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Introduction
Hypoglycemia is a major obstacle in achieving tight glycemic control in insulin-treated patients with diabe-
tes (1). It is well documented that recurrent episodes of  insulin-induced hypoglycemia (RH) induce a mal-
adaptive response (termed hypoglycemia-associated autonomic failure; HAAF) in which defective brain 
glucose sensing and impaired glucose counterregulatory response (CRR) increase the risk for severe hypo-
glycemia (2). Several mechanisms have been proposed to explain how RH induces HAAF, including (a) 
the actions of  counterregulatory hormones released during these episodes (cortisol, epinephrine, opioids) 
(3), (b) enhanced cerebral glucose metabolism transport/phosphorylation/oxidation (2, 4), (c) increased 
cerebral storage of  glycogen (5), (d) increased GABAergic tone (6), and (e) the use of  alternative fuels (e.g., 
β-hydroxybutyrate, acetate, lactate) to support brain metabolism (7). However, the underlying basis of  this 
pathophysiological maladaptation in the brain remains unknown.

Studies have demonstrated that hypoglycemia induces changes in the expression of  genes (and mRNA) 
involved in hypothalamic glucose metabolism/sensing (8, 9) that may influence the brain’s adaptive 
response to hypoglycemia. Of  these gene products, γ-aminobutyric acid (GABA), the most ubiquitously 
expressed inhibitory neurotransmitter in the mammalian central nervous system, has been shown to play 
an important role in regulation of  the glucose sensing and hypoglycemic counterregulation (6, 10). Studies 
have reported that RH-induced increased GABAergic inhibitory tone at the level of  the GABAA receptor 
in the ventromedial hypothalamus (VMH) acts to blunt the CRRs to hypoglycemia (11). We speculated 
that these RH-induced maladaptive changes occurring at the level of  gene expression could be mediated by 
microRNAs. MicroRNAs are endogenously expressed, ~22-nucleotide-long, single-stranded, noncoding 
RNAs that negatively regulate the expression of  genes (or mRNA) either by mRNA degradation or by 

It is proposed that the impaired sympathoadrenal response to hypoglycemia induced by recurrent 
insulin-induced hypoglycemia (RH) is an adaptive phenomenon induced by specific changes in 
microRNA expression in the ventromedial hypothalamus (VMH). To test this hypothesis, genome-
wide microRNAomic profiling of the VMH by RNA-sequencing was performed in control rats and 
rats treated for RH. Differential expression analysis identified microRNA-7a-5p and microRNA-665 
as potential mediators of this phenomenon. To further test this hypothesis, experiments were 
conducted consisting of targeted lentiviral-mediated overexpression of microRNA-7a-5p and 
downregulation of microRNA-665 in the VMH. Hyperinsulinemic hypoglycemic clamp experiments 
demonstrated that targeted overexpression of microRNA-7a-5p (but not downregulation of 
microRNA-665) in the VMH of RH rats restored the epinephrine response to hypoglycemia. This 
restored response to hypoglycemia was associated with a restoration of GABAA receptor gene 
expression. Finally, a direct interaction of microRNA-7a-5p with the 3′-UTR of GABAA receptor 
α1-subunit (Gabra1) gene was demonstrated in a luciferase assay. These findings indicate that (a) 
the impaired sympathoadrenal response RH induces is associated with changes in VMH microRNA 
expression and (b) microRNA-7a-5p, possibly via direct downregulation of GABA receptor gene 
expression, may serve as a mediator of the altered sympathoadrenal response to hypoglycemia.
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translational repression, mainly via base-pairing interactions with the 3′ untranslated region (3′-UTR) of  
target genes in both normal physiological (12) and disease contexts (13).

Studies have shown that a relatively large number of known microRNAs are abundantly expressed in the 
mammalian brain in regional and distinct patterns to regulate area-specific functions (14, 15). Within the brain, 
microRNAs expressed or enriched in the hypothalamus have been shown to be important regulators of vital 
bodily functions (16, 17). Because microRNAs can target several mRNAs, microRNAs are now considered 
proximal posttranscriptional regulators affecting multiple parallel biological pathways (18, 19). In recent studies, 
microRNAs have been demonstrated to be a key regulator of glucose homeostasis (20–22) and glucose sensing 
within pancreatic islets (23, 24). In addition, microRNAs have been shown to be associated with sympathetic 
nervous system regulation (25). Therefore, we postulated that in response to RH, altered microRNA expression 
in key glucose-sensing areas of the brain could explain, at least in part, the regulation and changes of mRNA 
(gene) expression involved in glucose metabolism or sensing and the maladaptive downregulation of the sym-
pathoadrenal response to hypoglycemia. Thus, the present study sought to investigate the role of altered microR-
NA expression in the VMH as a potentially novel mechanistic basis of RH-induced HAAF.

Results
RH induces the genome-wide microRNAomic changes in the VMH. To evaluate the extent to which RH induces 
microRNA changes in the brain, RNA-sequencing was performed in the VMH of  recurrent saline (RS) 
control and RH rats (Figure 1A). In the RH group, the levels of  blood glucose remained at 25–50 mg/dL 
for about 90 minutes after insulin injection over the 3 days of  hypoglycemic episodes. However, in the RS 
control group, blood glucose levels were near or at normal levels over the 3 days of  saline injections (Figure 
1B). High-throughput RNA-sequencing data identified 590 microRNAs in the VMH of  control and RH rats, 
of  which 205 microRNAs were significantly different between treatment groups (see Supplemental Data; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.130521DS1). 

