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Abstract

Recurrent hypoglycemia is common in infants and children. In developing rat models, recurrent 

moderate hypoglycemia leads to neuronal injury in the medial prefrontal cortex. To understand the 

effects beyond neuronal injury, three-week-old male rats were subjected to five episodes of 

moderate hypoglycemia (blood glucose concentration, approximately 30 mg/dl for 90 min) once 

daily from postnatal day 24 to 28. Neuronal injury was determined using Fluoro-jade B 

histochemistry on postnatal day 29. The effects on brain-derived neurotrophic factor (BDNF) and 

its cognate receptor, tyrosine kinase B (TrkB) expression, which is critical for prefrontal cortex 

development, were determined on postnatal day 29 and at adulthood. The effects on prefrontal 

cortex-mediated function were determined by assessing prepulse inhibition of the acoustic startle 

reflex on postnatal day 29 and two weeks later, and by testing for fear-potentiated startle at 

adulthood. Recurrent hypoglycemia led to neuronal injury confined primarily to the medial 

prefrontal cortex. BDNF and TrkB expression in the prefrontal cortex was suppressed on postnatal 

day 29 and was accompanied by lower prepulse inhibition, suggesting impaired sensorimotor 

gating. Following the cessation of recurrent hypoglycemia, prepulse inhibition had recovered at 

two weeks. BDNF/TrkB expression in the prefrontal cortex had normalized and fear-potentiated 

startle was intact at adulthood. Recurrent moderate hypoglycemia during development has 

significant adverse effects on the prefrontal cortex in the post-hypoglycemia period.
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1. Introduction

Recurrent hypoglycemia is common in infants and children with congenital hyperinsulinism 

and insulin therapy for type 1 diabetes [1]. Recurrent severe hypoglycemia alters brain 

structure and leads to cognitive deficits in these children [2–4]. Even mild and asymptomatic 

hypoglycemia is associated with attention and learning deficits, especially in the immediate 

post-hypoglycemia period [5,6].

Most hypoglycemia episodes during development are of mild to moderate severity and are 

not associated with neurological signs, such as altered consciousness or seizures. Studies in 

developing rats demonstrate that the medial prefrontal cortex (PFC) is highly vulnerable to 

injury during moderate hypoglycemia [7–10]. The effects beyond neuronal injury are not 

well characterized. In both humans and rats, the peak development of PFC occurs in the 

postnatal period [11,12] and is characterized by increased glucose delivery to the region for 

supporting the energy requirement of synaptogenesis and neurotransmission [13]. Frequent 

disruptions in glucose supply due to recurrent hypoglycemia may compromise energy 

production in the PFC and alter its development and function.

The aim of the present study was to characterize the acute and long-term effects of recurrent 

moderate hypoglycemia on the expression of brain-derived neurotrophic factor (BDNF) and 

its receptors in the PFC and PFC-regulated behaviors in three-week-old rats. Rats of this age 

are used to model the effects of hypoglycemia in young children due to similarities in the 

stage of brain development and substrate utilization [7,9,11,14,15]. BDNF plays a critical 

role in the normal development of PFC [16–18]. It is a complex gene that generates multiple 

splice variants containing a common coding exon. BDNF-II, -IV and -VI variants are 

predominantly expressed in the cerebral cortex [19]. Binding of BDNF to the full-length 

isomer of tyrosine kinase receptor B (TrkBFL) promotes neuronal growth and survival [20]. 

Conversely, binding of BDNF to the pan-neurotropin p75 (p75NTR) receptor leads to cell 

cycle arrest, reduced neurite growth and apoptosis [20]. We have recently demonstrated that 

an acute episode of moderate hypoglycemia does not alter BDNF, TrkB and p75NTR 

expression in the PFC of three-week-old rats [14]. The effects of recurrent moderate 

hypoglycemia are not known. Other conditions that perturb energy metabolism in the 

postnatal period, such as recurrent hypoxia, are associated with suppressed BDNF 

expression in the PFC [21,22].

