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Neurons
Ling Kang,1 Vanessa H. Routh,2 Eldo V. Kuzhikandathil,2 Larry D. Gaspers,2 and Barry E. Levin1,3

To evaluate potential mechanisms for neuronal glucosensing, fura-2 Ca2ⴙ imaging and single-cell RT-PCR
were carried out in dissociated ventromedial hypothalamic nucleus (VMN) neurons. Glucose-excited (GE)
neurons increased and glucose-inhibited (GI) neurons
decreased intracellular Ca2ⴙ ([Ca2ⴙ]i) oscillations as
glucose increased from 0.5 to 2.5 mmol/l. The Kir6.2
subunit mRNA of the ATP-sensitive Kⴙ channel was
expressed in 42% of GE and GI neurons, but only 15% of
nonglucosensing (NG) neurons. Glucokinase (GK), the
putative glucosensing gatekeeper, was expressed in
64% of GE, 43% of GI, but only 8% of NG neurons and
the GK inhibitor alloxan altered [Ca2ⴙ]i oscillations in
⬃75% of GK-expressing GE and GI neurons. Insulin
receptor and GLUT4 mRNAs were coexpressed in 75%
of GE, 60% of GI, and 40% of NG neurons, although
there were no statistically significant intergroup differences. Hexokinase-I, GLUT3, and lactate dehydrogenase-A and -B were ubiquitous, whereas GLUT2,
monocarboxylate transporters-1 and -2, and leptin receptor and GAD mRNAs were expressed less frequently
and without apparent relationship to glucosensing capacity. Thus, although GK may mediate glucosensing in
up to 60% of VMN neurons, other regulatory mechanisms are likely to control glucosensing in the remaining ones. Diabetes 53:549 –559, 2004

U

nlike most neurons in the brain, glucosensing
neurons utilize glucose as a signaling molecule
to alter their firing rate as a means of sensing
and regulating glucose metabolism in the body
(1). Glucose-excited (GE) neurons increase, whereas glucose-inhibited (GI) neurons decrease their firing rate as
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ambient glucose levels rise (2– 4). Although these neurons
can respond directly or indirectly to either the complete
absence of glucose or to levels as high as 20 mmol/l
(2,5–9), it is likely that their primary range is 0.5–3.5
mmol/l glucose under physiological conditions (4,10 –12).
As in the pancreatic ␤-cell (13), the ATP-sensitive K⫹
(KATP) channel is an important component of glucosensing
in GE neurons (3,5,14). The KATP channel is an octameric
protein consisting of a pore-forming, inwardly rectifying
K⫹ channel (Kir6.1 or Kir6.2) and a sulfonylurea receptor
(SUR-1 and -2) subunit (15–18). In the ␤-cell, the KATP
channel is composed of Kir6.2 and SUR-1 (15–18). Although the KATP channel may well be required for glucosensing in ventromedial hypothalamic GE neurons (14),
the mere presence of the channel does not necessarily
ensure that a given neuron will be glucosensing, as this
channel is widely expressed throughout the brain (10,19).
Furthermore, GI neurons clearly do not use the KATP
channel to sense glucose (4). Thus, another regulatory
step is likely to be critical for neuronal glucosensing.
The control of both glycolysis (20,21) and glucose
transport (22) have been proposed as regulators of ␤-cell
glucosensing. In the pancreas, glucokinase (GK) (hexokinase IV, ATP: D-glucose 6-phosphotransferase) regulates
glycolytic flux and intracellular ATP production in both ␤and ␣-cells (23) and is a primary regulator of ATP production, KATP channel activity, and insulin secretion in ␤-cells
(24). GK-mediated ATP production raises the ATP-to-ADP
ratio and inactivates the KATP channel. The increased
ATP-to-ADP ratio leads to membrane depolarization, Ca2⫹
influx, and increased insulin release in the ␤-cell (24) and
increased firing rate in glucosensing neurons (3–5,8,9,24).
Most neurons express hexokinase-I (HK-I), which is unlikely to regulate the rate of glycolysis because it is both
saturated at physiological brain glucose levels and inhibited by its product, glucose-6-phosphate (25,26). For this
reason, GE neurons might use GK as a regulatory step in
glucosensing (5,8,10,27). Inhibition of GK activity decreases intracellular Ca2⫹ ([Ca2⫹]i) oscillations in dissociated hypothalamic GE neurons and decreases firing of GE
neurons in hypothalamic slices (5,8,10,27). On the other
hand, GK inhibition increases [Ca2⫹]i oscillations in GI
neurons (10). However, it is unclear how GK, with a Km for
glucose phosphorylation of 8 –10 mmol/l (28 –31), might
regulate neuronal glucosensing when physiological brain
glucose levels are in the 0.5–3.5 mmol/l range (11,12). One
possibility is that the GK regulatory protein (GKRP),
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TABLE 1
Criteria for defining change in [Ca2⫹]i in glucose-excited and glucose-inhibited neurons

Cell type
Glucose-excited neurons
Glucose-inhibited neurons

Treatment
(mmol/l)

Latency (min;
means ⫾ SD)

Standard latency
(min; means ⫾
1.5 SD)

2.5 G30.5 G
0.5 G32.5 G
2.5 G3⫹4 alloxan
2.5 G30.5 G
0.5 G32.5 G
2.5 G3⫹4 alloxan

1.8 ⫾ 1.6
2.9 ⫾ 1.8
2.9 ⫾ 2.0
2.8 ⫾ 2.3
2.8 ⫾ 2.2
2.8 ⫾ 2.0

4.2
5.6
5.9
6.3
6.1
5.8

Percentage
change in
[Ca2⫹]i AUC
(mean % ⫾ SD)

Minimum change
in [Ca2⫹]i AUC
(mean % ⫺ 1.5
SD)

56 ⫾ 242
63 ⫾ 201
58 ⫾ 262
79 ⫾ 131
75 ⫾ 192
73 ⫾ 171

20%2
33%1
20%2
59%1
46%2
47%1

Dissociated VMN neurons from 14- to 21-day-old rat pups were subjected to changing glucose (G) concentrations from 2.5 to 0.5 or 0.5 to
2.5 mmol/l in the presence or absence of 4 mmol/l alloxan. Latencies and changes in [Ca2⫹]i responses (AUC) were determined from the Ca2⫹
traces of a total of 108 individual glucose-excited or -inhibited and nonglucosensing neurons as described in RESEARCH DESIGN AND METHODS and
illustrated in Fig. 1. Direction of arrows indicates decreased (2) or increased (1) [Ca2⫹]i.

