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Abstract

Objectives—Cerebral ischemia is a serious possible manifestation of diabetic vascular disease. 

Recurrent hypoglycemia (RH) enhances ischemic brain injury in insulin-treated diabetic (ITD) 

rats. In the present study, we determined the role of ischemic acidosis in enhanced ischemic brain 

damage in RH-exposed ITD rats.

Methods—Diabetic rats were treated with insulin and mild/moderate RH was induced for 5 days. 

Three sets of experiments were performed. The first set evaluated the effect of RH exposure on 

global cerebral ischemia-induced acidosis in ITD rats. The second set evaluated the effects of an 

alkalizing agent (Tris-(hydroxymethyl)-aminomethane: THAM) on ischemic acidosis-induced 

brain injury in RH-exposed ITD rats. The third experiment evaluated the effect of the glucose 

transporter (GLUT) inhibitor on ischemic acidosis- induced brain injury in RH-exposed ITD rats. 

Hippocampal pH and lactate were measured during ischemia and early reperfusion for all three 

experiments. Neuronal survival in Cornu Ammonis 1 (CA1) hippocampus served as a measure of 

ischemic brain injury.

Findings—Prior RH exposure increases lactate concentration and decreases pH during ischemia 

and early reperfusion when compared to controls. THAM and GLUT inhibitor treatments 

attenuated RH-induced increase in ischemic acidosis. GLUT inhibitor treatment reduced the RH-

induced increase in lactate levels. Both THAM and GLUT inhibitor treatments significantly 

decreased ischemic damage in RH-exposed ITD rats.
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Conclusions—Ischemia causes increased acidosis in RH-exposed ITD rats via a GLUT-

sensitive mechanism. Exploring downstream pathways may help understand mechanisms by 

which prior exposure to RH increases cerebral ischemic damage.

1. Introduction

Diabetes mellitus is a serious metabolic disease associated with chronic hyperglycemia. 

Worldwide, 415 million people suffer from this disease (International Diabetes Federation, 

2015). Stroke and heart disease are serious complications of diabetes (Morrish et al., 2001; 

Mozaffarian et al., 2016). The prevalence of ischemic stroke and associated mortality is 

higher in diabetic individuals (Almdal et al., 2004; Centers for Disease and Prevention, 

2003; Jorgensen et al., 1994; Kissela et al., 2005; Ottenbacher et al., 2004). The role of 

hyperglycemia in exacerbation of ischemic stroke in diabetics is well-established (Gilmore 

and Stead, 2006; Huang et al., 2013; Pulsinelli et al., 1983). However, continued use of 

intensive glucose lowering therapies increases risk of hypoglycemia in diabetics (Cryer, 

2007; Van den Berghe et al., 2006; van den Berghe et al., 2001; Yuan et al., 2015). 

Continuous blood glucose monitoring has shown that type 1 diabetics experience 

hypoglycemia daily for a period of 60 to 89 minutes (Tamborlane et al., 2008). Similarly, 

treated type 2 diabetics also experience hypoglycemia (Donnelly et al., 2005; Gehlaut et al., 

2015).

The American Diabetes Association defines hypoglycemia as a clinical condition 

characterized by a plasma glucose level of ≤70 mg/dL (≤3.9 mmol/L) (ADA Workgroup on 

Hypoglycemia, 2005). Hypoglycemia activates many counterregulatory mechanisms like 

decrease in insulin, increase in glucagon and epinephrine secretion, and modulation of the 

autonomic nervous system (Fanelli et al., 1994; Jensen et al., 2014; Mitrakou et al., 1991; 

Schwartz et al., 1987; Tesfaye and Seaquist, 2010). Repeated episodes of hypoglycemia 

referred to as recurrent hypoglycemia (RH) blunts certain glucose counterregulatory 

responses (Dagogo-Jack et al., 1993; Davis et al., 1997; Heller and Cryer, 1991). 

“Hypoglycemia unawareness” is defined as “syndromes of defective glucose 

counterregulation and hypoglycemia without warning symptoms” (Cryer, 2004). This 

increases the risk of both symptomatic and asymptomatic hypoglycemia manifested in 

diabetics under intensive anti-diabetic therapy (Amiel et al., 1988; Bolli et al., 1984; Clarke 

et al., 1995; Conget et al., 2016; Cryer, 2006; White et al., 1983). Previously, we observed 

that a prior exposure to moderate RH increases cerebral ischemic brain damage in insulin-

treated diabetic (ITD) rats (Dave et al., 2011b).