Figure 1. RH leads to differential microRNA expression in the VMH. (A) Male Sprague-Dawley rats were injected with regular human insulin subcutane-
ously (s.c.) for 3 consecutive days to induce RH (2 U/kg on day 1, 1.5 U/kg on day 2, and 1.2 U/kg on day 3). For the control group, rats were injected with 
saline (1 mL/kg, s.c.) for 3 consecutive days (RS). Following overnight fasting on day 4, both RS (i.e., control) and RH (i.e., recurrent insulin–treated rats) 
groups were sacrificed to collect VMH brain tissues to determine genome-wide microRNA profiling by RNA-sequencing. (B) Blood glucose levels (mg/dL) in 
RS or RH groups during 3-day protocol. (C) Differential expression of microRNAs in the VMH between control and RH groups at false discovery rate (FDR) 
less than 5% and P less than 0.05. Data are expressed as mean ± SEM (n = 6/group). 
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It was noted that out of  the 205 microRNAs, 98 were upregulated and 107 were downregulated in RH 
group as compared with controls (Figure 1C), of  which 21 microRNAs displayed larger than 2-fold expres-
sion change (i.e., top differentially expressed microRNAs; Table 1) at an FDR of  less than 5%.

Potential microRNAs and their expressions. Because RH leads to impaired CNS-mediated CRR, we target-
ed microRNAs that regulate the genes most likely involved in regulating RH-induced impaired brain glu-
cose sensing or metabolism by using Ingenuity Pathway Analysis (IPA) web-based software (QIAGEN Inc.; 
www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/), which uses data from TargetScan, 
TarBase, miRecords, and Ingenuity expert findings (26). We identified microRNA-7a-5p and microRNA-665 
as potential targets for impaired brain glucose sensing or metabolism in RH. These microRNAs have been 
reported to alter the posttranscriptional regulation of  MAPK-interacting serine/threonine-protein kinase 2 
(23) and thioredoxin-like 1 (27) genes, which have been shown to regulate pancreatic β cells’ proliferation 
and cellular response to glucose deprivation, respectively. From the top differentially expressed microRNAs, 
microRNA-7a-5p, which has been reported as a brain-enriched microRNA (16, 28), was highly abundant in 
the VMH (Figure 2A). qPCR analysis of  microRNA-7a-5p and microRNA-665, using total RNA isolated 
from VMH of  control and RH rats, supported the sequencing findings as indicated by a significant decrease 
in microRNA-7a-5p expression and a significant increase in microRNA-665 expression in RH rats as com-
pared with controls (Figure 2, B and C). The fold change expression in these microRNAs assessed by qPCR 
was highly consistent with the fold change expression observed by RNA-sequencing (see Table 1).

Lentiviral-mediated microRNA manipulation in the VMH. To more definitively explore a potential causal 
relationship of  decreased microRNA-7a-5p expression or increased microRNA-665 expression in mediat-
ing the RH-induced impaired sympathoadrenal response to hypoglycemia, experiments were conducted to 
determine whether targeted reversal of  these RH-induced microRNA changes in the VMH could restore the 
blunted sympathoadrenal response to hypoglycemia (Figure 3A). To test this hypothesis, we selectively (a) 
overexpressed microRNA-7a-5p and (b) downregulated expression of  microRNA-665 in the VMH by lentivi-
ral injections, expressing either microRNA-7a (lenti-miR-7a) or anti–microRNA-665 (lenti-miR-665), respec-
tively, into the VMH of RH rats. Control lentiviral vectors (lenti-7a-cont or lenti-665-cont) were infused into 
RH rats as respective controls (see Supplemental Methods). There was no change observed in body weight 

Table 1. Top differentially expressed microRNAs in the VMH between RS and RH groups at false 
discovery rate less than 5%

MicroRNAs Fold change Adjusted P value
miR-7a-5pA –2.27 3.83E-09

miR-409a-3p –2.24 3.83E-09
miR-1298 –2.26 8.89E-09

miR-148a-5p –2.23 1.65E-07
miR-361-5p 2.19 3.14E-07

miR-133a-3p 3.30 3.37E-07
miR-708-3p –2.32 3.44E-07
miR-339-5p 2.08 3.44E-07
miR-6329 –2.10 4.38E-07

miR-148a-3p –2.44 1.11E-06
miR-153-5p 2.23 1.58E-06
miR-770-5p 2.71 1.69E-06
miR-23a-3p 2.03 3.34E-06

miR-665A 2.19 3.26E-05
miR-154-3p 2.31 3.42E-05
miR-378b –2.25 1.84E-04

miR-223-3p 2.25 1.32-03
miR-299b-3p –2.09 1.87E-03
miR-362-3p 2.27 2.25E-03
miR-216a-3p –2.24 3.73E-03
miR-149-3p –2.00 1.06E-02

ADifferential expression of microRNAs was confirmed by quantitative real-time PCR (qPCR).
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and blood glucose of  any of  the RH group following 4 weeks of  lentiviral delivery into the VMH (data not 
shown). In the RH group, the levels of  blood glucose remained at 25–50 mg/dL for about 90 minutes after 
insulin injection over the 3 days of  hypoglycemic episodes. However, in the aCSF-treated RS group, blood 
glucose levels were near or at normal levels over the 3 days of  saline injections (Figure 3, B and C).

The targeted delivery of  lentiviruses was confirmed by GFP immunofluorescence staining in the 
VMH of  the control rats treated with control and with targeted microRNA-encoding lentiviruses (lenti-
miR-7a or lenti-miR-665) (Figure 4, A and B). The lentiviruses’ efficacy was measured by the expres-
sions of  the microRNAs in the VMH using microRNA TaqMan real-time PCR assay (Figure 4, C 
and D). The decreased expression of  microRNA-7a-5p induced by RH was reversed in the VMH of  
lenti-miR-7a–treated rats as noted by increased microRNA-7a-5p expression (Figure 4C). Similarly, the 
overexpression of  microRNA-665 RH induced was decreased in the VMH of  lenti-miR-665–treated rats 
(Figure 4D). Rats treated with intra-VMH respective control lentivirus had microRNA levels similar to 
control intra-VMH aCSF-treated rats.