We assessed the functional effects of recurrent hypoglycemia using behavioral tests of 

prepulse inhibition (PPI) of the acoustic startle reflex and fear conditioning. PPI measures 

sensorimotor gating, the ability of a weak sensory stimulus to inhibit the startle response to a 

subsequent intense stimulus. PPI is regulated by the medial PFC, hippocampus, nucleus 

accumbens, amygdala and pontine tegmental area [23] and is sensitive to imbalances in 

BDNF/TrkB expression in the PFC [24–27]. Fear was assessed as potentiation of the 
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acoustic startle reflex (fear-potentiated startle; FPS) at adulthood. Two forms of Pavlovian 

fear conditioning paradigms were used that differ only in the relative timing of presentation 

of the conditioned and unconditioned stimuli: “trace” conditioning, which is dependent on 

the integrity of PFC and dorsal hippocampus, and “delay” conditioning, which is not. Both 

forms of fear conditioning are dependent on the amygdala [28].

Materials and Methods

Animal Preparation

The Institutional Animal Care and Use Committee at University of Minnesota approved the 

study and its guidelines for care and use of animals were followed. Pregnant Sprague 

Dawley rats were purchased (Charles River Laboratories, Raleigh, NC) on gestational day 2 

and allowed to deliver spontaneously. Litter size was culled to 8 (6 males 2 females per 

litter) on P3. Pups were weaned on P21. Same-sex littermates were group-housed until P28 

and then in same-sex pairs until adulthood. Only male rats (N = 64) were used due to the 

known sex-specific differences in post-insult BDNF expression and PPI regulation [25,29]. 

Rats were maintained under standard laboratory conditions with 12hour light-and-dark 

cycles.

Induction of Hypoglycemia

Rats were randomly assigned to the Control and Recurrent Hypoglycemia (RH) groups. To 

control for between-versus within-litter variance, equal numbers of rats in each litter were 

assigned to the two groups. RH group was subjected to insulin-induced hypoglycemia from 

P24 to P28, once daily between 8 AM and 10 AM (total, 5 episodes). This model has been 

described previously [30]. Briefly, regular insulin (Novo Nordisk Inc., Clayton, NC) was 

injected in a dose of 10 IU/kg ip without prior fasting. The target blood glucose 

concentration was 20–40 mg/dl, a value considered moderate hypoglycemia, as it is not 

associated with coma or seizures in rats of comparable age [9,30]. This severity and 

frequency of hypoglycemia is associated with cognitive and behavioral deficits in human 

infants and adults [31–33]. Littermates in the Control group were injected with an equivalent 

volume of 0.9% saline (Control group). Food was withheld (water available) in both groups 

and the ambient temperature was maintained at 34.0±1.0°C [30]. Blood glucose 

concentration was determined in tail vein samples every 15 min. Hypoglycemia was 

terminated 120 min after the insulin administration by injecting 10% dextrose (200 mg/kg 

ip). Blood glucose concentration was determined 2 hours later in randomly selected rats 

from each litter to confirm resolution of hypoglycemia. Rats were left undisturbed until the 

day of additional experiments.

Behavioral Testing

For both PPI and FPS, rats were trained and tested in four identical 7.5 cm × 8.5 cm × 17.0 

cm stabilimeter devices. Each stabilimeter consisted of a Plexiglas cage resting on four 

compression springs and located within a ventilated, sound-attenuating chamber. The 

ventilation fans elevated background noise in the chamber to 65 dB. Cage movement 

resulted in displacement of a piezoelectric accelerometer (Model ACH-01, Measurement 

Specialties, Valley Forge, PA) attached to each cage. Voltage output from the accelerometer 
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was filtered and amplified using a custom-built signal processor, digitized on a scale of 

arbitrary units (au) ranging from 0–1000 (National Instruments SCB100 and PCI-6071E 

boards) and recorded using Matlab (The MathWorks, Natick, MA). Startle amplitude was 

defined as the peak accelerometer voltage during the first 200 ms after onset of the startle 

stimulus. High frequency speakers (Radio Shack Supertweeters, range: 5–40 kHz) located 

10 cm from each cage delivered the startle stimuli, which were bursts of filtered white noise 

(low pass: 22 kHz, rise-decay <5 ms).

PPI tests were given on P29 (i.e., 24 hours after the last hypoglycemia episode) and repeated 

two weeks later on P42 (n=16 on each day) using previously reported methods [34,35]. 