Hypoglycemia activates homeostatic mechanisms that help maintain the normal physiology 

of brain during stress (Frier, 2009; Rosenthal et al., 2001). Hypoglycemia enhances 

hexokinase utilization index and activity of hexokinase Type II isoenzyme (Crane et al., 

1981; Kaur et al., 1983). Hypoglycemia upregulates mRNA and protein levels of glucose 

transporter 1 (GLUT1) in the blood-brain barrier and brain (Boado and Pardridge, 1993; 

Koranyi et al., 1991; Kumagai et al., 1995). Repeated episodes of hypoglycemia increases 

mRNA and protein levels of glucose transporter 3 (GLUT3) in brain (Antony et al., 2010; 

Lee et al., 2000). A cell culture study has shown that hypoglycemia with serum depletion in 

culture media increases glucose uptake (Russo et al., 2004). Chronic hypoglycemia causes 
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increased transportation, utilization and preservation of glucose in brain (McCall et al., 

1986; Pelligrino et al., 1990). Hyperglycemia-induced aggravation of ischemic brain injury 

is associated with increase in the glucose concentration in brain (Hoxworth et al., 1999; 

Wagner and Lanier, 1994). RH increases lactate and glucose oxidation in brain during 

hypoglycemia (Herzog et al., 2013). During cerebral ischemia, increased glycolytic 

synthesis of lactate in brain is observed (Biros et al., 1986; Combs et al., 1990; Rehncrona et 

al., 1981). A lactate shuttle between glia and neurons mediates post-ischemic survival of 

neurons (Schurr and Rigor, 1998). However, increase in lactate levels above a critical 

threshold causes a severe drop in pH in ischemic brain, leading to damage (Combs et al., 

1990; Schurr et al., 1997; Schurr and Rigor, 1998).

The potential interplay between the effect of RH on the role of GLUT, acidosis and ischemic 

brain injury in ITD rats is unknown. Therefore, the first experiment tested the hypothesis 

that prior exposure to RH increases ischemia-induced acidosis in brain of RH-exposed ITD 

rats. The second experiment tested whether this increased acidosis is responsible for RH-

induced increase in ischemic brain injury. The third experiment tested whether RH-induced 

increase in pH drop, and increased ischemic injury are mediated via GLUT.

2. Materials and methods

2.1 Animals

Experimental procedures on animals were carried out as per the Guide for the Care and Use 

of Laboratory Animals laid down by the National Institutes of Health and in accordance with 

the protocols approved by the Animal Care and Use Committee of the University of Miami.

2.2 Induction of diabetes

Streptozotocin (Sigma-Aldrich, St Louis, MO), the β-cell toxin, was intraperitoneally 

administered at a dose of 58 mg × kg-1 to induce diabetes in male Wistar rats (Charles River 

Laboratories International, Inc, Wilmington, MA). Streptozotocin was dissolved in citrate 

buffer and prepared immediately before use. After induction of diabetes, rats were 

monitored twice a week for their blood glucose levels by tail pricking using a portable 

glucose meter between 9 AM and noon (FreeStyle Freedom, Abbott Diabetes Care Inc, CA) 

(Dave et al., 2011b). The results presented in Figure 2A for diabetic groups are blood 

glucose levels at the time of insulin pellet implantation (i.e. at last reading of untreated 

diabetes). The animals were considered diabetic if their blood glucose levels was >300 mg × 

dl-1 after streptozotocin administration.

2.3 Insulin treatment

After 2-3 weeks of diabetes induction, subcutaneous implantation of insulin pellet(s) (each 

pellet releasing 2 U of insulin in 24 hours) (Linplant; LinShin, Toronto, Canada) was carried 

out to control the blood glucose levels to euglycemic levels. Twice a week monitoring of 

blood glucose levels was continued after insulin pellet implantation. During this monitoring 

period, if blood glucose levels were not within the target range, amount of insulin pellets 

was adjusted. The results presented in Figure 2A for ITD groups are blood glucose levels at 

the time of cerebral ischemia surgery (i.e. last reading of treated diabetic condition). The, 
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thus treated rats are referred to as “insulin-treated diabetic” (ITD) animals (Dave et al., 

2011b). This group represents diabetics on insulin therapy.

2.4 Induction of recurrent hypoglycemia

The ITD rats were then used for further experimentation about 2-3 weeks post-insulin pellet 

implantation. In the RH-exposed ITD group, an additional subcutaneous administration of 

an appropriate dose of insulin (Novolog Insulin aspart, Novo Nordisk, AIS, Denmark) was 

used to elicit moderate hypoglycemia for a 3 hour period once a day for 5 consecutive days 

(Dave et al., 2011b). Blood glucose levels were monitored (as described in section above) at 

baseline and at every 60 minutes post-insulin injection until completion of a 3-hour period of 

hypoglycemia. To avoid glycemic excursions, food was withdrawn during the period of 

hypoglycemia. Hypoglycemia was then normalized by a subcutaneous injection of dextrose 

and euglycemia was confirmed by assessing glucose level in blood samples obtained 30 

minutes post-dextrose injection. The drop of blood glucose levels to below 70 mg/dL was 

considered as hypoglycemia (ADA Workgroup on Hypoglycemia, 2005). This group 

represents insulin-treated diabetics experiencing RH.