Figure 2. Expression of key microRNAs by quantitative real-time PCR confirms the differential microRNA expression observed by RNA-sequencing. (A) 
Abundance level of top differentially expressed microRNAs in the VMH of control rats. (B) MicroRNA-7a-5p and (C) microRNA-665 expression by quantita-
tive real-time PCR (qPCR) in the VMH of control (RS) and RH rats. MicroRNA expression levels are represented as relative fold change expression after nor-
malization with reference to the expression of U6 small nuclear RNA (U6 snRNA) endogenous control. Data are expressed as mean ± SEM (n = 6/group). *P 
< 0.05,  and **P < 0.01 vs. RS group; unpaired 2-tailed Student’s t test. MicroRNA abundance levels are expressed as log2 of FPKM. FPKM, fragments per 
kilobase of transcript per million reads mapped to microRNAs.
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Restoration of  microRNA-7a-5p expression in the VMH normalizes the RH-induced impaired sympathoadre-
nal response to hypoglycemia. Four weeks following aCSF or lentivirus infusion into the VMH and follow-
ing RH or RS protocols, hyperinsulinemic hypoglycemic clamps were performed in all groups. Blood 
glucose levels were matched in all groups (~45 mg/dL) for 90 minutes (Figure 5A). Consistent with 
the expected blunting of  the CRR in the RH group, the exogenous glucose requirement was higher as 
compared with the control RS group (aCSF-RH vs. aCSF-RS, P < 0.01; Figure 5B). The GIR in the 
RH group receiving either aCSF or control lentiviruses in the VMH was similar (lenti-miR-7a-cont-RH 
vs. aCSF-RH, P = NS; Figure 5B). Consistent with an improvement in counterregulatory hormone 
response, RH rats treated with intra-VMH infusion of  microRNA-7a–expressing lentiviruses were not-
ed to have a significantly lowered GIR as compared with the RH rats that received control lentiviruses 
(lenti-miR-7a-RH vs. lenti-7a-cont-RH, P < 0.01; Figure 5B).

Plasma epinephrine levels increased robustly during hypoglycemia in control rats. However, as expect-
ed, the epinephrine response was blunted by 60% in RH rats (aCSF-RH vs. aCSF-RS, P < 0.01; Figure 
5C). The delivery of  control lentiviruses in the VMH of  RH rats did not alter the epinephrine response as 
compared to the aCSF-treated RH group (lenti-7a-cont-RH vs. aCSF-RH, P = NS; Figure 5C); however, 
the RH rats treated with VMH lenti-miR-7a showed an increased epinephrine response to hypoglycemia 
(lenti-miR-7a-RH vs. lenti-7a-cont-RH, P < 0.01; Figure 5C) to levels not different from control rats. 
Peak epinephrine levels achieved during hypoglycemia were positively correlated with microRNA-7a-5p 
expression levels measured by qPCR (r = 0.41; P < 0.05; data not shown). Plasma norepinephrine levels 
during hypoglycemia increased to a similar extent in all groups (Figure 5D).

Figure 3. Schematic timeline representing study design for lentiviral-mediated microRNA manipulation in the VMH and hypoglycemic clamps. (A) Male 
Sprague-Dawley rats were subjected to either artificial cerebrospinal fluid (aCSF) or lentivirus (containing either control or targeted microRNA sequence) 
injection into the VMH by using a stereotaxic frame. Three weeks following intra-VMH injection, all rats subsequently had vascular catheters implanted 
under ketamine anesthesia. Four days following vascular surgery, rats that received aCSF into the VMH were subjected to either RS or RH for 3 days, while 
rats that received lentiviruses into the VMH were subjected to the RH only. Following overnight fasting (i.e., after 4 weeks of intra-VMH injection), all rats 
were subjected to the hyperinsulinemic (20 mU/kg/min) hypoglycemic (40–50 mg/dL for 90 minutes) clamps for assessing counterregulatory hormonal 
response in plasma. (B and C) Blood glucose levels (mg/dL) during the 3-day protocol in RS rats treated with intra-VMH aCSF-RS and RH rats treated with 
either aCSF-RH or control lentivirus (lenti-7a-cont-RH or lenti-665-cont-RH) or microRNA-encoding lentivirus (lenti-miR-7a-RH or lenti-miR-665-RH). Data 
are expressed as mean ± SEM (n = 6–7/group).
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Plasma glucagon levels increased during hypoglycemia in the control rats, and this effect was blunted 
by 57% in RH rats (aCSF-RH vs. aCSF-RS, P < 0.01; Figure 5E). The infusion of  neither control lentivi-
ruses nor microRNA-7a–containing lentiviruses significantly improved this blunted glucagon response to 
hypoglycemia (lenti-miR-7a-RH vs. lenti-7a-cont-RH, P = NS; Figure 5E).

MicroRNA-665 downregulation in the VMH does not normalize the RH-induced impaired CRR to hypoglycemia. 
The CRR to hypoglycemia was assessed by experiments in which the RH-induced upregulation of  microR-
NA-665 in the VMH was downregulated with lentivirus-mediated microRNA-665. During the hypoglyce-
mic clamp, blood glucose levels were matched in all groups (~45 mg/dL) for 90 minutes (Figure 6A). As 
expected, the GIRs were similar between aCSF- and control lentivirus–treated RH rats. MicroRNA-665 
knockdown in the VMH resulted in similar GIRs between lenti-665-cont–treated and lenti-miR-665–treat-
ed RH rats (lenti-miR-665-RH vs. lenti-665-cont-RH, P = NS; Figure 6B). These results were consistent 
with the lack of  effect of  microRNA-665 knockdown on the RH-induced impaired epinephrine response 
(lenti-miRZip-665-RH vs. lenti-665-cont-RH, P = NS; Figure 6C).