After a 5-min acclimation period, six 115-dB, 40-ms startle stimuli were presented at 30-sec 

intervals to habituate the startle response. Then, 15 prepulse-startle pairings were intermixed 

with 5 startle-alone trials, with a variable 8–23 sec intertrial interval. For prepulse-startle 

pairings, onset of the prepulse (68-, 71-, or 77-dB) preceded onset of the 115-dB startle 

stimulus by 100 ms. Percent PPI was calculated as [(startle-alone) − (prepulse + startle)]/

startle-alone × 100.

FPS training began on P56 (i.e., 4 weeks after the termination of recurrent hypoglycemia). 

The foot shock unconditioned stimulus (US) was a 0.5-s, 0.8-mA constant current scrambled 

shock, delivered by a shock generator (no. SGS-004; BRS-LVE, Bellsville, ME, USA) 

through the four bars of the stabilimeter. The conditioned stimulus (CS) was a 7.5-s, 70-dB 

band-pass filtered noise with high and low cutoffs set at 4 kHz and 24 dB per octave 

attenuation. The noise was delivered through a low-frequency speaker (Radio Shack woofer, 

Model no. 40-1024A) situated 15 cm from the cage.

To measure levels of baseline startle, rats (n=16) underwent 2 days of startle testing prior to 

fear conditioning. On each day, after a 5-min acclimation period, they were presented with 

40 startle stimuli (20 each at 95 and 105 dB intermixed pseudo randomly; 30 sec 

interstimulus interval). For fear conditioning on days 3–5, after a 5 min acclimation period, 

different groups of rats were exposed to delay or trace fear conditioning. For delay fear 

conditioning, the rats were presented with 12 trials consisting of the 7.5 sec tone CS co-

terminating with the 0.5 sec shock US (90–180-s variable intertrial interval). For trace fear 

conditioning, onset of the 0.5 sec shock US occurred 3 sec after offset of a 4 sec tone CS. 

Hence the interval between onsets of the two stimuli in the two conditioning paradigms was 

the same. FPS was tested on day 6 (i.e. P62; young adulthood). After a 5 min acclimation 

period, 30 startle stimuli (95 and 105 dB) were followed by 10 startle stimuli presented 3.5 

sec after the onset of the CS and 10 presented 7.0 sec after CS onset (i.e., at the time shock 

would have been presented during training). Average potentiation across these two time 

points provides a reliable measure of FPS. These CS-startle stimulus pairings were 

intermixed with 10 additional startle stimulus presentations in the absence of the CS. FPS 

was calculated as [(CS + startle) − (startle-alone)]/startle-alone × 100%.

Tissue Preparation

Rats were killed on either P29, 24 hour after the last hypoglycemia episode, or P65 (young 

adulthood) using sodium pentobarbital (100 mg/kg, ip.). The brain was removed within 10 

min of pentobarbital administration and the PFC was dissected on ice, flash-frozen using 
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liquid nitrogen and stored at −80°C. Rats used for histochemistry underwent in situ 

perfusion-fixation before brain removal. Serial 20-μm coronal brain sections were obtained 

using a cryostat, mounted on glass slides and stored at −20°C until histochemistry.

Assessment of Regional Injury

Regional injury was determined on P29 using FJB histochemistry using published methods 

[7,8] (n=8). Pilot studies demonstrated that injury was primarily limited to rostral brain 

sections (3.5 mm to 8 mm anterior to the zero plane of the stereotaxic coordinates at P21). 

Digital photomicrographs of 4 to 6 sections from this region were collected and all FJB-

stained cells in the brain sections were manually counted in a blinded fashion [7,8].

Quantitative RT-PCR

The transcript expression of BDNF (Bdnf; variants II, IV and VI), TrkB (Ntrk2), p75NTR 

(Ngfr), and the downstream targets of BDNF/TrkB signaling, early growth response-1 and 

-2 (Egr1 and Egr2), 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr) and profilin-1 and 

-2 (Pfn1 and Pfn2) that regulate brain development and plasticity [36–38] was determined 

using previously described methods [8,14] (n=6–10 on P29 and P65).. Each sample was 

assayed in duplicate and normalized against ribosomal protein S18.