2.5 Induction of global cerebral ischemia

Rats were subjected to an episode of global cerebral ischemia overnight after the last episode 

of hypoglycemia or equivalent time in the naïve and ITD groups. Briefly, rats were 

anesthetized using isoflurane, paralyzed with rocuronium and artificially ventilated. 

Physiological parameters; viz., body temperature, head temperature and mean arterial blood 

pressure were maintained in their normal ranges. A cut was made in the skin of the anterior 

aspect of the neck and the carotid arteries were isolated from the adjoining tissue and vagus 

nerve. Ligatures (Polyethylene-10 tubing) were passed around the carotid arteries and 

loosely secured using a bilumen tube. An eight minute of global cerebral ischemia was then 

elicited by occluding the two common carotid arteries along with simultaneous transient 

hypotension (∼50 mmHg) produced by controlled hemorrhage using a syringe connected to 

a cannulated femoral artery. Carotid ligatures were then removed and the withdrawn blood 

was re-infused into the systemic circulation. Both carotid arteries were physically inspected 

to ensure recirculation (Dave et al., 2011b). The wound was then sutured back and animals 

were given appropriate post-operative care.

2.6 Assessment of pH and lactate concentration

Burr holes of 2 mm2 area were made over the left and right aspect of the skull approximately 

3.5 mm posterior and 2.5 mm lateral to the bregma. Using a stereotaxic apparatus, a pH 

probe was inserted 3 mm deep through the burr hole into the CA1 region of the 

hippocampus in the right hemisphere of brain. Hippocampal pH was measured using a pH-1 

micro fiber optic pH meter (Precision Sensing GmbH, Regensburg, Germany). Probes were 

calibrated as per manufacturer's instructions. pH assessment was done continuously at a 

frequency of one Hertz from 15 minutes before onset of cerebral ischemia to 65-80 minutes 

of reperfusion using pH1-View software (V1.0.0). pH data is presented in terms of Δ pH in 

comparison to mean basal pH, and area under the curve obtained from a plot of Δ pH versus 

time. A 2 mm microdialysis probe (IBR combination infusion and microdialysis brain probe 

- Bioanalytical Systems, Inc., West Lafayette, Indiana, USA) was inserted through the burr 
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hole 3 mm deep into the CA1 region of left hippocampus. This probe was perfused with 

Ringer's solution (147 mM NaCl, 4 mM KCl, and 1.3 mM CaCl2) using a micro-infusion 

pump at a flow rate of 0.3 μl × min-1 (Carnegie Medicine, Stockholm, Sweden). A 30-min 

stabilization period was allowed before collecting baseline samples. Samples of 

microdialysis perfusate, representing extracellular fluid were immediately analyzed using a 

lactate plus meter (Nova Biomedical Corporation, Waltham, MA, USA). These samples 

were obtained immediately before, 4 and 8 minutes after the onset of ischemia, and 10, 20, 

30, 45, 60 and 75 minutes after the completion of ischemia. Lactate concentration results are 

presented as percentage change of baseline values and area under the curve calculated using 

a plot of percentage change in concentration versus time.

2.7 Administration of alkalizing agent

Tris-(hydroxymethyl)-aminomethane (THAM) is a biologically inert weak base amino 

alcohol of low toxicity, which buffers carbon dioxide and acids in vivo as reviewed 

previously (Nahas, 1962; Nahas et al., 1998). THAM, when administered, is well distributed 

in the extracellular fluid, accepts protons in a stoichiometric manner and is excreted by 

kidneys in protonated form. THAM rapidly restores pH and acid-base regulation during 

acidosis produced by metabolic acid accumulation. THAM has been used earlier to inhibit 

ischemic acidosis in brain (Kuyama et al., 1994; Nagao et al., 1996). Therefore, we used 

THAM as an alkalizing agent in the present study to test the effect of chemically induced 

decrease in ischemic acidosis on RH-induced increase in ischemic brain injury. The 

previously reported dose of THAM (Nagao et al., 1996) was adjusted for inhibition of RH-

induced increase in ischemic pH drop in ITD rats based on preliminary studies. THAM was 

administered in form of a 0.3 M solution in distilled water (3 ml × kg-1 × hr-1, i.v.) from ten 

to fifteen minutes prior to the induction of cerebral ischemia to eighty minutes after onset of 

reperfusion (Nagao et al., 1996).