Overexpression of  the microRNA-7a-5p in the VMH counteracts the metabolic gene expression changes 
induced by RH. We measured the expression of  genes in the VMH that are known to be involved in the 
regulation of  the CRR to hypoglycemia. Real-time PCR of  VMH micropunches demonstrated that 
mRNA levels for both glutamic acid decarboxylase 65 (Gad65 or Gad2: a neuronal enzyme involved in 

Figure 4. Lentiviruses’ delivery in the VMH modulates the microRNA expression. (A and B) GFP immunostaining in the VMH of rats treated with either 
control lentiviruses (lenti-7a-cont or lenti-665-cont) or lentiviruses containing targeted microRNA sequence (lenti-miR-7a or lenti-miR-665) in the VMH. 
Scale bars: 200 μm. VMH, ventromedial hypothalamus; ARC, arcuate nucleus of the hypothalamus; 3v, third ventricle. (C) MicroRNA-7a-5p and (D) microR-
NA-665 expression by qPCR in the VMH of RS rats treated with intra-VMH aCSF-RS and recurrent hypoglycemic rats treated with aCSF-RH, control lentivi-
ruses (lenti-7a-cont or lenti-665-cont), or microRNA-encoding lentiviruses (lenti-miR-7a-RH or lenti-miR-665-RH). MicroRNA expression levels are repre-
sented as relative fold change after normalization with reference to the expression of U6 snRNA endogenous control. Data are expressed as mean ± SEM (n 
= 6–7/group). *P < 0.05, and **P < 0.01 vs. aCSF-RS group; ##P < 0.01 vs. lenti-7a-cont-RH or lenti-665-cont group; 1-way ANOVA followed by Tukey’s test.
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the synthesis of  the inhibitory neurotransmitter, GABA), and the GABAA receptor α1-subunit (Gabra1: 
an ionotropic receptor for GABA), were increased by 78% and 61%, respectively, in RH rats (aCSF-
RH vs. aCSF-RS, P < 0.01; Figure 7, B and C). Glucokinase (Gck) mRNA levels, however, were not 
significantly altered by RH (Figure 7A). Notably, experiments involving the overexpression of  microR-
NA-7a-5p resulted in a restoration of  the RH-induced increased Gad65 and Gabra1 (lenti-miR-7a vs. 
lenti-7a-cont, P < 0.01; Figure 7, B and C) whereas control lentiviruses in RH rats did not alter gene 

Figure 5. Targeted reversal of microRNA-7a-5p expression in the VMH restores the RH-induced impaired sympathoadrenal response to hypoglycemia. 
(A) Blood glucose levels (mg/dL) and (B) glucose infusion rates (GIRs; mg/kg/min) during hyperinsulinemic (20 mU/kg/min) hypoglycemic (40–50 mg/
dL for 90 minutes) clamps. Plasma (C) epinephrine (pg/mL), (D) norepinephrine (pg/mL), and (E) glucagon (pg/mL) levels during basal (at 0 minutes) and 
hypoglycemic periods (30–120 minutes) of hyperinsulinemic hypoglycemic clamps in RS rats treated with intra-VMH aCSF-RS and recurrent hypoglycemic 
rats treated with either aCSF-RH or control lentiviruses (lenti-7a-cont-RH) or microRNA-7a–encoding lentiviruses (lenti-miR-7a-RH). Data are expressed as 
mean ± SEM (n = 6–7/group). *P < 0.05, and **P < 0.01 vs. aCSF-RS group; #P < 0.05, and ##P < 0.01 vs. Lenti-miR-7a-RH group; 2-way repeated-mea-
sures ANOVA followed by Tukey’s test.
 

https://doi.org/10.1172/jci.insight.130521


8insight.jci.org   https://doi.org/10.1172/jci.insight.130521

R E S E A R C H  A R T I C L E

expression. Peak epinephrine levels achieved during hypoglycemia were highly correlated with Gad65 
(r = –0.63; P < 0.01; Figure 7D) and Gabra1 (r = –0.69; P < 0.01; Figure 7E) gene expression levels 
measured by qPCR.

Overexpression of  the microRNA-7a-5p negatively regulates the expression of  Gabra1 gene by binding to its 
3′-UTR region. Based on the prediction algorithms of  TargetScan, microRNA-7a-5p is predicted to 
bind to the Gabra1 3′-UTR with its seed sequence (5′-GGAAGAC-3′) complementary to nucleotides 
2316–2322. Although the above result indicated an association between microRNA-7a-5p and GABA 
receptor expression, whether this association is direct or indirect remained unknown. To test whether 
microRNA-7a-5p directly targets expression of  Gabra1, human embryonic kidney 293T (HEK293T) 
cells were cotransfected with either microRNA-7a-5p mimic or microRNA-7a-5p negative control, 
renilla luciferase and firefly luciferase reporters containing the 3′-UTR of  Gabra1 gene (Figure 8, A 
and B). Results indicated that microRNA-7a-5p significantly decreased the relative luciferase activity 
by 63% via direct binding to the Gabra1 3′-UTR region in the luciferase construct (Figure 8C). Next, 
the expression of  microRNA-7a-5p was measured in HEK293T-cotransfected cells by qPCR. Results 
indicated that the endogenous level of  microRNA-7a-5p in HEK293T cells transfected with microRNA-
7a-5p negative control was low, while the transfection of  HEK293T cells with microRNA-7a-5p mimic 
led to a ~400-fold increase in microRNA-7a-5p expression (Figure 8D). Overall, these results indicate 
that microRNA-7a-5p binds to the 3′-UTR region of  Gabra1 gene that negatively regulates Gabra1 gene 
expression at a posttranscriptional level.