which inhibits GK activity in the liver and is present in the
brain (32), might possibly lower the functional Km of GK.
GLUT2 has also been proposed as a regulator of ␤-cell
glucosensing (22). Although GLUT2 is expressed in the
brain (3,13,22,28,33), it appears to be located predominantly in astrocytes (34). Most neurons express primarily
GLUT3, a high-capacity, low-Km transporter that is largely
saturated at physiological brain glucose levels (35). On the
other hand, the insulin-sensitive GLUT4 (36) is expressed
in neurons and has a Km within the physiological range for
brain glucose (36). Also, GLUT4 and insulin receptor
(INS-R) expression overlap in brain areas involved in
glucosensing (37) and thus might play a potential role in
neuronal glucosensing. Finally, the high-affinity Na⫹-Dglucose cotransporter-1 (SGLT-1) is expressed in brain
(38) and its inhibition with phloridzin reduces activity in
hypothalamic GE neurons (8). However, SGLT-1 has not
been localized definitively on glucosensing neurons. Thus,
the type of GLUT present and its potential role in neuronal
glucosensing remains to be determined. Finally, the activity of glucosensing neurons is affected by both metabolites
(i.e., lactate, ketone bodies) (39,40) and peripheral hormones (e.g., insulin, leptin) that circulate in proportion to
the amount of stored adipose tissue (41). Lactate, produced largely by astrocytes (42), and ketone bodies from
the periphery can serve as alternate energy sources or
signaling molecules to glucose once it is transported into
neurons by monocarboxylate transporters (MCTs) (43).
Current evidence suggests that neurons express mainly
the MCT-2 isoform (44).
Given the fact that glucosensing neurons respond to
such a wide range of metabolic and hormonal signals
relating to the status and control of energy homeostasis,
the term “metabolic sensing” neurons might be more apt
(45). However, no studies have documented the actual
molecular characteristics by which glucosensing neurons
sense and respond to this wide range of signals. For this
reason, we used Ca2⫹ imaging combined with single-cell
RT-PCR (sc-RT-PCR) to identify the mRNA species expressed in individual GE, GI, and nonglucosensing (NG)
dissociated neurons from the hypothalamic ventromedial
nucleus (VMN) of 14- to 21-day-old rat pups.
RESEARCH DESIGN AND METHODS
All work was approved by the institutional animal care and use committee of
the East Orange Veterans Affairs Medical Center. Outbred male 14- to
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21-day-old pups were housed individually on a 12:12-h light:dark schedule
(lights on at 0800) and kept at 22–23°C. Food (Purina rat chow #5001) and
water were available ad libitum to dams and pups.
Calcium imaging of glucosensing neurons. As previously described (10),
the VMN was punched out of slices made through the ventrobasal hypothalamus. Single VMN neurons were dissociated by papain digestion and trituration and then maintained in a HEPES-buffered balanced salt solution.
Fluorescent imaging measurement of [Ca2⫹]i was carried out using fura-2 (10).
The values for Rmin, Rmax, and constant ␤ (the 380-nm wavelength in the
Ca2⫹-free and Ca2⫹-bound states) were calculated from measurements with
fura-2–free acid in solution in the microscope chamber. The dissociation
constant (Kd) for the fura-2-Ca2⫹ complex was taken as 224 nmol/l (46).
Criteria for quantitating changes in [Ca2ⴙ]i. All experiments began with
neurons held at 2.5 mmol/l glucose. Changes in glucose concentration and/or
the addition of drugs (4 mmol/l alloxan, 200 mol/l tolbutamide) were
maintained for 10 –15 min after administration. Criteria for a significant
change in [Ca2⫹]i from one condition to another were first determined from
the recordings of 108 neurons and their subjective classification as GE, GI, or
NG. Then latency to onset of change in [Ca2⫹]i oscillations was determined
subjectively. From these measures, latencies for each neuronal type and
change in condition were defined conservatively as the standard latency
(mean latency to onset ⫹ 1.5 SD) (Table 1). Next, the integrated area under
the curve (AUC) for changes in [Ca2⫹]i oscillations was calculated for changes
occurring over the 7-min period after the mean latency for each neuronal type
and condition. Both AUC and interpolation of the baseline were determined
using Origin 7.0 software (OriginLab). This 7-min period was chosen as a
standard time as cells were examined for different durations. Minimal changes
in the AUC during this 7-min period were defined as the mean ⫺ 1.5 SD (Table
1). All neurons were evaluated by these criteria and classified as GE, GI, or NG
(Table 1). GE neurons decreased their AUC for [Ca2⫹]i fluctuations after a
decrease in glucose from 2.5 to 0.5 mmol/l and increased fluctuations after an
increase in glucose from 0.5 to 2.5 mmol/l and in response to the sulfonylurea
tolbutamide (200 mol/l) (10) (Fig. 1A). GI neurons increased their [Ca2⫹]i
fluctuations when glucose was decreased from 2.5 to 0.5 mmol/l and decreased fluctuations when glucose was increased from 0.5 to 2.5 mmol/l (10).
Neurons not meeting standard latencies and/or the minimal AUC criteria for
GE or GI neurons were classified as NG. Subsets of neurons were also
categorized by their response to alloxan (Table 1), a GK inhibitor (47,48) that
alters glucose-evoked Ca2⫹ response in both GE and GI neurons with an
effective concentration of ⬃4 mmol/l, which is not toxic to neurons (10).
sc-RT-PCR. After characterization by Ca2⫹ imaging, cytoplasmic mRNA of
individually imaged cells was analyzed by sc-RT-PCR. Cytoplasm from each
neuron was aspirated into a micropipette that was prefilled with diethyl
pyrocarbonate⫺treated water containing 1 l RNASE OUT RNase inhibitor
(Invitrogen, Carlsbad, CA). The micropipette contents were expelled into a
microtube where cDNA synthesis was performed with a Superscript II
first-strand synthesis kit (Invitrogen) following the manufacturer’s directions.
The RT reaction was incubated at 42°C for 50 min after heat inactivation at
70°C. cDNA was purified to completely remove inhibitory RT components by
slight modification of the methods described by Liss (49). Briefly, 1 g
glycogen, 250 ng polyC RNA, 250 ng polydC DNA, and a 1/10 volume of 2 mol/l
sodium acetate (pH 5.5) were added to the single-cell cDNA reactions. DNA
was precipitated overnight with a 3.5 vol of ethanol at ⫺20°C. After a 60-min
centrifugation at 4°C (13,000g), the pellet was washed with 100 l of 75%
ethanol and pelleted again by centrifugation for 30 min. The cDNA pellet was
then dried and dissolved in 20 l of PCR-grade water.
DIABETES, VOL. 53, MARCH 2004
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FIG. 1. Representative [Ca2ⴙ]i responses used to assess the glucosensing properties of dissociated VMN neurons. Neurons were dissociated from
VMN punches from 14- to 21-day-old rats, loaded with fura-2/AM. Their glucosensing type was identified using the criteria outlined in RESEARCH
DESIGN AND METHODS and Table 1. A: Assessment of a GE neuron after changes in medium glucose concentrations or the addition of 200 mol/l
tolbutamide (Tol; long arrows). The horizontal bars show the 7-min periods of the Ca2ⴙ trace used to calculate the AUC after the mean latency
(L) from Table 1. GE neurons are where changing glucose (G) from 2.5 to 0.5 mmol/l suppressed [Ca2ⴙ]i oscillations, whereas increasing glucose
from 0.5 to 2.5 mmol/l or adding 200 mol/l tolbutamide at 0.5 mmol/l increased [Ca2ⴙ]i oscillations. B: GI neuron with [Ca2ⴙ]i oscillations at 0.5
mmol/l, but none at 2.5 mmol/l glucose or with 200 mol/l tolbutamide. C and D: NG neurons unaffected by changes in glucose concentrations but
responsive to tolbutamide in C.
After the purification of single-cell cDNA, the PCR was performed using
specific primers (Table 2). The glial fibrillary acidic protein (50) was used to
exclude astrocytes and ␤-actin was used as an internal control for constitutively expressed mRNA. Primer sequences were designed using Biology
WorkBench Primer design software. Where feasible, intron sequences were
included in the amplicon to distinguish genomic DNA from mRNA. Amplification was carried out in a LightCycler (Roche PerkinElmer, Foster City, CA)
using 40 cycles (95°C, 1 s; 56 – 63°C, 2 s; 68°C, 30 s) with Advantage 2
Polymerase Mix (BD Biosciences, Palo Alto, CA) following the manufacturer’s
description. The annealing temperature and Mg2⫹ concentration were varied
DIABETES, VOL. 53, MARCH 2004

for each set of primers to obtain optimal amplification. Amplified products
were run directly on a 1.5% agarose gel and visualized by ethidium bromide
staining. Gels were imaged and photo inverted for presentation. Each 10-l
reaction volume contained 1/10 volume of cDNA as template.
To optimize conditions for primer amplification and standardize for the
linearity of the amplification process, hypothalamic cDNA was used. Hypothalamic cDNA was generated from total RNA that was extracted from rat
hypothalamic tissue using a Purescript RNA isolation kit (Gentra Systems)
and tissues were treated with DNA-free DNAse (Ambion, Austin, TX). For
both single and multiplex RT-PCR (see below), single species of RNA were
551
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TABLE 2
Sequences of each primer pair and their location in sequences cited in GenBank