2.8 Administration of GLUT inhibitor

To test the potential role of GLUTs in RH-induced acidotic aggravation of ischemic brain 

injury, we determined the effect of chemical inhibition of GLUT on ischemic acidosis and 

extent of the brain injury in RH-exposed ITD rats. 4,6-O-Ethylidene-α-D-glucose (OEDG) 

is an asymmetric non-transported competitive inhibitor of glucose transport receptor systems 

in membranes (Baker and Widdas, 1973; Barnett et al., 1975; Dick et al., 1984; Holman and 

Rees, 1982). The extent of OEDG-induced inhibition of GLUTs is dependent on the dose 

(Baker and Widdas, 1973). The minimum dose of OEDG effective in inhibiting the intra-

ischemic decrease in pH in the CA1 hippocampus of RH-exposed ITD rats was identified by 

pilot experiments. OEDG was infused intravenously in the form of a solution in citrate 

buffer (2 mmol × kg-1 bolus followed by 0.2 mmol × kg-1 × min-1 maintenance infusion) 

from ten to fifteen minutes before onset of cerebral ischemia to eighty minutes of 

reperfusion after ischemia (Kawada et al., 1987; Kawada et al., 1989).

2.9 Histological Assessment

After 7 days of reperfusion following ischemia, animals underwent perfusion (at a pressure 

of 120 mm Hg) with saline until the blood was washed out of the body, followed by 

perfusion with a mixture of formaldehyde, glacial acetic acid and methanol (in a ratio of 
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1:1:8), and brain samples were then harvested. Coronal sections (10 μm thick, 200 μm apart) 

of processed brains were collected from 2.8 to 4.0 mm posterior from bregma. Hematoxylin 

and eosin staining was performed on the sections. Assessment was made using a Nikon 

microscope (Nikon Microphot-SA; Nikon Corporation, Tokyo, Japan), and a computer 

system (MCID Elite 6.0 software; InterFocus Imaging Ltd., Cambridge, UK). Ischemic brain 

injury was measured in terms of the number of normal neurons in CA1 hippocampus. 

Sections of CA1 hippocampus were visualized at a magnification of 40×. Counting of 

normal neurons was done manually at various fields sequentially along the medial to lateral 

aspect of the CA1 hippocampus on both sides on three consecutive sections. Total neuronal 

counts from both hemispheres of brain were added and the resulting values obtained from 

three sequential slides were averaged to compute the number of normal neurons in CA1 

hippocampus. Samples were coded and mixed prior to analysis. However, our exploratory 

study design did not include blinding.

2.10 Experimental Protocol

Rats were randomly assigned to various study groups in the three experiments (Figure 1).

Experiment 1—The effect of RH exposure on intra-ischemic acidosis in ITD rats. Groups 

included naïve (non-diabetic controls), ITD (insulin-treated streptozotocin-diabetic rats), and 

ITD + RH (ITD rats exposed to RH).

Experiment 2—The effect of an alkalizing agent (THAM) on RH-induced increase in 

intra-ischemic acidosis and ischemic brain injury in ITD rats. Groups included ITD + RH 

(control), and ITD + RH + THAM (treatment).

Experiment 3—The effect of GLUT-inhibition (OEDG) on RH-induced increase in intra-

ischemic acidosis and ischemic brain injury in ITD rats. Groups included ITD + RH + 

vehicle (ITD + RH rats that received citrate buffer treatment), and ITD + RH + GLUT-

inhibitor (ITD + RH rats that received GLUT-inhibitor treatment).

2.11 Statistical Analysis

Statistical analysis was carried out using Graph Pad prism software version 5. Significant 

outlier data points, if any, as identified by Grubbs' test were excluded from further analysis. 

Moreover, animals with blood glucose levels (during weekly measurements), those with 

recurrent hypoglycemia, and those with values of physiological parameters (during surgical 

procedures) to be outside the normal range were excluded. In addition, issues with tissue 

processing for histology led to the exclusion of animals from assessment of neuronal count. 

Formal randomization was not a part of this exploratory study design. The physiological 

parameter results include the data obtained from all of the animals in each group. More than 

two groups were compared using one-way ANOVA followed by post-hoc Tukey's test for 

multiple comparisons. Two group comparisons were carried out using Student's t-test. The 

percentage change of lactate concentration in experiment 1 and experiment 3 were analyzed 

using the Kruskal-Wallis test and rank sum test, respectively. Only groups belonging to same 

experiment were compared. Comparisons were made between naïve, ITD and ITD+RH 

groups for the first set of experiments, between ITD + RH + THAM group and its respective 
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ITD + RH control group for the second set of experiments, and between the ITD + RH + 

GLUT-inhibition and respective ITD + RH + vehicle groups for the thirdatment and at the 

time set of experiments. The results are presented as mean ± SEM. A p value less than 0.05 

was considered statistically significant.

3. Results

The experimental protocol is described in Figure 1. No statistically significant difference in 

blood glucose levels was observed either prior to insulin treatment or at the time of cerebral 

ischemia induction in all study groups (Figure 2A). In the ITD groups blood glucose level 

was maintained slightly above euglycemia to avoid any unwanted hypoglycemia. We did not 

observe any significant difference between blood glucose levels in various RH-exposed ITD 

groups at different time points of assessment during hypoglycemia (Figure 2B). 