MicroRNA-7a-5p expression in both neuronal and non-neuronal cell types. To determine the cell types 
involved in microRNA-7a–mediated action, control rats receiving microRNA-7a lentivirus in the VMH 
were tested for phenotypic expression of  GFP with either NeuN (neuronal marker) or glial fibrillary 

Figure 6. Lentiviral-mediated microRNA-665 downregulation in the VMH does not normalize the RH-induced impaired CRR to hypoglycemia. (A) Blood 
glucose levels (mg/dL), (B) GIRs (mg/kg/min), and (C) plasma epinephrine (pg/mL) levels during hyperinsulinemic (20 mU/kg/min) hypoglycemic (40–50 
mg/dL for 90 minutes) clamps in RS rats treated with intra-VMH aCSF-RS and recurrent hypoglycemic rats treated with either aCSF-RH or control lentivi-
ruses (lenti-665-cont-RH) or lentiviruses encoding anti–microRNA-665 (lenti-miR-665-RH). Data are expressed as mean ± SEM (n = 6–7/group). *P < 0.05 
vs. aCSF-RS group, and **P < 0.01 vs. aCSF-RS group; 2-way repeated-measures ANOVA followed by Tukey’s test.
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acidic protein (GFAP) as astrocytic marker after 4 weeks of  lentiviral injection. GFP was colocal-
ized with NeuN as well as with GFAP (white arrows, Supplemental Figure 1). Because the lentivi-
rus expresses GFP, the colocalization of  GFP with NeuN or GFAP indicates that lentiviral-mediated 
microRNA-7a overexpression occurs in both neuronal and non-neuronal cell types.

Discussion
To prevent episodes of  severe hypoglycemia in people with diabetes, understanding the basic mecha-
nism by which RH induces a maladaptive response (i.e., HAAF) remains a fundamental unanswered 
question in the field. Consistent with previous studies demonstrating a role for microRNAs in regulating 
glucose homeostasis (20, 21) and glucose sensing within pancreatic islets (22, 24), this study notes the 
change in expression of  several microRNAs induced by RH. We further demonstrate that microRNA-
7a-5p is a fundamental regulator of  the adrenomedullary response to hypoglycemia. MicroRNA-7a-5p 
was highly enriched in the VMH and markedly downregulated by RH. We demonstrate that targeted 
overexpression of  microRNA-7a-5p in the VMH with a lentiviral approach restored the sympathoadre-
nal response to hypoglycemia. This restored response to hypoglycemia was associated with a restoration 
of  GABAA receptor gene expression. It is further demonstrated that there was direct binding of  the 
microRNA-7a-5p to the 3′-UTR of  Gabra1 gene, which is consistent with repressed Gabra1 gene expres-
sion. Thus, these results suggest that microRNA-7a-5p in the VMH plays an important role in regula-
tion of  brain glucose sensing and sympathoadrenal response by regulating the GABAergic system and 
therefore may be an appropriate therapeutic target for the regulation of  HAAF in people with diabetes.

Figure 7. Restoration of the microRNA-7a-5p in the VMH counteracts the metabolic gene expression changes induced by RH. (A) Glucokinase 
(Gck), (B) glutamic acid decarboxylase 65 (Gad65), (C) GABAA receptor α1-subunit (Gabra1) gene expression by qPCR and correlation of (D) Gad65 
or (E) Gabra1 fold change expression with peak epinephrine levels in the VMH of RS rats treated with intra-VMH aCSF-RS and recurrent hypogly-
cemic rats treated with either aCSF-RH or control lentiviruses (lenti-7a-cont-RH) or microRNA-7a–encoding lentiviruses (lenti-miR-7a-RH). Gene 
expression levels are represented as relative fold change after normalization with reference to the expression of β-actin endogenous control. Data 
are expressed as mean ± SEM (n = 6–7/group). **P < 0.01 vs. aCSF-RS group; ##P < 0.01 vs. lenti-7a-cont-RH or lenti-665-cont group; 1-way ANOVA 
followed by Tukey’s test.
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According to our results, repeated episodes of  insulin-induced hypoglycemia markedly alter the microR-
NA profile in the VMH, indicating that the pathophysiological maladaptation RH induces is associated with 
specific genomic changes in the brain. The microRNA profile changes in the VMH allowed us to identify 
the top differentially expressed microRNAs, of  which microRNA-7a-5p and microRNA-665 were selected 
as potential candidates responsible for the maladaptive response in RH. Previous studies have shown that 
microRNA-7a is a brain-enriched microRNA that is abundantly expressed in hypothalamic nuclei (16, 28). 
Consistent with this finding, our RNA-sequencing data in the VMH indicated that microRNA-7a-5p is highly 
abundant as compared with other top differentially expressed microRNAs, which led us to speculate that 
microRNA-7a-5p plays an important role in mediating this adaptive response to hypoglycemia. In agree-
ment with these findings, lentiviral-mediated overexpression of  microRNA-7a-5p in the VMH enhanced 
the epinephrine response to hypoglycemia and reduced the GIR during hypoglycemic clamp (both results 
consistent with an improved CRR). Interestingly, this restored sympathoadrenal response to hypoglycemia 
did not coincide with a restoration of  the pancreatic α cell (i.e., glucagon) response. Because the glucagon 

Figure 8. Restoration of the microRNA-7a-5p negatively regulates the expression of Gabra1 gene by binding to its 3′-UTR region. (A) Schematic diagram of rat 
Gabra1 mRNA containing the predicted conserved target site of microRNA-7a-5p at microRNA regulatory element (MRE) on 3′-UTR. The seed region is indicated 
in the box. (B) Schematic diagram of SV-40–driven firefly luciferase reporter construct containing a DNA insert at XbaI site (nt 1934), ~100-bp oligonucleotide 
sequence from the 3′-UTR region of rat Gabra1 gene, containing predicted rno-miR-7a-5p target site. (C) Relative luciferase activity and (D) microRNA-7a-5p 
expression in HEK293T cells, cotransfected with firefly luciferase reporter construct (shown in B), renilla luciferase plasmid (transfection control), and with either 
microRNA mimic for rat microRNA-7a-5p (miR-7a-5p mimic) or microRNA mimic negative control (miR-NC). Relative luciferase activity (firefly normalized to 
renilla) values of miR-7a-5p were normalized to miR-NC–transfected controls. MicroRNA-7a-5p expression was measured by qPCR and represented as relative 
fold change expression after normalization with reference to the expression of U6 snRNA endogenous control. Data are expressed as mean ± SEM of 3 indepen-
dent experiments. **P < 0.01 for difference between miR-NC– and miR-7a-5p mimic–treated samples; unpaired 2-tailed Student’s t test.
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response to hypoglycemia is regulated by several factors, including altered intraislet insulin secretion, adren-
ergic signaling, and sympathetic innervation, the lack of  glucagon response restoration with VMH microR-
NA-7a-5p overexpression in RH indicates that systemic catecholamines are qualitatively less important than 
other factors in mediating the glucagon response to hypoglycemia. Previous studies demonstrated that the 
acute administration of  the GABAA receptor antagonist bicuculline methiodide into the VMH increased the 
glucagon response to hypoglycemia of  RH-treated rats (6). It remains unclear to what extent differences in 
experimental approaches (acute versus chronic model; pharmacological versus genomic approaches; post-RH 
versus ante-RH treatments) accounts for these differential effects on glucagon responses.