Sense primer
Conventional RT-PCR primers
HK-I
GLUT-3
MCT-1
MCT-2
LDH-A
LDH-B
Lepr-b
GAD
GFAP
␤-Actin
Multiplex RT-PCR primers
for first and second
amplifications
GK
1st
2nd
GKRP
1st
2nd
GLUT2
1st
2nd
GLUT4
1st
2nd
SGLT-1
1st
2nd
Kir6.2
1st
2nd
Kir6.1
1st
2nd
SUR-1
1st
2nd
SUR-2
1st
2nd
INS-R
1st
2nd

Antisense primer

Amplicon
size (bp)

GenBank
accession
no.

CAACAGTGTGAAGTCGGCCT
TGTTCGCTGTTACTGTTGCC
ATGTTGTCCTGTCCTCCTGG
TTCTTGCTGTCTGTGATGGC
GGCAACCCTTAAGGAAAAGC
TAAGGAAGAACAGGTCCCCC
CCATTCCCAGCTCACTGTCT
CTGCTTCCAGCTAAGAACGG
CCATGGTCCTACCAGACACC
CCGTAAAGACCTCTATGCCA

CTCTGTCAAACTCGGTTCGG
CACACATAACGACCAGAGCG
CTCCGCTTTCTGTTCTTTGG
AACACGACTATCCCACTGGC
CTTCCAAGACATCCACCAGG
TGAAGATGTTCACGTTTCGC
GAACAGGATTGAAACTGGGG
GGATCTGCTCCAGAGACTCG
ACACAGCCAGGTTGTTCTCC
AAGAAAGGGAAAAGCCA

175
170
172
395
314
167
137
198
443
300

NM_012734
NM_017102
D63834
X97445
NM_012595
NM_017025
D84551
NM_017007
L27219
V01217

CCTGAAGAAGGTGATGAGCC
GATGCAGAAGGAGATGGACC

AGGGAAGGAGAAGGTGAAGC
GGTTCCTCCCAGGTCTAAGG

373
139

NM_012565

GTCGTCATAGGCATCTCTGTGG
ATCCTGAGGACATTTGAGCG

CTGGTTGGTGAGTTCATCCTTC
TGTGGATGCACTCTACTCCG

624
172

NM_013120

AAGGATCAAAGCCATGTTGG
TGCTGGAAGAAGCGTATCAG

GGAGACCTTCTGCTCAGTCG
GGCCAAGTAGGATGTGCCAG

502
206

NM_012879

TCTTTGAGATTGGTCCTGGC
GGTTTCTCCAACTGGACCTGTAA

TACTGGGTTTCACCTCCTGC
ACGGCAAATAGAAGGAAGA

312
95

NM_012751

CGGGCAGCTCTTTGACTACATCCA
CTTCTGGGGACTGATTCTCG

AAGGCGGGGTTCAGGCAAAATA
CGCTCTTCTGTGCTGTTACG

661
255

D16101

CGTCACAAGCATCCACTCCT
CCTTTTCTCCATCGAGGTCC

CACCTGCATATGAATGGTGG
TGAAGATGAGGGTTTCTGCC

328
188

X97041

AGCCACTGACCTTGTCAACC
CATAGTGATTCTCGAGGGCG

GGAGTCATGAATTGCACCTT
AAGGTTTCTCGTCCAGCTCC

402
212

D42145

TGGACCCAGAGAAGAAATGC
TGAAGCAACTGCCTCCATC

ACAAAGGAGGCAAAGACGC
GAAGCTTTTCCGGCTTGTCC

506
182

L40624

AGTGGCAACAACCTGAAACC
TTCTAACCTATCCATGGGCG

AATGTGGCTAAACCACTGCC
TTCTAACCTATCCATGGGCG

377
218

D83598

CTGAAGGAGCTGGAGGAGTC
GCCACTACACCCACACTTCC

GATTTCATGGGTCACAGGGC
CTTAGCTTCAGGCATGGTCC

426
233

M29014

GFAP, glial fibrillary acidic protein.

amplified only within the linear portion of the curve generated from hypothalamic tissue. Hypothalamic RNA without DNAse treatment and RT was used
to determine the size of any PCR products that resulted from genomic DNA
amplification.
RT multiplex PCR with nested primers. Some mRNA species were present
in very low abundance and required the use of additional steps for detection.
For these, a second round of amplification was carried out with nested
primers by multiplex PCR (mPCR) using the first-round PCR products as a
template (Table 2) and a shorter extension time (51). The second-round
reaction contained 1 l of first-round PCR product as a template. The mRNAs
examined by RT-mPCR included GK, GLUT2, GLUT4, SGLT-1, GKRP, Kir6.2
and Kir6.1, SUR-1 and -2, and INS-R. Serially diluted hypothalamic cDNA was
used to optimize PCR conditions that produced reliable amplification with
maximum sensitivity (Fig. 2A and C). The predicted sizes (bp) of the
mPCR-generated fragments are given in Table 2.
Statistics. Data were analyzed using the 2 test for nonparametric statistics.
Significant intergroup differences were defined at the P ⫽ 0.05 level.
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RESULTS

[Ca2ⴙ]i oscillation responses to altered glucose concentrations. Overall, we assessed the physiological and
molecular properties of ⬎300 acutely dissociated VMN
neurons by combining Ca2⫹ imaging with sc-RT-PCR. To
examine glucosensing under physiologically relevant metabolic conditions for VMN neurons (4), activity by calcium
imaging was recorded at different extracellular glucose
concentrations between 0.5 and 2.5 mmol/l (Fig. 1). In
general, GE neurons had slightly faster responses and
smaller [Ca2⫹]i oscillation responses than GI neurons after
alterations in ambient glucose levels (Table 1). NG neurons were of two types: most (77%) were inactive at either
DIABETES, VOL. 53, MARCH 2004
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FIG. 2. Sensitivity and specificity of the sc-RT-PCR procedure. A: A 1.5% agarose gel showing the sensitivity of primer pairs. PCR amplification
was performed on serially diluted (undiluted to 105-fold diluted) hypothalamic cDNA from 14- to 21-day-old rats. Each amplification generated
an amplicon of the size (bp) predicted by its mRNA sequence (Table 2). B: Agarose gel of a genomic control for the GLUT3 primer generated
without DNAse treatment and RT in the reaction. Here genomic DNA can be distinguished by its larger size, including the intron sequence. C:
Agarose gel showing the sensitivity of primer pairs for first- (long [L]) and second-round (nested PCR primers; short [S]) of multiplex PCR
amplifications in serial dilutions of hypothalamic cDNA. As expected, mPCR improved sensitivity.

