 

maturation and adaptation to hypoglycaemia. Diabetes Metab. 1997; 23: 18-29. 

17. Riccomagno MM, Kolodkin AL. Sculpting neural circuits by axon and dendrite pruning. Annu 

Rev Cell Dev Biol. 2015; 31: 779-805. 

18. Lagercrantz H, Ringstedt T. Organization of the neuronal circuits in the central nervous system 

during development. Acta Paediatr. 2001; 90: 707-715. 

19. McQuillen PS, Ferriero DM. Selective vulnerability in the developing central nervous system. 

Pediatr Neurol. 2004; 30: 227-235. 

20. Carruthers A, DeZutter J, Ganguly A, Devaskar SU. Will the original glucose transporter 

isoform please stand up! Am J Physiol Endocrinol Metab. 2009; 297: E836- E848. 

21. Vannucci SJ, Clark RR, Koehler-Stec E, Li K, Smith CB, Davies P, et al. Glucose transporter 

expression in brain: Relationship to cerebral glucose utilization. Dev Neurosci. 1998; 20: 369-

379. 

22. Rao R, Ennis K, Long JD, Ugurbil K, Gruetter R, Tkac I. Neurochemical changes in the 

developing rat hippocampus during prolonged hypoglycemia. J Neurochem. 2010; 114: 728-

738. 



OBM Neurobiology 2019; 3(3), doi:10.21926/obm.neurobiol .1903038 

 

Page 11/14 

23. Simpson IA, Carruthers A, Vannucci SJ. Supply and demand in cerebral energy metabolism: 

The role of nutrient transporters. J Cereb Blood Flow Metab. 2007; 27: 1766-1791. 

24. Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, et al. Astrocyte-neuron 

lactate transport is required for long-term memory formation. Cell. 2011; 144: 810-823. 

25. Steinman MQ, Gao V, Alberini CM. The role of lactate-mediated metabolic coupling between 

astrocytes and neurons in long-term memory formation. Front Integr Neurosci. 2016; 10: 10. 

26. Margineanu MB, Mahmood H, Fiumelli H, Magistretti PJ. L-lactate regulates the expression of 

synaptic plasticity and neuroprotection genes in cortical neurons: A transcriptome analysis. 

Front Mol Neurosci. 2018; 11: 375. 

27. Gisslen T, Ennis K, Bhandari V, Rao R. Recurrent hypoinsulinemic hyperglycemia in neonatal 

rats increases PARP-1 and NF-Kappab expression and leads to microglial activation in the 

cerebral cortex. Pediatr Res. 2015; 78: 513-519. 

28. Portha B, Blondel O, Serradas P, McEvoy R, Giroix MH, Kergoat M, et al. The rat models of 

non-insulin dependent diabetes induced by neonatal streptozotocin. Diabete Metab. 1989; 15: 

61-75. 

29. Satrom KM, Ennis K, Sweis BM, Matveeva TM, Chen J, Hanson L, et al. Neonatal 

hyperglycemia induces CXCL10/CXCR3 signaling and microglial activation and impairs long-

term synaptogenesis in the hippocampus and alters behavior in rats. J Neuroinflammation. 

2018; 15: 82. 

30. Avishai-Eliner S, Brunson KL, Sandman CA, Baram TZ. Stressed-out, or in (utero)? Trends 

Neurosci. 2002; 25: 518-524. 

31. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain development in 

rodents and humans: Identifying benchmarks of maturation and vulnerability to injury across 

species. Prog Neurobiol. 2013; 106-107: 1-16. 

32. Rosa AP, Jacques CE, de Souza LO, Bitencourt F, Mazzola PN, Coelho JG, et al. Neonatal 

hyperglycemia induces oxidative stress in the rat brain: The role of pentose phosphate 

pathway enzymes and NADPH oxidase. Mol Cell Biochem. 2015; 403: 159-167. 

33. Tayman C, Yis U, Hirfanoglu I, Oztekin O, Goktas G, Bilgin BC. Effects of hyperglycemia on the 

developing brain in newborns. Pediatr Neurol. 2014; 51: 239-245. 