Western Blot Analysis

BDNF and TrkB (full-length [TrkBFL] and truncated [TrkBTR] isomers) protein levels were 

determined using primary antibodies against BDNF (1:1000; Abcam, Cambridge, MA), 

TrkB (1:1000; Cell Signaling, Danvers, MA) and β-actin (1:5000; Sigma Chemical Co., St. 

Louis, MO), and fluorescent secondary antibodies (1:2500; Life Technologies, Grand Island, 

NY) using published methods [8] (n=4–6 on P29 and P65). The target protein intensity 

relative to β-actin was determined.

Data Analysis

The effects of recurrent hypoglycemia on neuronal injury, mRNA and protein expression, 

and trace- and delay-fear conditioning were determined using unpaired t tests. The acute and 

long-term effects on PPI were determined using ANOVA. To assess for any differences in 

startle between the groups, an analysis of startle magnitude during the startle habituation 

period (“baseline” startle) was conducted. PPI was evaluated using a 2 × 2 × 3 (Group × Age 

× prepulse intensity) mixed-model ANOVA, with age and prepulse intensity as repeated 

measures, followed by post hoc comparisons using Tukey’s HSD test. Data are presented as 

mean±SEM. Statistical significance was set at p<0.05.

RESULTS

Blood Glucose Concentration

The target blood glucose concentration (20–40 mg/dl) was reached within 30 min of insulin 

administration in the RH group and was maintained in this range until the 10% dextrose 

administration at 120 min (i.e., 90 min of hypoglycemia) on each of the five days (Table 1). 

Animals were less active, but conscious and seizure-free during the period of hypoglycemia. 
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The blood glucose concentration 2 hours post-hypoglycemia was comparable in the two 

groups (Control group, 139±7 mg/dl, RH group, 130±31 mg/dl). Recurrent hypoglycemia 

did not affect body weight on either P29 (Control group, 106±2 g; RH group, 109±2 g) or 

P65 (Control group, 345±8 g; RH group, 359±11 g).

Neuronal Injury Post-hypoglycemia

Twenty-four hours post-hypoglycemia, FJB-positive cells, indicative of cell injury were 

present in the RH group, but not in the Control group (FJB positive cells/brain section: 

Control group, 0±0; RH group, 86±21, p<0.01). FJB positive cells were visualized primarily 

in the cingulate and orbital regions of the medial PFC (46% of all FJB positive cells, Figure 

1) and layers III and IV of the parietal (35%) and temporal (19%) cortices (not shown). FJB 

positive cells were absent in other brain regions.

Effects of Recurrent hypoglycemia on BDNF Expression in the PFC

On P29, Bdnf-IV expression was 35% lower in the RH group (p <0.001, Figure 2A). Bdnf-II 

(Control group, 1.00±0.08; RH group, 0.89±0.10) and Bdnf-VI (Figure 2A) expression was 

not altered. BDNF protein level was 16% lower in the RH group (p=0.03, Figure 2B) and 

was accompanied by 21% lower TrkBFL protein level (p=0.03, Figure 2B). TrkBTR protein 

level was not altered (Figure 2B). The expression of downstream targets of BDNF/TrkB 

signaling, Erg1, Erg2, Hmgcr, Pfn1 and Pfn2 was 16% to 34% lower in the RH group 

(p<0.05, Table 2).

On P65, the expression of Bdnf-II (Control group, 1.00±0.10; RH group, 1.03±0.12), Bdnf-

IV and Bdnf-VI (Figure 2C), as well as BDNF protein (Figure 2D) were comparable in the 

Control and RH groups. TrkBFL protein level was not altered (Figure 2D), while TrkBTR 

protein level was 28% higher (p<0.05; Figure 2D) in the RH group. Erg1, Erg2, Hmgcr, 

Pfn1 and Pfn2 expression was not altered (Table 2).

Recurrent hypoglycemia did not alter p75NTR receptor mRNA (Ngfr) expression at either 

age (not shown).