0.5 or 2.5 mmol/l glucose (Fig. 1C), whereas 23% showed
continuous, spontaneous [Ca2⫹]i oscillations (Fig. 1D).
Neither type altered its [Ca2⫹]i oscillations when glucose
concentrations changed. Of all the neurons tested for
sc-RT-PCR, 32% were GE, 22% were GI, and the rest (46%)
were NG.
sc-RT-PCR analysis of various mRNA species in GE,
GI, and NG neurons. The majority of mRNA species of
interest could be identified by a single round of amplification using conventional RT-PCR on the contents of single
cells (Table 3; Figs. 2– 4). In all these cases, the number of
rounds of amplification fell within the linear range of the
standard curve from pooled hypothalamic dilutions (Fig.
2A and C). However, several species were in very low
abundance and required a second round of amplification
using nested primers. These low abundance species were
easily detected using RT-mPCR within the linear range of
amplification (Table 3; Figs. 2C and 4). To rule out the
possibility of genomic contamination by DNA where introns were included, control PCR amplifications were
carried out without prior DNAse treatment and RT. These
DIABETES, VOL. 53, MARCH 2004

controls produced either no detectable products or PCR
products with a different size (Fig. 2B).
In general, GLUT3 and HK-I were the predominant
glucose transporter and hexokinase, and their abundance
did not differ statistically among the three types of neurons
sampled for these mRNA species (Table 3). Despite studies suggesting an important role for GLUT2 as a regulator
of neuronal glucosensing in ␤-cells (13,22,34), GLUT2
mRNA was expressed in ⬍30% of glucosensing neurons
and its expression did not differ statistically among the
neuronal types (Table 3). The mRNA for insulin-responsive GLUT4 was expressed in about half of all neurons, but
there were no significant intergroup differences in expression (Table 3). The possibility that neuronal glucosensing
might be regulated by insulin’s acting on GLUT4, as it is in
peripheral tissues (34,35,52), was raised by the coexpression of GLUT4 and INS-R mRNA in 40 –75% of all neurons,
regardless of their glucosensing properties (Table 3).
Because there were no significant intergroup differences
in coexpression, it is less likely that insulin-mediated
glucose uptake might serve as an alternate mechanism of
553
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TABLE 3
Relative expression of various mRNA species in GE, GI, and NG neurons

GK
HK-I
GKRP
GLUT3
GLUT2
GLUT2⫹GK
GLUT4
GLUT4⫹GK
INS-R⫹GLUT4
SGLT-1
Kir6.2
Kir6.2⫹GK
Kir6.1
Kir6.1⫹GK
SUR-1
SUR-2
MCT-1
MCT-1⫹GK
MCT-2
MCT-2⫹GK
LDH-A
LDH-B
Lepr-b
Lepr-b⫹GK
INS-R
GAD

GE

GI

NG

64 (94/146)*
90 (42/47)
10 (2/20)
83 (38/46)
30 (14/46)
22 (6/27)
57 (26/46)
70 (19/27)
75 (12/16)
25 (5/20)
42 (23/55)*
38 (12/32)
3 (1/33)*
3 (1/32)
18 (6/33)
3 (1/33)
65 (20/31)
50 (8/16)
10 (3/31)
13 (2/16)
89 (8/9)
89 (8/9)
25 (9/36)
29 (5/17)
68 (21/31)
56 (10/18)

43 (42/98)†
91 (30/33)
0 (0/12)
96 (26/27)
22 (6/27)
14 (2/14)
63 (17/27)
64 (9/14)
60 (6/10)
8 (1/12)
42 (16/38)*
45 (9/20)
8 (2/24)*
10 (2/20)
21 (5/24)
4 (1/24)
46 (13/28)
45 (5/11)
21 (6/28)
9 (1/11)
80 (8/10)
70 (7/10)
32 (10/31)
12 (2/17)
67 (8/12)
36 (5/14)

8 (17/211)‡
93 (65/70)
0 (0/10)
70 (39/56)
38 (21/56)
ND
46 (26/56)
75 (3/4)
40 (4/10)
10 (1/10)
15 (17/114)†
29 (2/7)
19 (13/68)†
14 (1/7)
21 (14/68)
3 (2/68)
50 (38/76)
67 (4/6)
12 (9/76)
0 (0/6)
73 (24/33)
82 (27/33)
25 (14/57)
0 (0/7)
39 (9/23)
50 (14/28)

Data are percent of neurons expressing a given mRNA species, with the number of neurons identified over the total number examined given
in parentheses. Coexpression (e.g., GLUT2 ⫹ GK) of some RNA species is also listed. *, †, ‡Data with dissimilar superscripts within a given
set of mRNA species differ from each other by P ⬍ 0.05 by 2 test. Data with no symbols do not differ statistically from each other.

glucosensing. Neither was there a significant difference
among the groups for the expression of SGLT-1, although
the total number of neurons evaluated was relatively small
(Table 3).
In keeping with its postulated role as a major regulator
of neuronal glucosensing (8,10,21,27), GK mRNA was
expressed in significantly more GE (P ⫽ 0.001) and GI
neurons (P ⫽ 0.001) than NG neurons. In addition, GK was
expressed in more GE than GI neurons (P ⫽ 0.01) (Table
3). Of those GE and GI neurons expressing GK mRNA,
⬃75% responded in the expected fashion to alloxan; that
is, alloxan decreased [Ca2⫹]i oscillations in GE and increased them in GI neurons held at 2.5 mmol/l glucose
(Table 4; Fig. 3). However, an appreciable number of
glucosensing neurons that expressed GK did not respond
to alloxan (Table 4). In the pancreatic ␤-cell, GLUT2 is the
preferred transporter for entry of alloxan into the cell (53);
however, only 20 –30% of the GE and GI neurons that
expressed both GK and GLUT2 also responded to alloxan
(Table 4). On the other hand, none of the small number of
alloxan-unresponsive glucosensing neurons evaluated expressed both GK and GLUT2 mRNA (Table 4). GLUT2 was
also detected in 25– 45% of GE and GI neurons without GK
mRNA expression, regardless of their alloxan responsiveness (Table 4). In addition, only ⬃10% of the small number
of GE neurons and none of the GI neurons sampled
expressed GKRP (Table 4).
The KATP channel is considered the effector of glucosensing in GE neurons (5,54). However, the Kir6.2
subunit was expressed in only 42% of the GE and GI
neurons. Nevertheless, this number significantly exceeded
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the expression in NG neurons (P ⫽ 0.01) (Table 3). NG
neurons were sixfold more likely to express Kir6.1 than
GE (P ⫽ 0.05) and GI neurons (P ⫽ 0.05) (Table 3).
Surprisingly, the expression of SUR-1 and -2 mRNA was
only half that of Kir6.2 or Kir6.1 (Table 3). Because these
mRNA species were present in very low abundance and
there was a mismatch between the expression of Kir6.1 or
Kir6.2 and that of SUR-1 or -2, it is likely that we significantly underestimated their presence by our methods.
Because both GI and NG neurons increased their [Ca2⫹]i
oscillations in the presence of tolbutamide (10), we did not
attempt to correlate the presence of these mRNA species
with tolbutamide responsiveness, which appears to be a
better indicator of the presence of KATP channel components than our current RT-PCR methods.
Lactate transport into neurons produced by astrocytes
has been proposed as an alternate source of energy for
neuronal metabolism (8,42). For this to occur, lactate must
be transported using MCT (55) followed by conversion to
pyruvate using lactate dehydrogenase (LDH) (42,56). Here,
MCT-1 was expressed in 46 – 65% of neurons, regardless of
their glucosensing properties (Table 3). About half of all
glucosensing neurons and 67% of NG neurons coexpressed
both GK and MCT-1. MCT-2 was expressed in ⬍25% of all
neurons, with no significant intergroup differences among
neuronal types (Table 3). Finally, 70 – 89% of neurons
expressed both isoforms of LDH, regardless of their glucosensing properties (Table 3).
There were no significant intergroup differences in the
expression of the leptin receptor b (Lepr-b) splice variant
mRNA or the coexpression of Lepr-b and GK (Table 3). On
DIABETES, VOL. 53, MARCH 2004
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FIG. 3. Alloxan responsiveness in single VMN glucosensing neurons (right panels) and the coexpression of GK, HK-I, and GLUT3 mRNA (left
panels). A: Alloxan- and tolbutamide-responsive GE neuron expressing GK, HK-I, and GLUT3. Here [Ca2ⴙ]i oscillations were suppressed by the
addition of 4 mmol/l alloxan (Allox) in the presence of 2.5 mmol/l glucose and reinstated by 200 mol/l tolbutamide (Tol) in the presence of
alloxan. B: Alloxan-unresponsive, tolbutamide-responsive GE neuron expressing HK-I and GLUT3 but not GK. C: Alloxan-responsive,
tolbutamide-unresponsive GI neuron expressing GK, HK-I, and GLUT3. Here [Ca2ⴙ]i oscillations were inhibited at 2.5 mmol/l glucose but
stimulated by 4 mmol/l alloxan at 2.5 mmol/l glucose. D: Alloxan-unresponsive GI neuron expressing HK-I and GLUT3 but not GK. E: NG neuron
expressing HK-I and GLUT3. Superscript “C” indicates that the amplicon was generated by conventional sc-RT-PCR.