Physiological parameters assessed; viz. body weight, body temperature, head temperature, 

pH of blood, partial pressure of carbon dioxide (pCO2) in blood, partial pressure of oxygen 

(pO2) in blood and mean arterial blood pressure (MABP) were assessed. There was a minor 

yet significant difference between the THAM and GLUT-inhibitor treatment groups versus 

their respective ITD + RH control groups in terms of blood pO2 and MABP levels. However, 

there was no other statistical difference between the assessed physiological parameters' data 

in all experimental groups. In addition, we did not observe any intergroup difference in body 

weight data among various study groups when compared with the respective control groups. 

Pre-ischemia values are presented in Table 1, and during ischemia and post-ischemia values 

are presented in Supplementary Table 1.

3.1 RH exposure increases levels of lactate in CA1 hippocampus during ischemia

Because exposure to hypoglycemia results in enhanced mRNA (Antony et al., 2010) and 

protein levels of glucose transporters, and increases the extent of glucose (Kumagai et al., 

1995; McCall et al., 1986) as well as lactate uptake (Herzog et al., 2013; Lee et al., 2000), 

we investigated if prior exposure of ITD rats to RH had any effect on cerebral ischemia-

induced increase in hippocampal lactate levels. Ischemia increased hippocampal lactate 

levels in all three experimental groups. Compared to pre-ischemia baseline, percentage 

increase in hippocampal lactate concentration in naïve animals (19 ± 13% and 65 ± 27% at 4 

and 8 minutes after induction of ischemia, respectively) was significantly lower than the 

increase seen in RH-exposed ITD animals when quantified during ischemia and early 

reperfusion (p<0.05). The lactate levels in ITD group was significantly lower than the levels 

observed in RH-exposed ITD animals when quantified during ischemia and early 

reperfusion (p<0.05). (Figure 3A).

Furthermore, the area under the curve (AUC) obtained from the percentage change in 

hippocampal lactate concentration in animals belonging to the naïve (72 ± 58 % change in 

mM × hr) and ITD groups (78 ± 25 % change in mM × hr) was lower than that of animals 

belonging to the ITD + RH group (227 ± 113 % change in mM × hr). These results indicate 

that a transient increase in lactate concentration is observed during ischemia and early 

reperfusion in RH-exposed ITD rats.
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3.2 Prior RH exposure enhances ischemic acidosis in CA1 hippocampus

Because we observed a significant increase in lactate concentrations during ischemia in ITD 

+ RH rats, we hypothesized that RH-related increase in lactate levels in ischemic brain 

might also be associated with an enhanced ischemia-induced pH drop in CA1 hippocampus. 

To test this hypothesis, we measured pH in CA1 hippocampus. The reduction in 

hippocampal pH values in animals belonging to the naïve group was significantly different 

from that of animals belonging to the ITD + RH group for all time points from 7 minutes 

after the onset of ischemia to 7 minutes after the onset of reperfusion (decrease in pH in ITD 

+ RH group versus naïve group was 0.175 to 0.254) and also from 18 minutes to 26.5 

minutes after the onset of reperfusion (decrease in pH in ITD + RH group versus naïve 

group was 0.299 to 0.329). The observed drop in hippocampal pH values in animals 

belonging to the ITD group was noted to be significantly different from that of animals 

belonging to the ITD + RH group for all time points from 4.5 minutes after the onset of 

ischemia to 62 minutes after onset of reperfusion (decrease in pH in ITD + RH group versus 

naïve group was 0.147 to 0.381). Similarly, the reduction seen in the naïve group was not 

significantly different from that observed in the ITD + RH group during the first 6.5 minutes 

of ischemia, between 7.5 and 17.5 minutes of reperfusion and after 27 minutes of 

reperfusion (Figure 3B). However, the drop in hippocampal pH in the ITD group was not 

significantly different from that seen in the ITD + RH group during the first 4 minutes of 

ischemia. The ischemia-related fall in hippocampal pH in the ITD group was not 

significantly different from that of the naïve group throughout the observation period. Our 

results indicate that prior exposure to RH results in larger ischemia-induced pH drop when 

compared to the two control groups.

3.3 THAM treatment attenuates increased intra-ischemic acidosis in ITD rats exposed to 
RH

As we observed an enhanced decrease in hippocampal pH in ITD rats exposed to RH, we 

tested if an alkalizing agent (tris-hydroxymethyl-aminomethane: THAM) can prevent RH-

induced increase in ischemic drop in pH in CA1 hippocampus. We determined pH before, 

during and after (during reperfusion) global cerebral ischemia in ITD rats exposed to RH 

with or without THAM treatment. The ischemia-associated drop in hippocampal pH in ITD 

+ RH animals treated with THAM was significantly lower than that observed in animals 

belonging to the ITD + RH control group for all time points from 4 minutes after the onset 

of ischemia to 4 minutes after onset of reperfusion and 11 minutes to 18 minutes after the 

onset of reperfusion (drop in pH in ITD + RH + THAM group versus ITD + RH control 

group was 0.11 to 0.22). However, the drop in hippocampal pH in the ITD + RH + THAM 

treatment group was not significantly different from that seen in the ITD + RH control group 

during the first 4 minutes of ischemia, between 4 and 11 minutes of reperfusion and after 18 

minutes of reperfusion (Figure 4A). Therefore, it is concluded that systemic THAM 

treatment prevents pronounced ischemic acidosis observed in ITD rats exposed to RH.