The proposed concept that HAAF is mediated by changes in VMH microRNA does not conflict with 
previously postulated mechanisms for the development of  HAAF (4). Indeed, a role for increased GAB-
Aergic tone in the VMH contributing to the impaired CRR to hypoglycemia induced by RH has been 
suggested (6). It was interesting that glutamic acid decarboxylase 65 (Gad65 or Gad2, a neuronal enzyme 
involved in the synthesis of  the inhibitory neurotransmitter, GABA) as well as Gabra1 (an ionotropic recep-
tor for GABA) expression were coordinately increased by RH and coordinately normalized by experi-
ments in which microRNA-7a-5p was overexpressed, leading to a restoration of  sympathoadrenal response 
to hypoglycemia. These findings are highlighted by the data shown in Figure 7, indicating a correlation 
between both Gabra1 and Gad65 expression with the epinephrine response to hypoglycemia. These findings 
suggest that microRNA-7a-5p in the VMH regulates the sympathoadrenal response to hypoglycemia by 
regulating GABAergic tone in the VMH.

Because microRNAs negatively regulate the expression of  a gene by binding to its 3′-UTR, we 
sought to determine whether the microRNA-7a-5p–mediated regulation of  sympathoadrenal response 
occurs via direct interaction with GABAergic system genes. Based on TargetScan prediction, microR-
NA-7a-5p does not bind to the 3′-UTR sequence of  Gad65. Thus, it is speculated that the restoration of  
RH-induced changes in Gad65 expression observed by intra-VMH microRNA-7a-5p overexpression is 
not the result of  direct microRNA-mRNA interaction but is likely mediated through indirect process-
es. However, the TargetScan tool indicated that microRNA-7a-5p is predicted to bind to the 3′-UTR 
sequence of  Gabra1 gene. To determine the direct binding of  microRNA-7a with Gabra1 gene, luciferase 
assays were performed in which Gabra1 3′-UTR DNA sequence was ligated into the luciferase reporter 
constructs. Results from the luciferase assay demonstrated that microRNA-7a-5p directly binds to the 
3′-UTR sequence and induces repression of  Gabra1 gene, which is associated with GABAergic inhibi-
tion. By identifying Gabra1 gene as a direct target of  microRNA-7a-5p, our data raise the hypothesis 
that altered regulation of  microRNA-7a-5p (and consequently expression of  their target genes) may 
predispose to impaired CNS glucose sensing and blunted sympathoadrenal response to hypoglycemia.

MicroRNA-7 is an evolutionarily highly conserved small RNA and is considered a prototypical neu-
roendocrine microRNA, being expressed at high levels in neurons and neuroendocrine organs (29, 30). 
Although previous studies demonstrated that microRNA-7 is highly expressed in neurons as compared 
with astrocytes (31), in the current study, lentivirus-mediated overexpression of  microRNA-7a occurred 
in both neuronal and astrocytic cells (Supplemental Figure 1). Thus, although it remains unclear whether 
the observed microRNA-7a-5p–mediated improvements in the sympathoadrenal response are mediated by 
neuronal or astrocytic cells in the VMH, our data are consistent with the notion that these effects occur (at 
least in part) via actions in VMH cells expressing Gabra1 (as indicated by the direct interaction of  microR-
NA-7a-5p with Gabra1 3′-UTR).

In conclusion, these findings indicate a potentially novel role for microRNAs in mediating the RH-in-
duced, maladaptive, impaired CRR to hypoglycemia. These findings specifically identify microRNA-7a-5p 
as a potential novel therapeutic target that can restore the sympathoadrenal response in HAAF.

Methods
Animals. Male Sprague-Dawley rats (SASCO SD, strain code: 400; Charles River Laboratories, Inc.)  
weighing 250–300 g (~9 weeks old) were maintained under standard housing conditions (room tem-
perature 22–24°C with 12-hour light/12-hour dark cycle) in the Comparative Medicine Center at the 
University of  Utah. The animals had free access to food (2920X Teklad global rodent chow diet, Envigo 
Corp.) and water and were acclimatized to handling for 1 week before experimental manipulation.

Recurrent hypoglycemia. Initially, we evaluated the extent to which RH could induce microRNA changes 
in the VMH. In brief, male Sprague-Dawley rats were subjected to 3 days’ RS injections or RH and then 
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euthanized on day 4 to study microRNA profiling in the VMH by RNA-sequencing (Figure 1A). Rats were 
injected with regular human insulin (2 U/kg on day 1, 1.5 U/kg on day 2, and 1.2 U/kg on day 3; Humulin 
R, Lilly) s.c. to induce recurrent hypoglycemia for 3 consecutive days. Food was withheld for 3 hours daily, 
and blood glucose levels were measured from a tail nick every 15 minutes using a glucometer (Ascensia 
Contour BG, Bayer HealthCare). Following insulin injection, blood glucose levels were allowed to drop 
to 25–50 mg/dL for 90 minutes. At the end of  this period, the rats were given free access to food again. 
Control rats received a daily injection of  normal saline (RS; 1 mL/kg, s.c.) for 3 consecutive days. On day 
4, following overnight fasting, both RS (n = 6) and RH (n = 6) rats were euthanized to collect brains on dry 
ice, which were stored at –80°C (Figure 1).