the other hand, 68% of GE and GI neurons expressed INS-R
mRNA, a percentage that tended to be higher than that for
NG neurons (P ⫽ 0.085) (Table 3). Of all the VMN neurons
assessed, up to one-half were ␥-aminobutyric acid
(GABA)-ergic, as demonstrated by the expression of GAD
mRNA (Table 3). However, there were no intergroup
differences in GAD expression.
DISCUSSION

The current studies used glucose-induced changes in
[Ca2⫹]i oscillations in dissociated VMN neurons to characterize their glucosensing properties and mRNA species by
sc-RT-PCR. The influx of extracellular Ca2⫹ occurs after
membrane depolarization in ␤-cells (3). Our data suggest
that similar changes in Ca2⫹ flux are also related to
changes in neuronal activity in both GE and GI neurons.
Glucose-induced changes in dissociated VMN neuron
[Ca2⫹]i oscillations are qualitatively similar to glucoseDIABETES, VOL. 53, MARCH 2004

induced electrophysiological responses of VMN glucosensing neurons in slice preparations (4,11). One advantage of
dissociated neurons is that their activity is not affected by
presynaptic inputs as are neurons in slice preparations (4).
However, Ca2⫹ signaling is complex and it is not certain
that changes in intracellular calcium necessarily completely correlate with changes in action potential. Also,
injury to neurons during the dissociation process may lead
to spurious classification of glucosensing neurons as NG
neurons, particularly in those neurons that showed no
spontaneous [Ca2⫹]i oscillations. This might account for
the finding of GK mRNA in apparent NG neurons. However, the similarities in behavior of dissociated neurons
studied using [Ca2⫹]i imaging to neurons studied electrophysiologically in slice preparations suggest that the
evoked [Ca2⫹]i oscillations are a reasonable surrogate for
classifying neurons with regard to their glucosensing
properties.
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FIG. 4. Coexpression of various mRNA species in single GE (A and D), GI (B and E), and NG VMN neurons (C and F). Left: Coexpression of GK
and KATP channel subunits. Right: Coexpression of GK, various glucose transporters, and INS-R. Templates for left and right panels are from the
different neurons. Fragment sizes are in agreement with those predicted from the mRNA sequences (Table 1). Superscript “C” and “M” indicate
that the amplicons were generated by conventional PCR and mPCR, respectively.

Here we correlated the physiological and pharmacological responses of dissociated VMN glucosensing neurons
with their expression of various mRNA species purported
to function in pancreatic and neuronal glucosensing. Although the presence of a specific mRNA species does not
guarantee the expression of a functional protein product,
it is likely that such translational events do occur in most
cases. Also, because of limitations in detection thresholds
and sampling bias, the quoted percentages for given
mRNA species must be taken as estimates as it is likely
that some species were underestimated (e.g., Kir6.1 and
Kir6.2, SUR-1 and -2). However, although the expression of
GK was quite low, GK mRNA was always detectable within
the linear range of sensitivity of a single round of amplification. It is still possible that some neurons express GK
mRNA at very low levels, but have sufficient enzyme
protein to use GK for glucosensing. However, our previous
study (10) suggested that, as in the current estimate of GK
mRNA expression, up to 30% of GE neurons did not
respond to a panel of four different GK inhibitors. We also
used the GK inhibitor alloxan to correlate a functional
measure of GK activity with the expression of GK mRNA.
On the other hand, it is unlikely that there were a

significant number of false-positive results because scrupulous attention was paid to eliminating genomic DNA and
to ensuring that the number of amplification cycles used
for a given species was well within the linear range of
amplification for each species. Finally, there was a potential sampling bias for the way in which neurons were
chosen here as the percentages quoted were dependent on
the fact that sample neurons were the ones that survived
the dissociation procedure and incubation period before
testing.
Given these caveats, there are many similarities, but
also some differences, between GE neurons and ␤-cells.
GK and Kir6.2 mRNA expression were less common in GE
neurons than expected from previous studies (14,57) and
studies in the ␤-cell (58 – 60), although the Kir6.2 results
must be interpreted with caution. In all, ⬃60% of GE
neurons expressed GK, the proposed regulator of ␤-cell
glucosensing (20,61,62). Also, ⬍50% of GE neurons expressed Kir6.2 or Kir6.1 and even fewer expressed SUR-1
or -2 mRNA. However, given the pharmacological responses of GE neurons to alloxan and other GK inhibitors
(8,10), it is still likely that GK and the KATP channel are the
most common mediators of glucosensing in GE neurons.

TABLE 4
Comparison of potential regulators of VMN neuronal glucosensing with regard to responsiveness or nonresponsiveness to 4 mmol/l
alloxan and expression of potential regulators of glucosensing

GE
Alloxan(⫹)
Alloxan(⫺)
GI
Alloxan(⫹)
Alloxan(⫺)

GK

GK(⫹) GLUT2(⫹)

GK(⫺) GLUT2(⫹)

GKRP

HK-1

76 (28/37)
45 (9/20)

30 (6/20)
0 (0/7)

38 (3/8)
45 (5/11)

9 (1/11)
11 (1/9)

87 (33/38)
100 (9/9)

74 (14/19)
18 (2/11)

17 (2/12)
0 (0/2)

40 (2/5)
25 (2/8)

0 (0/5)
0 (0/7)

92 (11/12)
90 (19/21)