3.4 THAM treatment attenuates RH-induced ischemic brain injury in ITD rats

As systemic THAM treatment prevents RH-induced increase in ischemic acidosis, we 

assessed whether this also prevents increased ischemic damage in RH-exposed ITD rats. 
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Thus, we assessed the extent of ischemic brain damage in RH-exposed ITD rats with or 

without THAM treatment. Rats were euthanized after 7 days of reperfusion. The CA1 

hippocampal neuronal count served as a measure of ischemic brain injury. As compared to 

the RH-exposed ITD control group, THAM treatment to RH-exposed ITD rats reduced 

ischemic brain injury by 20% (p<0.05) (Figure 4B). This result demonstrates that prevention 

of RH-induced increase in ischemic acidosis reduces the extent of ischemic brain injury in 

ITD rats.

3.5 GLUT-inhibition decreases ischemic increase in CA1 hippocampal lactate levels in ITD 
rats exposed to RH

Considering the effects of RH on brain GLUTs and glucose transport (Antony et al., 2010; 

Herzog et al., 2013; Lee et al., 2000), we tested the hypothesis that partial blockade of 

GLUTs (using OEDG) (Barnett et al., 1973; Wheeler and Hauck, 1985) will prevent 

ischemia-induced increase in lactate levels in CA1 hippocampus of ITD rats previously 

exposed to RH. Lactate levels were quantified in microdialysate samples obtained at various 

time points during the ischemia-reperfusion period in RH-exposed ITD rats receiving either 

vehicle or GLUT inhibitor treatment. We observed that the ischemia-induced percentage 

change in hippocampal lactate concentration during ischemia and early reperfusion in 

animals belonging to the GLUT inhibitor-treated group was significantly lower than that of 

animals belonging to the ITD + RH + vehicle control group (p<0.05) after the induction of 

cerebral ischemia (Figure 5A).

The AUC calculated from the percentage change in lactate concentration in the hippocampus 

versus time curve of animals belonging to GLUT inhibitor-treated ITD + RH group (87 

± 54 % change in mM × hr) was lower than that of animals belonging to the vehicle-treated 

ITD + RH group (268 ± 181 % change in mM × min). Therefore, it may be deduced that 

GLUTs mediate enhanced intra-ischemic lactic acidosis in RH-exposed ITD rats.

3.6 GLUT inhibition decreases enhanced intra-ischemic acidosis in ITD rats exposed to RH

We also confirmed whether GLUT inhibition prevents increased ischemic acidosis in CA1 

hippocampus of RH-exposed ITD rats. The hippocampal pH was recorded during the 

ischemia and early reperfusion period in RH-exposed ITD rats receiving either vehicle or 

GLUT inhibitor treatment. GLUT inhibitor treatment prevented increased hippocampal 

acidosis observed in RH-exposed ITD rats during ischemia and initial 80 min of reperfusion 

(Figure 5B). Thus, it is deduced that GLUT inhibition prevents RH-induced increased 

ischemic acidosis in ITD rats.

3.7 GLUT inhibition decreases RH-induced ischemic brain injury in ITD rats

In view of the above results, we also evaluated the effect of GLUT inhibition on the extent of 

ischemic brain injury in RH-exposed ITD rats. Compared to the vehicle-treated RH-exposed 

ITD group, GLUT inhibitor treatment of RH-exposed ITD rats resulted in a small but 

significant reduction (17%, de that pronounced ischp<0.05) in the extent of ischemic brain 

injury (Figure 5C). These results indicate that GLUTs participate in the observed increased 

ischemic brain damage in RH-exposed ITD rats.
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Discussion

Diabetes mellitus is an important risk factor for stroke as well as stroke-related morbidity 

and mortality (Abbott et al., 1987; Barrett-Connor and Khaw, 1988; Chukwuma and 

Tuomilehto, 1993). Therapeutic interventions available to control diabetic hyperglycemia are 

unable to achieve tight euglycemia and results in transient hypoglycemia (Leese et al., 2003; 

Nathan et al., 1993). Hypoglycemic episodes inhibit intrinsic counter-regulatory 

mechanisms of blood glucose regulation leading to increased risk of RH (Cryer, 2013; Leese 

et al., 2003). Using in vivo and in vitro models, we have previously shown that prior 

exposure to RH aggravates ischemic brain damage (Dave et al., 2011a; Dave et al., 2011b). 