Genome-wide microRNAomic profiling in the VMH. To determine the effect of  RH on genome-wide 
microRNAomic profiles, RNA-sequencing was performed from punch biopsies (0.5-mm diameter; Stoelt-
ing Co.) of  the VMH, which were dissected from 250-μm frozen brain sections (32, 33) of  RS (n = 6) and 
RH (n = 6) rats. In brief, total RNA was extracted and purified from the VMH using miRNeasy Mini Kit 
(QIAGEN Inc.), and the quality of  the RNA was determined by Agilent 2200 TapeStation (Agilent Tech-
nologies). Small RNA libraries were prepared using the NEBNext Multiplex Small RNA (New England 
Biolabs). Sequencing was performed using HiSeq 50 Cycle Single-Read Sequencing version 4 reagents (Illu-
mina). Differential expression analysis of  microRNA sequence data was performed with the Bioconductor 
package DESeq2 (34). Differential expression was evaluated by fitting a negative binomial generalized lin-
ear model and then adjusting the P value for multiple testing using the Benjamini-Hochberg correction with 
an FDR of  less than 5%. Putative gene targets of  differentially expressed microRNAs were identified in 
the brain using IPA software, which uses data from TargetScan, TarBase, miRecords, and Ingenuity expert 
findings, and were restricted to experimentally observed or highly confident predictions. The changes in 
key microRNAs observed by RNA-sequencing were confirmed by real-time PCR using TaqMan microR-
NA assays as described below. RNA-sequencing data were deposited into the Gene Expression Omnibus 
database (GSE138472).

Lentiviral-mediated microRNA manipulation. Based on the findings that RH altered expression of  specific 
microRNAs in the VMH, lentivirus microinjection rescue experiments were conducted to determine whether 
targeted reversal of  the noted RH-induced microRNAs changes in the VMH could restore the sympathoadre-
nal response to hypoglycemia. In brief, all rats were subjected to either aCSF or lentivirus (containing either 
control or targeted microRNA sequences) injection into the VMH by stereotaxic (Benchmark, NeuroLab) 
surgery. The lentiviruses were injected into the VMH 4 weeks before the hypoglycemic clamp to allow the 
optimal microRNA expression (35). Three weeks following intra-VMH surgery, all rats had vascular catheters 
implanted under anesthesia. Four days after vascular surgery, rats were randomized to 1 of  4 treatment groups 
(n = 6–7/group): (a) intra-VMH aCSF + RS (control), (b) intra-VMH aCSF + RH, (c) intra-VMH lentivirus 
control + RH, or (c) intra-VMH lentiviruses containing targeted microRNA sequence + RH (see Figure 3A). 
Following 3 days of  RS or RH, and after an overnight fast, all rats were subjected to a hyperinsulinemic (20 
mU/kg/min) hypoglycemic (40–50 mg/dL for 90 minutes) clamp and then euthanized to harvest the brain 
tissues to test the gene and microRNA expression in the VMH by real-time PCR using TaqMan assays.

Lentivirus injection into the VMH. The details of  microRNA lentivector constructs and lentivirus produc-
tion are provided in supplemental materials. In brief, rats were anesthetized with an intraperitoneal injection 
of  ketamine/xylazine mixture and mounted in a stereotaxic apparatus (Benchmark Scientific). To inject 
lentiviruses into the VMH, a bilateral osmotic infusion cannula (28-gauge, 1.2 mm, length 9.2 mm; Plastics 
One) was inserted at the coordinates from bregma (anteroposterior −2.6 mm, mediolateral ±0.6 mm, and 
dorsoventral −9.2 mm) using a stereotaxic frame (Benchmark Scientific). The lentiviruses (2 × 108 to 1 × 109 
infectious units/mL) were injected into the VMH using a bilateral infusion cannula (Plastics One) connect-
ed to a 1-mL syringe at a rate of  0.2 μL/min for 10 minutes, and the cannula was left in the VMH for an 
additional 5 minutes to avoid backflow.

Vascular surgery. Three weeks following VMH neurosurgery, rats were anesthetized with an intraperito-
neal injection of  ketamine/xylazine. As previously described (36), a microrenathane catheter (MRE 033, 
Braintree Scientific Inc.) was inserted into the left carotid artery (for blood glucose and hormone sampling), 
and 2 catheters (MRE 025, Braintree Scientific Inc.) were implanted into the right jugular vein (for insulin 
and glucose infusions).

Hyperinsulinemic hypoglycemic clamp and hormone analysis. Hyperinsulinemic (20 mU/kg/min) hypogly-
cemic clamps were performed in both RS and RH rats, during which blood glucose was lowered to 40–50 
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mg/dL using variable 50% dextrose infusion for 90 minutes (37). Blood samples were collected during the 
basal and every 30 minutes of  hypoglycemia for plasma catecholamine ELISA (Abnova) and glucagon 
(MilliporeSigma) assays. At the end of  clamps, all rats were sacrificed to collect brains to test the microR-
NAs and gene expression in the VMH by real-time PCR using TaqMan assays as described below.

MicroRNA expression by qPCR. In brief, total RNA extracted from frozen VMH tissues (miRNeasy 
Mini Kit from QIAGEN Inc.) was reverse-transcribed and then amplified by PCR using TaqMan microR-
NA assay kits (Applied Biosystems), which contain a microRNA-specific stem-loop reverse transcription 
primer and the microRNA-specific PCR primers with TaqMan probe. TaqMan microRNA assay for the 
microRNA-7a-5p (dme-miR-7; assay ID 000268), microRNA-665 (mmu-miR-665; assay ID 001948), and 
U6 snRNA (assay ID 001973) were used.