Data are percent, with number of neurons identified over the total number examined given in parentheses.
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On the other hand, GI neurons are similar to pancreatic
␣-cells in that both express GK (10,23). Although the KATP
channel is unlikely to mediate glucosensing in GI neurons,
the expression of GK mRNA in 43% of GI neurons and their
responses to various GK inhibitors (10) make it likely that
GK plays a regulatory role in glucosensing in some GI
neurons. Finally, it is still unclear how GK, with its high
Km, might mediate neuronal glucosensing at physiological
brain glucose levels (4,10,11). Like the ␤-cell, which expresses a similar isoform of GK but not GKRP (27,32),
glucosensing neuron GKRP expression was too infrequent
for it to be a significant regulator of GK activity that might
bring the functional Km of GK activity down to appropriate
brain glucose levels (11,12,63).
There are also several differences between GE neurons
and pancreatic ␤-cells. First, virtually all VMN neurons
expressed GLUT3, as well as the low-Km HK-I. Rat ␤-cells
express predominantly GLUT2 and GK (13), whereas only
a small percent of VMN neurons expressed GLUT2 in our
study. In fact, the neuronal expression of GLUT2 was
surprising given prior reports suggesting that this is predominantly an astrocytic transporter (34). On the other
hand, a significant number of neurons coexpressed GLUT4
and INS-R, although there were no significant intergroup
differences by glucosensing property. This suggests that a
significant proportion of neurons might use insulin-mediated glucose uptake to fuel their metabolic needs, but that
this is less likely to be a primary mechanism for glucosensing. A smaller but significant number of GE neurons also
expressed SGLT-1 mRNA, in keeping with the finding that
phloridzin, a SGLT-1 inhibitor, reduces firing of GE neurons (8). In addition, unlike ␤-cells (64 – 67), both GE and
GI neurons expressed both MCT-1 and LDH-A mRNA. This
should enable those neurons to use lactate and ketone
bodies as alternate energy substrates and act as regulators
of glucosensing (8). Finally, whereas most ␤-cells are
GABAergic (68), only half of the VMN GE neurons assessed expressed the mRNA for GAD, the GABA synthesizing enzyme (69). Thus, although many GE neurons may
sense glucose similarly to ␤-cells, there are likely to be
other populations of VMN GE and GI neurons that sense
glucose through alternate pathways.
Hypothalamic neurons are also involved in sensing and
regulating peripheral signals related to energy homeostasis other than glucose (70). These include metabolic
signals such as lactate and ketone bodies and hormones
related to adipose mass such as insulin and leptin. The
presence of MCT, LDH, INS-R, and Lepr-b mRNAs suggests that glucosensing neurons can serve a more generalized role as metabolic sensors. Both insulin and leptin
circulate in proportion to carcass adiposity (70 –72) and
regulation of insulin secretion is critical for the control of
glucose metabolism. At high glucose concentrations, both
leptin and insulin can either inhibit (73–75) or excite (76)
hypothalamic glucosensing neurons. Although inhibition
appears to be mediated by an effect on the KATP channel
(73), it is unclear how leptin- and insulin-mediated neuronal excitation occurs. Here, ⬃33% of glucosensing neurons
expressed Lepr-b and ⬃70% expressed INS-R mRNA.
Other metabolic substrates besides glucose might also
regulate firing in glucosensing neurons. The current studies suggest that glucosensing neurons could potentially
DIABETES, VOL. 53, MARCH 2004

use astrocyte-derived lactate (8,39) as an alternate regulator of firing rate. In addition, ketone bodies produced in
the periphery during starvation (77), untreated diabetes
(78), and the neonatal period (40) might serve as regulators of neuronal firing. Both lactate and ketone bodies gain
access to the brain via MCTs (43). Here, about half of all
VMN neurons, regardless of their glucosensing properties,
expressed MCT-1, whereas a much smaller number expressed MCT-2. This finding is contrary to prior reports in
adult and neonatal rat and mouse brains (44,79,80). Our
current findings for MCTs might be influenced by our use
of 14- to 21-day-old pups, as the expression of MCT-1
mRNA is highest at postnatal day 15 (81). Results for other
mRNAs might also reflect the developmental stage of these
young animals. Regardless of the MCT subtype, both
LDH-A and -B were ubiquitously expressed in all neuronal
types. Thus, both glucosensing neurons might convert
exogenous lactate to pyruvate using MCT-1 and LDH-B
(53) to alter their firing rate (8). This is different from the
␤-cell, which cannot use lactate to increase insulin secretion (61,82,83). Thus, glucosensing neurons have the potential to use both peripheral hormones and metabolites to
regulate their activity.
In summary, a population of VMN neurons possesses
the cellular machinery to enable them to use glucose as a
signaling molecule. A substantial proportion of these neurons appear to use GK as a gatekeeper for glucose-induced
excitation or inhibition of activity. However, it is clear that
there must be other, non–GK- and non–KATP-dependent
pathways in some VMN glucosensing neurons. In addition,
many VMN glucosensing neurons also have the molecular
pathways required for responding to both hormonal and
other metabolic signals involved in the regulation of
energy homeostasis.
ACKNOWLEDGMENTS

This work was funded by the Research Service of the
Department of Veterans Affairs and the National Institute
of Diabetes and Digestive and Kidney Diseases (DK-53181
to L.K. and B.E.L. and DK55619 to V.H.R.) and the National
Institute of Mental Health (MH-60614 to E.V.K.).
REFERENCES
1. Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak CS, Pettigrew
KD, Sakurada O, Shinohara M: The [14C]deoxyglucose method for the
measurement of local cerebral glucose utilization: theory, procedure, and
normal values in the conscious and anesthetized albino rat. J Neurochem
28:897–916, 1977
2. Oomura Y, Ono T, Ooyama H, Wayner MJ: Glucose and osmosensitive
neurones of the rat hypothalamus. Nature 222:282–284, 1969
3. Levin BE, Dunn-Meynell AA, Routh VH: Brain glucose sensing and body
energy homeostasis: role in obesity and diabetes. Am J Physiol 276:
R1223⫺R1231, 1999
4. Song Z, Levin BE, McArdle JJ, Bakhos N, Routh VH: Convergence of preand postsynaptic influences on glucosensing neurons in the ventromedial
hypothalamic nucleus. Diabetes 50:2673–2681, 2001
5. Ashford ML, Boden PR, Treherne JM: Glucose-induced excitation of
hypothalamic neurones is mediated by ATP-sensitive K⫹ channels.
Pflugers Arch 415:479 – 483, 1990
6. Ashford ML, Sturgess NC, Trout NJ, Gardner NJ, Hales CN: Adenosine-5⬘triphosphate-sensitive ion channels in neonatal rat cultured central neurones. Pflugers Arch 412:297–304, 1988
7. Oomura Y, Ooyama H, Sugimori M, Nakamura T, Yamada Y: Glucose
inhibition of the glucose-sensitive neurone in the rat lateral hypothalamus.
Nature 247:284 –286, 1974
8. Yang XJ, Kow LM, Funabashi T, Mobbs CV: Hypothalamic glucose sensor:
557