34. Brownlee M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes. 

2005; 54: 1615-1625. 

35. Szabo C, Zingarelli B, O'Connor M, Salzman AL. DNA strand breakage, activation of poly (ADP-

ribose) synthetase, and cellular energy depletion are involved in the cytotoxicity of 

macrophages and smooth muscle cells exposed to peroxynitrite. Proc Natl Acad Sci USA. 1996; 

93: 1753-1758. 

36. Kiss L, Szabo C. The pathogenesis of diabetic complications: The role of DNA injury and poly  

(ADP-ribose) polymerase activation in peroxynitrite-mediated cytotoxicity. Mem Inst Oswaldo 

Cruz. 2005; 100 Suppl 1: 29-37. 

37. Chiarugi A, Moskowitz MA. Cell biology. PARP-1--a perpetrator of apoptotic cell death? 

Science. 2002; 297: 200-201. 

38. Klein JP, Waxman SG. The brain in diabetes: Molecular changes in neurons and their 

implications for end-organ damage. Lancet Neurol. 2003; 2: 548-554. 

39. Garcia Soriano F, Virag L, Jagtap P, Szabo E, Mabley JG, Liaudet L, et al. Diabetic endothelial 

dysfunction: The role of poly (ADP-ribose) polymerase activation. Nat Med. 2001; 7: 108-113. 



OBM Neurobiology 2019; 3(3), doi:10.21926/obm.neurobiol .1903038 

 

Page 12/14 

40. Zheng L, Szabo C, Kern TS. Poly (ADP-ribose) polymerase is involved in the development of 

diabetic retinopathy via regulation of nuclear factor-Kappab. Diabetes. 2004; 53: 2960-2967. 

41. Adaikalakoteswari A, Rema M, Mohan V, Balasubramanyam M. Oxidative DNA damage and 

augmentation of poly (ADP-ribose) polymerase/nuclear factor-Kappa B signaling in patients 

with type 2 diabetes and microangiopathy. Int J Biochem Cell Biol. 2007; 39: 1673-1684. 

42. Chiarugi A, Moskowitz MA. Poly (ADP-ribose) polymerase-1 activity promotes NF-Kappab-

driven transcription and microglial activation: Implication for neurodegenerative disorders. J 

Neurochem. 2003; 85: 306-317. 

43. Wang T, Zhang X, Li JJ. The role of NF-Kappab in the regulation of cell stress responses. Int 

Immunopharmacol. 2002; 2: 1509-1520. 

44. Song Y, Zhang F, Ying C, Kumar KA, Zhou X. Inhibition of NF-Kappab activity by 

aminoguanidine alleviates neuroinflammation induced by hyperglycemia. Metab Brain Dis. 

2017; 32: 1627-1637. 

45. Nelson TE, Gruol DL. The chemokine CXCL10 modulates excitatory activity and intracellular 

calcium signaling in cultured hippocampal neurons. J Neuroimmunol. 2004; 156: 74-87. 

46. Xia MQ, Bacskai BJ, Knowles RB, Qin SX, Hyman BT. Expression of the chemokine receptor 

CXCR3 on neurons and the elevated expression of its ligand IP-10 in reactive astrocytes: In 

vitro ERK1/2 activation and role in Alzheimer's disease. J Neuroimmunol. 2000; 108: 227-235. 

47. Klein RS, Lin E, Zhang B, Luster AD, Tollett J, Samuel MA, et al. Neuronal CXCL10 directs CD8+ 

T-cell recruitment and control of west nile virus encephalitis. J Virol. 2005; 79: 11457-11466. 

48. Ahmadi Z, Arababadi MK, Hassanshahi G. CXCL10 activities, biological structure, and source 

along with its significant role played in pathophysiology of type i diabetes mellitus. 

Inflammation. 2013; 36: 364-371. 