Effects of Recurrent Hypoglycemia on Behavioral Tests

Baseline startle amplitude was comparable in the two groups on P29 (Control group, 2.5±0.2 

au; RH group, 2.7±0.2 au) and P42 (Control group, 2.1±0.3 au; RH group, 2.0±0.2 au). PPI 

was stronger on P42 than on P29 in both groups (Figure 3). There were significant main 

effects of Group (F=4.2, p<0.05), Age at test (F=66.2, p<0.01) and Group × Age interaction 

(F=4.9, p<0.05) on PPI. As expected, PPI was positively related to prepulse intensity 

(F=17.3, p<0.01), but there were no significant interactions as a function of this factor 

(Fs<1.3). PPI was significantly lower in the RH group, compared with the Control group at 

P29, and with either group at P42 (p<0.05 for all, Tukey’s HSD tests; Figure 3). Recurrent 

hypoglycemia did not significantly alter the magnitude of trace and delay FPS on P65 

(Supplemental Figure).
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DISCUSSION

Recurrent moderate hypoglycemia led to injury in the medial PFC as evident by the 

presence of FJB-positive cells in the region. Although not characterized in the present study, 

previous hypoglycemia studies in developing and adult rats have established that FJB-

positive cells represent neuronal injury [7–9,14,39]. As in those studies, FJB-positive cells 

were primarily seen in the cingulate and orbital regions of the PFC, highlighting the 

vulnerability of the medial PFC to injury during moderate hypoglycemia. The reasons for 

the increased vulnerability are not well understood. In adult humans, acute hypoglycemia 

leads to neuronal activation in the medial PFC that fails to normalize after the correction of 

hypoglycemia [40,41]. Persistent activation in the setting of neuroglycopenia and 

compromised energy metabolism [42–44] may have predisposed these neurons to injury.

In addition to neuronal injury, recurrent hypoglycemia suppressed BDNF and TrkB 

expression in the PFC. Although pentobarbital is known to attenuate BDNF and TrkB 

mRNA induction in the brain regions [45,46], the short interval (<10 min) between 

pentobarbital administration and tissue collection rules out this possibility in the present 

study. It takes several hours for BDNF and TrkB suppression to occur after pentobarbital 

administration or in other conditions (for example, stress) [45–47]. BDNF and TrkB 

suppression in the present study differs from the absence of a similar effect following a 

single episode of moderate hypoglycemia in rats of comparable age [14]. A similarly 

disparate pattern has been demonstrated with postnatal hypoxia in mice, where exposure to a 

single day of hypoxia does not alter BDNF expression in the PFC, while exposure to 

recurrent (3–10 days) hypoxia leads to progressive BDNF suppression in the region [21]. 

Thus, BDNF and TrkB suppression likely reflects the cumulative effect of recurrent 

hypoglycemia in the present study. The downregulation of Egr1, Egr2, Hmgcr, Pfn1 and 

Pfn2 transcripts suggests that BDNF/TrkB signaling also may be suppressed in the post-

hypoglycemia period [48]. However, this possibility remains speculative in the absence of 

confirmatory protein assay or histochemical analysis. It is noteworthy that recurrent 

moderate hypoglycemia leads to dampening of PFC activation in the post-hypoglycemia 

period in adult rats [49,50].

The observed functional effects paralleled the BDNF/TrkB changes in PFC. Decreased PPI 

on P29 suggests impaired sensorimotor gating in the post-hypoglycemia period. This finding 

differs from the intact PPI reported in a previous study of recurrent hypoglycemia in 

younger rats [10]. Differences in timing of hypoglycemia in the two studies may explain the 

discrepant results. Recurrent hypoglycemia occurred during the period of peak PFC 

development (P24 to P30) [12] in the present study, whereas hypoglycemia episodes (from 

P9 to P20) had ceased prior to this period in the Moore et al study [10]. Lower BDNF/TrkB 

expression in the PFC may explain the impaired PPI in the present study. PPI is lower in 

BDNF heterozygous mice that have 40–50% lower BDNF expression in the frontal cortex 

than the wild-type mice [24,25]. Intracerebral BDNF administration rapidly normalizes PPI 

deficits in DBA/2J mice [26]. Decreased or disrupted glutamatergic and GABAergic 

neurotransmission in the PFC also may have had a role in the lower PPI in the present study 

[27]. Glutamate and GABA concentrations decrease in the brain during hypoglycemia and 

the depleted concentrations are not restored to the prehypoglycemia levels after the 
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termination of hypoglycemia [42,43]. Additionally, along with the medial PFC, the 

hippocampus, nucleus accumbens, amygdala and pontine tegmental area regulate PPI [23]. 