The present study investigated whether prior exposure to RH increases ischemia-induced 

acidosis via GLUT, which precipitates increased ischemic brain damage in RH-exposed ITD 

rats. We selected hippocampus for assessment of ischemic injury as it is a brain area that is 

highly susceptible to ischemic damage (Bartsch et al., 2015; Kirino and Sano, 1984; Paschen 

et al., 1988; Petito et al., 1987; Schmidt-Kastner, 2015; Schmidt-Kastner and Freund, 1991; 

Schmidt-Kastner et al., 1990). However, comparison of other brain areas like the cortex 

remains to be determined. In addition, corroborating the presently reported findings in 

models of focal cerebral ischemia also remains to be investigated.

Herzog et al. (Herzog et al., 2013) have shown that RH induces a modest increase in lactate 

uptake in brain and thus contributes to more efficient cerebral utilization of glucose during 

hypoglycemia. RH causes increase in the levels of monocarboxylate transporter in brain 

(Vavaiya et al., 2007). Cerebral ischemia also increases lactate levels in brain and thus 

causes a precipitous drop in extracellular pH, more acidosis leading to the activation of 

number of deleterious mechanisms contributing to ischemic neuronal damage (Combs et al., 

1990; Poittevin et al., 2015; Rehncrona et al., 1981). While a short period of acidosis exerts 

a protective effect on ischemic brain (Lam et al., 2013; Simon et al., 1993), a sustained and 

relatively longer period of more severe acidosis is known to be detrimental instead (Kraig et 

al., 1987; Plum, 1983). Levels of lactic acid in ischemic brain are associated with pH drop 

and an attainment of a threshold level of lactic acid causes a substantial drop in pH (Combs 

et al., 1990). We observed that ITD rats exposed to RH displayed a higher increase in lactate 

concentration in CA1 hippocampus during ischemia and early reperfusion. Further, this 

increase in lactate levels was concomitant with a profound drop in hippocampal pH. 

Therefore, it is plausible that increased ischemia-induced lactic acidosis in brain might be 

causing RH-induced exacerbation of ischemic injury. This contention was further supported 

by our observation that chemical attenuation of ischemic acidosis in RH-exposed ITD rats 

prevented RH-related pronounced ischemic brain injury.

Several mechanisms have been proposed to mediate the detrimental consequences of 

ischemic acidosis. Lactic acidosis inhibits glutathione by modulating its metabolism and 

thus increases sensitivity of cells against oxidative glutamate toxicity (Lewerenz et al., 

2010). Acidosis accelerates hydroxyl free radical production by facilitating the Fenton 

reaction and thus causes oxidative injury during cerebral ischemia (Ying et al., 1999). 

Intraischemic acidosis activates the reduced form of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase-2 which causes the generation of free radicals in neurons 

(Brennan-Minnella et al., 2015). The drop in extracellular pH observed during ischemic 

Rehni et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acidosis in brain causes development of severe oxidative stress in neurons (Pekun et al., 

2013). Therefore, it is possible that ischemia-induced acidosis activates mechanisms of cell 

death in RH-exposed ITD rats. However, further studies are required to identify the 

downstream mechanisms responsible for the acidotic mediation of ischemic brain injury in 

RH-exposed ITD rats. Not confirming cerebral ischemic damage using specific 

immunohistochemical markers is a limitation of our study.

Glucose is an essential respiratory substrate in brain which enters from blood by facilitated 

diffusion across blood brain barrier via the glucose transporters (Simpson et al., 1999; 

Simpson et al., 2007). Sustained or chronic hypoglycemia increases the levels of GLUTs in 

rat brain and cerebral vasculature (Kumagai et al., 1995; Lee et al., 2000; Uehara et al., 

1997). The rate of glucose uptake in brain stays at normal levels after RH (Boyle et al., 

1995; Boyle et al., 1994). Sustained hypoglycemia causes enhanced glucose transport in 

brain via increase in the levels of GLUTs and glucose uptake, and therefore causes adaptive 

increase in brain functions (Boyle et al., 1994; Kumagai et al., 1995; McCall et al., 1986; 

Pelligrino et al., 1990). Antecedent RH causes an increase in brain glucose metabolism 

during eventual euglycemia and a decrease in glucose metabolism during hypoglycemia 

(Jiang et al., 2009). In line with the above study, a group has demonstrated that during 

euglycemia, animals previously exposed to RH show better spatial learning but their 

learning ability was worsened when they were subjected to hypoglycemia (McNay and 

Sherwin, 2004). The reported effect of RH on performance on memory tests is associated 

with a higher brain glucose uptake (Criego et al., 2005; Herzog et al., 2008; McNay and 

Sherwin, 2004). Acidosis is one of the important factors associated with the detrimental 

effect of hyperglycemia on ischemic brain (Li et al., 1994; Smith et al., 1986; Widmer et al., 

1992). Therefore, it is plausible that, during ischemia, an RH-induced increased level of 

GLUTs in brain causes increased uptake of glucose, which anaerobically mediates the 

observed lactic acidosis-related brain injury in ITD rats. This hypothesis was supported by 

our observation that inhibition of GLUTs attenuated RH-induced increase in ischemic 

acidosis and brain injury in ITD rats. Therefore, the current data shows that GLUTs may be 

causing ischemic acidosis-induced increase in brain damage in RH-exposed ITD rats. Our 

study shows that the ischemic drop in pH is increased and relatively prolonged in RH-

exposed ITD rats but was nevertheless transient. Therefore, a later inhibition of acidosis, 

either directly by an alkalizing agent or indirectly by inhibition of glucose transporters, is 

not expected to demonstrate efficacy in either the animal model or in a clinical situation. 