49. Rosa JS, Mitsuhashi M, Oliver SR, Ogura M, Flores RL, Pontello AM, et al. Ex vivo TCR-induced 

leukocyte gene expression of inflammatory mediators is increased in type 1 diabetic patients 

but not in overweight children. Diabetes Metab Res Rev. 2010; 26: 33-39. 

50. Tanaka S, Aida K, Nishida Y, Kobayashi T. Pathophysiological mechanisms involving aggressive 

islet cell destruction in fulminant type 1 diabetes. Endocr J. 2013; 60: 837-845. 

51. Tanaka S, Nishida Y, Aida K, Maruyama T, Shimada A, Suzuki M, et al. Enterovirus infection, 

CXC chemokine ligand 10 (CXCL10), and CXCR3 circuit: A mechanism of accelerated beta-cell 

failure in fulminant type 1 diabetes. Diabetes. 2009; 58: 2285-2291. 

52. Devaraj S, Jialal I. Increased secretion of IP-10 from monocytes under hyperglycemia is via the 

TLR2 and TLR4 pathway. Cytokine. 2009; 47: 6-10. 

53. Biber K, Dijkstra I, Trebst C, De Groot CJ, Ransohoff RM, Boddeke HW. Functional expression 

of CXCR3 in cultured mouse and human astrocytes and microglia. Neuroscience. 2002; 112: 

487-497. 

54. Cho J, Nelson TE, Bajova H, Gruol DL. Chronic CXCL10 alters neuronal properties in rat 

hippocampal culture. J Neuroimmunol. 2009; 207: 92-100. 

55. Kaur C, Rathnasamy G, Ling EA. Biology of microglia in the developing brain. J Neuropathol 

Exp Neurol. 2017; 76: 736-753. 

56. Kermorvant-Duchemin E, Pinel AC, Lavalette S, Lenne D, Raoul W, Calippe B, et al. Neonatal 

hyperglycemia inhibits angiogenesis and induces inflammation and neuronal degeneration in 

the retina. PLoS One. 2013; 8: e79545. 



OBM Neurobiology 2019; 3(3), doi:10.21926/obm.neurobiol .1903038 

 

Page 13/14 

57. Ginhoux F, Lim S, Hoeffel G, Low D, Huber T. Origin and differentiation of microglia. Front Cell 

Neurosci. 2013; 7: 45. 

58. Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al. Synaptic pruning by 

microglia is necessary for normal brain development. Science. 2011; 333: 1456-1458. 

59. Harry GJ. Microglia during development and aging. Pharmacol Ther. 2013; 139: 313-326. 

60. Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2 polarization and metabolic states. Br J 

Pharmacol. 2016; 173: 649-665. 

61. Ferrazzano P, Chanana V, Uluc K, Fidan E, Akture E, Kintner DB, et al. Age-dependent 

microglial activation in immature brains after hypoxia- ischemia. CNS Neurol Disord Drug 

Targets. 2013; 12: 338-349. 

62. Bilimoria PM, Stevens B. Microglia function during brain development: New insights from 

animal models. Brain Res. 2015; 1617: 7-17. 

63. Lehrman EK, Wilton DK, Litvina EY, Welsh CA, Chang ST, Frouin A, et al. CD47 protects 

synapses from excess microglia-mediated pruning during development. Neuron. 2018; 100: 

120-134 e126. 

64. Vasek MJ, Garber C, Dorsey D, Durrant DM, Bollman B, Soung A, et al. A complement-

microglial axis drives synapse loss during virus-induced memory impairment. Nature. 2016; 

534: 538-543. 

65. Paolicelli RC, Ferretti MT. Function and dysfunction of microglia during brain development: 

Consequences for synapses and neural circuits. Front Synaptic Neurosci. 2017; 9: 9. 

66. Canis M, Maurer MH, Kuschinsky W, Duembgen L, Duelli R. Increased densities of 

monocarboxylate transporter MCT1 after chronic hyperglycemia in rat brain. Brain Res. 2009; 

1257: 32-39. 

67. Wang D, Zhao L, Zheng H, Dong M, Pan L, Zhang X, et al. Time-dependent lactate production 

and amino acid utilization in cultured astrocytes under high glucose exposure. Mol Neurobiol. 