Gene expression by qPCR. The total cellular RNA isolated from the VMH after the hypoglycemic clamp 
was also used to assess the gene expression by real-time PCR using TaqMan gene assays for Gad65 (Gad2; 
assay ID Rn00561244_m1), Gabra1 (assay ID: Rn00788315_m1), Gck (assay ID Rn00561265_m1), and the 
housekeeping gene β-actin (Actb; assay ID Rn00667869_m1).

Immunofluorescence. To confirm targeted delivery of  lentiviruses, a separate cohort of  control rats receiv-
ing either control or targeted microRNA lentiviruses (both for microRNA-7a and microRNA-665) into the 
VMH were tested for the GFP immunofluorescence. A subgroup of  rats receiving microRNA-7a lentivirus 
into the VMH was subjected to the coimmunofluorescent staining of  GFP with either NeuN (neuronal 
marker) or GFAP (astrocytic marker) to assess whether the lentivirus-mediated microRNA-7a overexpres-
sion occurs via neuronal or non-neuronal cell types. In brief, 4 weeks following intra-VMH control or 
targeted microRNA lentivirus injections, rats were perfused with 4% paraformaldehyde under ketamine/
xylazine anesthesia to collect brains for immunofluorescence staining. Serial coronal brain sections (25 μm) 
through the VMH were cut on a cryostat and incubated with mouse monoclonal anti-GFP (1:200; sc-9996, 
Santa Cruz Biotechnology) and rabbit monoclonal anti-NeuN (1:200; MABN140, MilliporeSigma) or rab-
bit monoclonal anti-GFAP (1:200; ab33922, Abcam) in 10% goat serum at 4°C overnight. The following 
day, the sections were washed thoroughly with 1× PBS 3 times and incubated with goat anti-mouse Alexa 
Fluor 488 (1:1000, A11029, Life Technologies Corporation) and goat anti-rabbit Alexa Fluor 546 (1:1000, 
A11035, Life Technologies Corporation) in 10% goat serum for 1 hour at room temperature. The staining 
was visualized under fluorescence microscope (Olympus Fluoview FV1000) using the Fluoview software 
(Olympus FV10-ASW, version 4.2b).

Prediction of  potential microRNA-7a-5p targets using TargetScan. We used the TargetScan software (release 
7.2) (26) to identify the microRNA-7a-5p targets. TargetScan is a web-based tool for sequence-based predic-
tion of  biological targets of  microRNAs that considers matches to the 3′-UTR region and their orthologs, as 
defined by UCSC Genome Browser. TargetScan is reported to be a robust tool because it enables a more com-
plete search at isoform level, it penalizes the less conserved interactions, and its databases are up-to-date (38).

Luciferase reporter constructs containing microRNA-7a-5p target site. The 3′-UTR region of  rat Gabra1 gene 
(GenBank XM_017597179.1; nt 1722–4286) was identi fied using the UCSC Genome Browser. The target 
site for rno-miR-7a-5p within the rat Gabra1 3′-UTR region (nt 2301–2323) was predicted using the TargetS-
can software (release 7.2). A ~100-bp DNA fragment (nt 2270–2372) of  the 3′-UTR of  Gabra1 gene contain-
ing predicted rno-miR-7a-5p target site was amplified from rat brain VMH genomic DNA using AccuPrime 
pfx SuperMix (Invitrogen) and primers designed with XbaI restriction site (tctaga) appended at the 5′ end 
(forward: 5′-CGCtctagaGTAGCTTTACAACCGTGCTTTG-3′; and reverse: 5′-CGCtctagaCTGGAGT-
CAACAGGAACTGTC-3′; synthesized by DNA/Peptide Synthesis core facility at the University of Utah). The 
purified DNA fragment was ligated into the XbaI site (nt 1934) located downstream of  the luciferase gene 
in the SV-40–driven firefly pGL3-promoter vector (Promega; 5010 bp) to construct a luciferase reporter plas-
mid. The sequence and orientation of  the DNA insert were tested by Sanger sequencing using this primer for 
sense oligonucleotides: 5′-CCTCATAAAGGCCAAGAAGGG-3′ (Integrated DNA Technologies).

Luciferase assays. HEK293T cells (a gift from S. Swaminathan’s lab) were main tained at 37°C and 5% 
CO

2 
in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum and 100 U/mL of  

penicillin/streptomycin (Life Technologies Corporation). In brief, HEK293T cells were plated in 6-well 
plates (Corning Inc.), and the next day cells were cotransfected with (a) firefly luciferase reporter plasmid 
DNA (300 ng) containing Gabra1 3′-UTR fragment, (b) pcDNA3 vector as filler DNA (200 ng), (c) a control 
pRL-CMV renilla luciferase reporter plasmid (30 ng; Promega), and (d) mirVana microRNA mimic (100 
nM; Ambion), corresponding to rat miR-7a-5p or an mirVana miR-NC (100 nM; Ambion) using Lipo-
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fectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Cells were har vested 24 hours after 
transfection and assayed using a Dual-Luciferase Reporter Assay System (Promega). Luciferase reporter 
activities were measured by using Turner Biosystems 20/20 Luminometer. For data analysis, firefly lucifer-
ase activity was firstly normalized to renilla (transfection control), and then rno-miR-7a-5p was normalized 
to miR-NC–transfected cells.

Statistics. The results are represented as mean ± SEM. Data for body weight, blood glucose, and 
microRNA and mRNA expressions were analyzed by 1-way ANOVA. Results for blood glucose, GIR, 
catecholamine, and glucagon were analyzed by 2-way repeated-measures ANOVA. Post hoc analyses were 
conducted by Tukey’s multiple-comparison tests. Pearson’s correlation analysis was performed on individ-
ual samples to evaluate the correlation between variables. A P value less than 0.05 was considered statisti-
cally significant.

Study approval. All procedures were performed in accordance with the US National Institutes of  Health 
(NIH) Guide for the Care and Use of  Laboratory Animals (National Academies Press, 2011) and approved by 
the Institutional Animal Care and Use Committee of  the University of  Utah.
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