CHARACTERIZATION OF VMN GLUCOSENSING NEURONS

similarities to and differences from pancreatic ␤-cell mechanisms. Diabetes 48:1763–1772, 1999
9. Routh VH, McArdle JJ, Levin BE: Phosphorylation modulates the activity
of the ATP-sensitive K⫹ channel in the ventromedial hypothalamic nucleus. Brain Res 778:107–119, 1997
10. Dunn-Meynell AA, Routh VH, Kang L, Gaspers L, Levin BE: Glucokinase is
the likely mediator of glucosensing in both glucose-excited and glucoseinhibited central neurons. Diabetes 51:2056 –2065, 2002
11. Silver IA, Erecinska M: Extracellular glucose concentration in mammalian
brain: continuous monitoring of changes during increased neuronal activity and upon limitation in oxygen supply in normo-, hypo-, and hyperglycemic animals. J Neurosci 14:5068 –5076, 1994
12. McNay EC, Gold PE: Extracellular glucose concentrations in the rat
hippocampus measured by zero-net-flux: effects of microdialysis flow rate,
strain, and age. J Neurochem 72:785–790, 1999
13. Schuit FC, Huypens P, Heimberg H, Pipeleers DG: Glucose sensing in
pancreatic ␤-cells: a model for the study of other glucose-regulated cells in
gut, pancreas, and hypothalamus. Diabetes 50:1–11, 2001
14. Miki T, Liss B, Minami K, Shiuchi T, Saraya A, Kashima Y, Horiuchi M,
Ashcroft F, Minokoshi Y, Roeper J, Seino S: ATP-sensitive K⫹ channels in
the hypothalamus are essential for the maintenance of glucose homeostasis. Nat Neurosci 4:507–512, 2001
15. Ashcroft FM, Gribble FM: Correlating structure and function in ATPsensitive K⫹ channels. Trends Neurosci 21:288 –294, 1998
16. Aguilar-Bryan L, Bryan J: Molecular biology of adenosine triphosphatesensitive potassium channels. Endocr Rev 20:101–135, 1999
17. Seino S: ATP-sensitive potassium channels: a model of heteromultimeric
potassium channel/receptor assemblies. Annu Rev Physiol 61:337–362,
1999
18. Chutkow WA, Makielski JC, Nelson DJ, Burant CF, Fan Z: Alternative
splicing of SUR2 exon 17 regulates nucleotide sensitivity of the ATPsensitive potassium channel. J Biol Chem 274:13656 –13665, 1999
19. Karschin C, Ecke C, Ashcroft FM, Karschin A: Overlapping distribution of
K(ATP) channel-forming Kir6.2 subunit and the sulfonylurea receptor
SUR-1 in rodent brain. FEBS Lett 401:59 – 64, 1997
20. Sweet IR, Li G, Najafi H, Berner D, Matschinsky FM: Effect of a glucokinase
inhibitor on energy production and insulin release in pancreatic islets.
Am J Physiol 271:E606⫺E625, 1996
21. Matschinsky FM: Regulation of pancreatic ␤-cell glucokinase: from basics
to therapeutics. Diabetes 51 (Suppl. 3):S394⫺S404, 2002
22. Thorens B: GLUT2 in pancreatic and extra-pancreatic gluco-detection. Mol
Membr Biol 18:265–273, 2001
23. Heimberg H, De Vos A, Moens K, Quartier E, Bouwens L, Pipeleers D, Van
Schaftingen E, Madsen O, Schuit F: The glucose sensor protein glucokinase is expressed in glucagon-producing alpha-cells. Proc Natl Acad Sci U
S A 93:7036 –7041, 1996
24. Matschinsky FM, Ellerman JE: Metabolism of glucose in the islets of
Langerhans. J Biol Chem 243:2730 –2736, 1968
25. Garner JA, Linse KD, Polk RK: Type I brain hexokinase: axonal transport
and membrane associations within central nervous system presynaptic
terminals. J Neurochem 67:845– 856, 1996
26. Liu F, Dong Q, Myers AM, Fromm HJ: Expression of human brain
hexokinase in Escherichia coli: purification and characterization of the
expressed enzyme. Biochem Biophys Res Commun 177:305–311, 1991
27. Lynch RM, Tompkins LS, Brooks HL, Dunn-Meynell AA, Levin BE: Localization of glucokinase gene expression in the rat brain. Diabetes 49:693–
700, 2000
28. Roncero I, Alvarez E, Vazquez P, Blazquez E: Functional glucokinase
isoforms are expressed in rat brain. J Neurochem 74:1848 –1857, 2000
29. Meglasson MD, Matschinsky FM: New perspectives on pancreatic islet
glucokinase. Am J Physiol 246:E1⫺E13, 1984
30. Matschinsky FM: Banting lecture 1995: a lesson in metabolic regulation
inspired by the glucokinase glucose sensor paradigm. Diabetes 45:223–241,
1996
31. Matschinsky F, Liang Y, Kesavan P, Wang L, Froguel P, Velho G, Cohen D,
Permutt MA, Tanizawa Y, Jetton TL, et al: Glucokinase as pancreatic beta
cell glucose sensor and diabetes gene. J Clin Invest 92:2092–2098, 1993
32. Alvarez E, Roncero I, Chowen JA, Vazquez P, Blazquez E: Evidence that
glucokinase regulatory protein is expressed and interacts with glucokinase
in rat brain. J Neurochem 80:45–53, 2002
33. Jetton TL, Liang Y, Pettepher CC, Zimmerman EC, Cox FG, Horvath K,
Matschinsky FM, Magnuson MA: Analysis of upstream glucokinase promoter activity in transgenic mice and identification of glucokinase in rare
neuroendocrine cells in the brain and gut. J Biol Chem 269:3641–3654,
1994
34. Leloup C, Arluison M, Lepetit N, Cartier N, Marfaing-Jallat P, Ferre P,
558

Penicaud L: Glucose transporter 2 (GLUT 2): expression in specific brain
nuclei. Brain Res 638:221–226, 1994
35. Vannucci SJ, Clark RR, Koehler-Stec E, Li K, Smith CB, Davies P, Maher F,
Simpson IA: Glucose transporter expression in brain: relationship to
cerebral glucose utilization. Dev Neurosci 20:369 –379, 1998
36. Leloup C, Arluison M, Kassis N, Lepetit N, Cartier N, Ferre P, Penicaud L:
Discrete brain areas express the insulin-responsive glucose transporter
GLUT4. Brain Res Mol Brain Res 38:45–53, 1996
37. El Messari S, Leloup C, Quignon M, Brisorgueil MJ, Penicaud L, Arluison
M: Immunocytochemical localization of the insulin-responsive glucose
transporter 4 (GLUT4) in the rat central nervous system. J Comp Neurol
399:492–512, 1998
38. Poppe R, Karbach U, Gambaryan S, Wiesinger H, Lutzenburg M, Kraemer
M, Witte OW, Koepsell H: Expression of the Na⫹-D-glucose cotransporter
SGLT-1 in neurons. J Neurochem 69:84 –94, 1997
39. Pellerin L, Magistretti PJ: Glutamate uptake into astrocytes stimulates
aerobic glycolysis: a mechanism coupling neuronal activity to glucose
utilization. Proc Natl Acad Sci U S A 91:10625–10629, 1994
40. Girard JR, Ferre P, El Manoubi L, Pegorier JP: Ketone-body metabolism
during the neonatal period. Biochem Soc Trans 9:344 –345, 1981
41. Williams G, Bing C, Cai XJ, Harrold JA, King PJ, Liu XH: The hypothalamus
and the control of energy homeostasis: different circuits, different purposes. Physiol Behav 74:683–701, 2001
42. Bittar PG, Charnay Y, Pellerin L, Bouras C, Magistretti PJ: Selective
distribution of lactate dehydrogenase isoenzymes in neurons and astrocytes of human brain. J Cereb Blood Flow Metab 16:1079 –1089, 1996
43. Pardridge WM: Recent advances in blood-brain barrier transport. Annu
Rev Pharmacol Toxicol 28:25–39, 1988
44. Debernardi R, Pierre K, Lengacher S, Magistretti PJ, Pellerin L: Cellspecific expression pattern of monocarboxylate transporters in astrocytes
and neurons observed in different mouse brain cortical cell cultures.
J Neurosci Res 73:141–155, 2003
45. Levin BE, Dunn-Meynell AA, Routh VH: CNS sensing and regulation of
peripheral glucose levels. Int Rev Neurobiol 51:219 –258, 2002
46. Grynkiewicz G, Poenie M, Tsien RY: A new generation of Ca2⫹ indicators
with greatly improved fluorescence properties. J Biol Chem 260:3440 –
3450, 1985
47. Lenzen S, Tiedge M, Panten U: Glucokinase in pancreatic B-cells and its
inhibition by alloxan. Acta Endocrinol (Copenh) 115:21–29, 1987
48. Meglasson MD, Burch PT, Berner DK, Najafi H, Matschinsky FM: Identification of glucokinase as an alloxan-sensitive glucose sensor of the
pancreatic ␤-cell. Diabetes 35:1163–1173, 1986
49. Liss B: Improved quantitative real-time RT-PCR for expression profiling of
individual cells. Nucleic Acid Res 30:e89, 2002
50. Brenner M: Structure and transcriptional regulation of the GFAP gene.
Brain Pathol 4:245–257, 1994
51. Cauli B, Audinat E, Lambolez B, Angulo MC, Ropert N, Tsuzuki K, Hestrin
S, Rossier J: Molecular and physiological diversity of cortical nonpyramidal cells. J Neurosci 17:3894 –3906, 1997
52. Vannucci SJ, Maher F, Simpson IA: Glucose transporter proteins in brain:
delivery of glucose to neurons and glia. Glia 21:2–21, 1997
53. De Vos A, Heimberg H, Quartier E, Huypens P, Bouwens L, Pipeleers D,
Schuit F: Human and rat beta cells differ in glucose transporter but not in
glucokinase gene expression. J Clin Invest 96:2489 –2495, 1995
54. Ashford ML, Boden PR, Treherne JM: Tolbutamide excites rat glucoreceptive ventromedial hypothalamic neurones by indirect inhibition of ATP-K⫹
channels. Br J Pharmacol 101:531–540, 1990
55. Halestrap AP, Price NT: The proton-linked monocarboxylate transporter
(MCT) family: structure, function and regulation. Biochem J 343:281–299,
1999
56. Tholey G, Roth-Schechter BF, Mandel P: Activity and isoenzyme pattern of
lactate dehydrogenase in neurons and astroblasts cultured from brains of
chick embryos. J Neurochem 36:77– 81, 1981
57. Dunn-Meynell AA, Rawson NE, Levin BE: Distribution and phenotype of
neurons containing the ATP-sensitive K⫹ channel in rat brain. Brain Res
814:41–54, 1998
58. Kieffer TJ, Heller RS, Leech CA, Holtz GG, Haebner JF: Leptin suppression
of insulin secretion by activation of ATP-sensitive K⫹ channels in pancreatic ␤-cells. Diabetes 46:1087–1093, 1997
59. Aguilar-Bryan L, Nichols CG, Wechsler SW, Clement JPT, Boyd AE 3rd,
Gonzalez G, Herrera-Sosa H, Nguy K, Bryan J, Nelson DA: Cloning of the
beta cell high-affinity sulfonylurea receptor: a regulator of insulin secretion. Science 268:423– 426, 1995
60. Aguilar-Bryan L, Nichols CG, Rajan AS, Parker C, Bryan J: Co-expression
of sulfonylurea receptors and KATP channels in hamster insulinoma tumor
DIABETES, VOL. 53, MARCH 2004