However, identifying increased acidosis-induced activation of downstream pathways during 

the late reperfusion phase may provide better therapeutic targets with clinical translational 

potential.

Overall, we conclude that ischemia-induced pronounced acidosis, possibly via GLUTs, 

participates in RH-induced aggravation of ischemic brain damage. Nevertheless, further 

studies are needed to identify how increased acidosis mediates enhanced ischemic brain 

damage in ITD animals exposed to RH.
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Abbreviations

AUC area under the curve

CA Cornus ammonis

GLUT Glucose transporter

ITD Insulin treated diabetic

MABP mean arterial blood pressure

NADPH reduced form of nicotinamide adenine dinucleotide phosphate

OEDG 4,6-O-Ethylidene-α-D-glucose

pCO2 partial pressure of carbon dioxide in blood
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pO2 partial pressure of oxygen in blood

RH Recurrent hypoglycemia

THAM Tris-(hydroxymethyl)-aminomethane
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Highlights

• Recurrent hypoglycemia (RH) enhances ischemic brain damage in insulin-

treated diabetic rats.

• RH increases ischemic acidosis in insulin-treated diabetic rats.

• Prevention of increased ischemic acidosis reduces RH-related increase in 

ischemic damage.

• Glucose transporter (GLUT) inhibition decreases RH-induced ischemic brain 

injury.

• Ischemia increases acidotic brain injury in RH-exposed ITD rats via GLUT.
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Figure 1. 
Synopsis of time course and experimental design of the study. Experiment 1: Study of the 

effect of RH on ischemic acidosis in ITD rats. Study groups were Naïve, ITD, and ITD + 

RH. Experiment 2: Study of the effect of inhibition of acidosis on ischemic injury in RH-

exposed ITD rats. Study groups were ITD + RH, and ITD + RH + THAM. Experiment 3: 

Study of the effect of GLUT-inhibition on ischemic injury in RH-exposed ITD rats. Study 

groups were ITD + RH + Vehicle, and ITD + RH + GLUT inhibitor. ITD: insulin-treated 

diabetic, RH: recurrent hypoglycemia, THAM: Tris-(hydroxymethyl)-aminomethane.
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Figure 2. 
Blood glucose levels (A) after diabetes induction and insulin treatment and (B) during 

hypoglycemia. Experiment 1: ITD (n = 13), ITD + RH (n = 8); Experiment 2: ITD + RH (n 

= 10), ITD + RH + THAM (n = 8); Experiment 3: ITD + RH + Vehicle (n = 6) and ITD + 

RH + GLUT-inhibition (n = 8).
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Figure 3. 
The effect of RH on ischemia-induced (A) increase in lactate concentration and (B) decrease 

in pH in CA1 hippocampus of ITD rats. Lactate levels in terms of percentage change in 

lactate concentration. Hippocampal (CA1) pH (Δ pH) versus time curve of rats belonging to 

naïve (n = 5), ITD (n = 5), and ITD + RH (n = 6) groups. †<0.05 vs ITD; *p<0.05 vs naïve; 

**p<0.01 vs naïve; †p<0.05 vs ITD; ††<0.01 vs ITD.
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Figure 4. 
The effect of THAM on ischemia-induced (A) Decrease in hippocampal (CA1) pH and (B) 

damage in CA1 hippocampus in ITD rats subjected to RH. Hippocampal (CA1) pH (Δ pH) 

versus time curve and number of normal neurons in CA1 hippocampus of rats belonging to 

ITD + RH (n = 7) and ITD + RH + THAM (n = 6) groups. *p<0.05 vs ITD + RH, 

***p<0.005 vs ITD + RH.
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Figure 5. 
The effect of GLUT-inhibition on ischemia-induced (A) increase in hippocampal (CA1) 

lactate concentration, (B) decrease in hippocampal (CA1) pH and (C) damage in CA1 

hippocampus in ITD rats exposed to RH. Lactate levels in terms of percentage change in 

lactate concentration. Hippocampal (CA1) pH (Δ pH) versus time curve and number of 

normal neurons in CA1 hippocampus of rats belonging to ITD + RH + vehicle (n = 6) and 

ITD + RH + GLUT-inhibition (n = 7) groups. †p<0.05 vs ITD + RH + Vehicle, ††p<0.01 vs 

ITD + RH + Vehicle.
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