Although we did not find FJB-stained cells in these brain regions, we cannot rule out subtle 

injury that may have negatively influenced PPI. Finally, hypoglycemia is a potent stressor 

and leads to robust corticosterone response in three-week-old rats [51]. Early life stress 

negatively influences regional gene expression and behavioral performance, and is known to 

suppress BDNF expression in the PFC [52–55]. Future studies are necessary to address all 

these possibilities.

PPI had normalized in the recurrent hypoglycemia group on P42. As we did not repeat the 

test between P29 and P42, it is not possible to know how rapidly PPI normalized following 

the cessation of hypoglycemia. PPI on P42 was stronger than on P29 in both groups, which 

is consistent with normal development [56]. Antecedent hypoglycemia also did not affect 

fear conditioning at adulthood, suggesting intact functional integrity of PFC, dorsal 

hippocampus and amygdala by this time point and ruling out new-onset behavioral deficits 

beyond P42. BDNF and TrkBFL expression also had normalized at adulthood. Although 

TrkBTR protein expression was upregulated, its functional relevance is unclear. It has been 

postulated that TrkBTR upregulation may negatively modulate TrkB kinase activity by 

forming TrkB heterodimers [57]. Such an effect is unlikely in the present study, since the 

expression of downstream targets of BDNF/TrkB signaling were not affected. The absence 

of long-term behavioral deficits in the present study is similar to the data from adult rats 

[58]. This is not surprising given that three-week-old rats and adult rats have comparable 

vulnerability to hypoglycemia-induced brain injury [7,14]. It is possible that testing under 

hypoglycemia conditions [59] or testing for more complex cognitive or affective behaviors 

[10] would have uncovered additional functional deficits.

In summary, recurrent hypoglycemia during the rapid phase of PFC development led to 

neuronal injury and suppressed BDNF and TrkB expression in the region and impaired 

sensorimotor gating in three-week-old rats. Although these effects were short-term, they 

were seen after a relatively small number of moderately severe and short-duration 

hypoglycemia episodes. From the clinical perspective, the functional deficits in the present 

study parallel the functional deficits observed in the post-hypoglycemia period in children 

with type 1 diabetes [5]. Even though these functional impairments are transient, typically 

lasting less than 24 hours [5,60], they interfere with the ability to learn efficiently and have 

important academic and social implications for the child [61]. The potential for injury and 

functional deficits suggests the importance of preserving brain energy metabolism using 

alternative substrates during insulin therapy [14] and exploring novel neuroprotective 

strategies, such as enhancing BDNF levels through physical activity [62], in this population.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BDNF brain-derived neurotrophic factor

Egr-1 early growth response-1

Egr-2 early growth response-2

FJB Fluoro-jade B

FPS fear-potentiated startle

HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase

p75NTR pan-neurotropin receptor

P postnatal day

PFC prefrontal cortex

PPI prepulse inhibition

Pfn-1 profilin-1

Pfn-2 profilin-2

RH group Recurrent Hypoglycemia group

TrkB tyrosine kinase receptor B

TrkBFL full-length isomer of tyrosine kinase receptor B

TrkBTR truncated isomer of tyrosine kinase B
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Figure 1. 
Neuronal injury after recurrent hypoglycemia in young rats. Three-week-old male rats were 

subjected to insulin-induced moderate hypoglycemia, once daily from postnatal day 24 to 

28. Littermates in the Control group were injected with equal volume of normal saline. 

Coronal brain sections of the prefrontal cortex collected 24 hours after the last hypoglycemia 

episode from representative rats from the Control group (A) and Recurrent Hypoglycemia 

group (B) and stained for injured cells using Fluoro-Jade B histochemistry demonstrate 

Fluoro-Jade B positive cells in the medial prefrontal cortex in the Recurrent Hypoglycemia 

group (arrows in B). Bar = 100 μm.
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Figure 2. 
Acute and long-term effects of recurrent hypoglycemia on brain-derived neurotrophic factor 