2018; 55: 1112-1122. 

68. Shima T, Jesmin S, Matsui T, Soya M, Soya H. Differential effects of type 2 diabetes on brain 

glycometabolism in rats: Focus on glycogen and monocarboxylate transporter 2. J Physiol Sci. 

2018; 68: 69-75. 

69. Rao R, Nashawaty M, Fatima S, Ennis K, Tkac I. Neonatal hyperglycemia alters the 

neurochemical profile, dendritic arborization and gene expression in the developing rat 

hippocampus. NMR Biomed. 2018; 31: e3910. 

70. Jorgenson LA, Wobken JD, Georgieff MK. Perinatal iron deficiency alters apical dendritic 

growth in hippocampal CA1 pyramidal neurons. Dev Neurosci. 2003; 25: 412-420. 

71. Jorgenson LA, Sun M, O'Connor M, Georgieff MK. Fetal iron deficiency disrupts the 

maturation of synaptic function and efficacy in area CA1 of the developing rat hippocampus. 

Hippocampus. 2005; 15: 1094-1102. 

72. Raman L, Tkac I, Ennis K, Georgieff MK, Gruetter R, Rao R. In vivo effect of chronic hypoxia on 

the neurochemical profile of the developing rat hippocampus. Brain Res Dev Brain Res. 2005; 

156: 202-209. 

73. Denays R, Chao SL, Mathur-Devre R, Jeghers O, Fruhling J, Noel P, et al. Metabolic changes in 

the rat brain after acute and chronic ethanol intoxication: A 31P NMR spectroscopy study. 

Magn Reson Med. 1993; 29: 719-723. 



OBM Neurobiology 2019; 3(3), doi:10.21926/obm.neurobiol .1903038 

 

Page 14/14 

74. Tang YP, Wang H, Feng R, Kyin M, Tsien JZ. Differential effects of enrichment on learning and 

memory function in NR2B transgenic mice. Neuropharmacology. 2001; 41: 779-790. 

75. Fox CJ, Russell KI, Wang YT, Christie BR. Contribution of NR2A and NR2B NMDA subunits to 

bidirectional synaptic plasticity in the hippocampus in vivo. Hippocampus. 2006; 16: 907-915. 

76. Madinier A, Bertrand N, Mossiat C, Prigent-Tessier A, Beley A, Marie C, et al. Microglial 

involvement in neuroplastic changes following focal brain ischemia in rats. PLoS One. 2009; 4: 

e8101. 

77. Chouthai NS, Sobczak H, Khan R, Subramanian D, Raman S, Rao R. Hyperglycemia is 

associated with poor outcome in newborn infants undergoing therapeutic hypothermia for 

hypoxic ischemic encephalopathy. J Neonatal Perinatal Med. 2015; 8: 125-131. 

78. Ennis K, Dotterman H, Stein A, Rao R. Hyperglycemia accentuates and ketonemia attenuates 

hypoglycemia-induced neuronal injury in the developing rat brain. Pediatr Res. 2015; 77: 84-

90. 

79. Cardoso S, Seica RM, Moreira PI. Uncoupling protein 2 inhibition exacerbates glucose 

fluctuation-mediated neuronal effects. Neurotox Res. 2018; 33: 388-401. 

 

 

 

 

 

   Enjoy OBM Neurobiology by:  

   1.  Submitting a manuscript  

   2.  Joining volunteer reviewer bank 

   3.  Joining Editorial Board 
   4.  Guest editing a special issue 

  For more details, please visit: 

  http://www.lidsen.com/journals/neurobiology OBM Neurobiology 
 

http://www.lidsen.com/account-login
mailto:neurobiology@lidsen.com
http://www.lidsen.com/journals/neurobiology/neurobiology-editorial-board
http://www.lidsen.com/journals/neurobiology/neurobiology-special-issues
http://www.lidsen.com/journals/neurobiology
http://www.lidsen.com/journals/neurobiology