L. KANG AND ASSOCIATES

(HIT) cells: evidence for direct association of the receptor with the
channel. J Biol Chem 267:14934 –14940, 1992
61. Newgard CB, McGarry JD: Metabolic coupling factors in pancreatic
beta-cell signal transduction. Annu Rev Biochem 64:689 –719, 1995
62. Matschinsky FM, Glaser B, Magnuson MA: Pancreatic ␤-cell glucokinase:
closing the gap between theoretical concepts and experimental realities.
Diabetes 47:307–315, 1998
63. De Vries MG, Arseneau LM, Lawson ME, Beverly JL: Extracellular glucose
in rat ventromedial hypothalamus during acute and recurrent hypoglycemia. Diabetes 52:2767–2773, 2003
64. Sekine N, Cirulli V, Regazzi R, Brown LJ, Gine E, Tamarit-Rodriguez J,
Girotti M, Marie S, MacDonald MJ, Wollheim CB: Low lactate dehydrogenase and high mitochondrial glycerol phosphate dehydrogenase in pancreatic beta-cells: potential role in nutrient sensing. J Biol Chem 269:4895–
4902, 1994
65. Zhao C, Wilson MC, Schuit F, Halestrap AP, Rutter GA: Expression and
distribution of lactate/monocarboxylate transporter isoforms in pancreatic
islets and the exocrine pancreas. Diabetes 50:361–366, 2001
66. Ishihara H, Wang H, Drewes LR, Wollheim CB: Overexpression of monocarboxylate transporter and lactate dehydrogenase alters insulin secretory
responses to pyruvate and lactate in beta cells. J Clin Invest 104:1621–
1629, 1999
67. Ishihara H, Wollheim CB: What couples glycolysis to mitochondrial signal
generation in glucose-stimulated insulin secretion? IUBMB Life 49:391–
395, 2000
68. Brice NL, Varadi A, Ashcroft SJ, Molnar E: Metabotropic glutamate and
GABA(B) receptors contribute to the modulation of glucose-stimulated
insulin secretion in pancreatic beta cells. Diabetologia 45:242–252, 2002
69. Amoroso S, Schmid-Antomarchi H, Fosset M, Lazdunski M: Glucose,
sulfonylureas, and neurotransmitter release: role of ATP- sensitive K⫹
channels. Science 247:852– 854, 1990
70. Oomura Y, Kita H: Insulin acting as a modulator of feeding through the
hypothalamus. Diabetologia 20 (Suppl.):290 –298, 1981
71. Considine RV, Caro JF: Leptin and the regulation of body weight. Int
J Biochem Cell Biol 29:1255–1272, 1997

DIABETES, VOL. 53, MARCH 2004

72. Schwartz MW, Figlewicz DP, Baskin DG, Woods SC, Porte D Jr: Insulin in the
brain: a hormonal regulator of energy balance. Endocr Rev 13:387–414, 1992
73. Spanswick D, Smith MA, Groppi VE, Logan SD, Ashford ML: Leptin inhibits
hypothalamic neurons by activation of ATP-sensitive potassium channels.
Nature 390:521–525, 1997
74. Spanswick D, Smith MA, Mirshamsi S, Routh VH, Ashford ML: Insulin
activates ATP-sensitive K⫹ channels in hypothalamic neurons of lean, but
not obese rats. Nat Neurosci 3:757–758, 2000
75. Lee K, Dixon AK, Richardson PJ, Pinnock RD: Glucose-receptive neurones
in the rat ventromedial hypothalamus express KATP channels composed
of Kir6.1 and SUR-1 subunits. J Physiol (Lond) 515:439 – 452, 1999
76. Cowley MA, Smart JL, Rubinstein M, Cerdan MG, Diano S, Horvath TL,
Cone RD, Low MJ: Leptin activates anorexigenic POMC neurons through a
neural network in the arcuate nucleus. Nature 411:480 – 484, 2001
77. Edmond J: Energy metabolism in developing brain cells. Can J Physiol
Pharmacol 70 (Suppl.):S118⫺S129, 1992
78. Harano Y, Kosugi K, Hyosu T, Suzuki M, Hidaka H, Kashiwagi A, Uno S,
Shigeta Y: Ketone bodies as markers for type 1 (insulin-dependent)
diabetes and their value in the monitoring of diabetic control. Diabetologia
26:343–348, 1984
79. Leino RL, Gerhart DZ, Drewes LR: Monocarboxylate transporter (MCT1)
abundance in brains of suckling and adult rats: a quantitative electron
microscopic immunogold study. Brain Res Dev Brain Res 113:47–54, 1999
80. Gerhart DZ, Enerson BE, Zhdankina OY, Leino RL, Drewes LR: Expression
of monocarboxylate transporter MCT1 by brain endothelium and glia in
adult and suckling rats. Am J Physiol 273:E207⫺E213, 1997
81. Pellerin L, Pellegri G, Martin JL, Magistretti PJ: Expression of monocarboxylate transporter mRNAs in mouse brain: support for a distinct role of
lactate as an energy substrate for the neonatal vs. adult brain. Proc Natl
Acad Sci U S A 95:3990 –3995, 1998
82. Meglasson MD, Nelson J, Nelson D, Erecinska M: Bioenergetic response of
pancreatic islets to stimulation by fuel molecules. Metabolism 38:1188 –
1195, 1989
83. Best L, Yates AP, Meats JE, Tomlinson S: Effects of lactate on pancreatic
islets: lactate efflux as a possible determinant of islet-cell depolarization by
glucose. Biochem J 259:507–511, 1989

559