(BDNF) and tyrosine kinase B (TrkB) receptor mRNA and protein expressions in the 

prefrontal cortex of young rats. Three-week-old male rats were subjected to insulin-induced 

moderate hypoglycemia, once daily from postnatal day 24 to 28. Littermates in the Control 

group were injected with equal volume of normal saline. BDNF and TrkB transcript and 

protein expression in the prefrontal cortex was determined 24 hours post-hypoglycemia (A 
and B) and at adulthood (C and D). Black bars = Control group, white bars = Recurrent 

Hypoglycemia group. Values are mean ± SEM normalized to the Control group; n = 6–10 

for mRNA expression and n = 4–6 for protein expression. *p<0.05 vs. Control group 

(unpaired t tests). Abbreviations: TrkB(FL), full-length isoform of TrkB; TrkB(TR), 

truncated isoform of TrkB.

Rao et al. Page 14

Dev Neurosci. Author manuscript; available in PMC 2017 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Acute and long-term effects of recurrent hypoglycemia on prepulse inhibition of acoustic 

stimulus in young rats. Three-week-old male rats were subjected to insulin-induced 

moderate hypoglycemia, once daily from postnatal day 24 to 28. Littermates in the Control 

group were injected with equal volume of normal saline. Prepulse inhibition was tested 24 

hours (on P29) and two weeks (on P42) post-hypoglycemia. Black bars = Control group, 

white bars = Recurrent Hypoglycemia group. Values are mean ± SEM; n = 16. There are 

significant main effects of Group, Age at test and Group × Age interaction (p<0.05 for each; 

ANOVA). *p<0.05 vs. P29 Control group; §p<0.05 vs. P42 Control group and P42 

Recurrent Hypoglycemia group, both (Tukey’s HSD tests). **p<0.05; P29 vs. P42 

(ANOVA). Abbreviation: P, postnatal day.
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Table 1

Mean±SEM Blood Glucose Concentrations in the Control and Recurrent Hypoglycemia Groups

Postnatal Day Control Group RH Group

24 137± 2 33± 2*

25 129± 3 35± 4*

26 133± 4 21± 2*

27 125± 9 21± 4*

28 127± 3 30± 2*

Overall 132±1 31±1*

Three-week-old rats were subjected to insulin-induced hypoglycemia, once daily from postnatal day 24 to 28. Littermates in the Control group 
were injected with equal volume of normal saline. Blood glucose concentration was measured in the tail vein sample every 15 min during the 120 
min of observation. N = 31–84 blood samples from a total of 64 rats on each day.

*
p<0.001 vs. Control Group.

Abbreviation: RH, recurrent hypoglycemia.
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Table 2

Acute and Long-term Effects of Recurrent Hypoglycemia on the Transcript Expression Downstream of 

BDNF/TrkB Signaling in the Prefrontal Cortex of Young Rats

Transcript
Postnatal Day 29 Postnatal Day 65

Control Group RH Group Control Group RH Group

Egr1 1.00±0.04 0.81±0.05* 1.00±0.05 0.99±0.08

Egr2 1.00±0.12 0.66±0.10* 1.00±0.12 1.23±0.15

Hmgcr 1.00±0.05 0.84±0.04* 1.00±0.10 1.12±0.14

Pfn1 1.00±0.07 0.78±0.06* 1.00±0.06 0.90±0.05

Pfn2 1.00±0.09 0.77±0.05* 1.00±0.08 0.79±0.07

Three-week-old rats were subjected to insulin-induced moderate hypoglycemia, once daily from postnatal day 24 to 28. Littermates in the Control 
group were injected with equal volume of normal saline. Brain tissue was harvested on either postnatal day 29 or 65 for determining transcript 
expression in the prefrontal cortex. Values are mean±SEM normalized to the Control group at each age; n=6–10.

*
p<0.05 vs. Control group of corresponding age (unpaired t tests).

Abbreviations: Egr, early growth response; Hmgcr, 3-hydroxy-3-methylgluaryl-CoA reductase; Pfn, profilin; RH, recurrent hypoglycemia.
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