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The brain contains a subpopulation of glucosensing neurons that alter their firing rate in response to elevated
glucose concentrations. In pancreatic -cells, glucokinase (GK), the rate-limiting enzyme in glycolysis, mediates glucose-induced insulin release by regulating intracellular ATP production. A similar role for GK is proposed to underlie neuronal glucosensing. Via in situ
hybridization, GK mRNA was localized to hypothalamic
areas that are thought to contain relatively large populations of glucosensing neurons (the arcuate, ventromedial, dorsomedial, and paraventricular nuclei and the lateral area). GK also was found in brain areas without
known glucosensing neurons (the lateral habenula, the
bed nucleus stria terminalis, the inferior olive, the
retrochiasmatic and medial preoptic areas, and the thalamic posterior paraventricular, interpeduncular, oculomotor, and anterior olfactory nuclei). Conversely, GK
message was not found in the nucleus tractus solitarius,
which contains glucosensing neurons, or in ependymal
cells lining the third ventricle, where others have
described its presence. In the arcuate nucleus, >75% of
neuropeptide Y–positive neurons also expressed GK, and
most GK+ neurons also expressed KIR6.2 (the pore-forming subunit of the ATP-sensitive K+ channel). The
anatomic distribution of GK mRNA was confirmed in
micropunch samples of hypothalamus via reverse transcription–polymerase chain reaction (RT-PCR). Nucleotide sequencing of the recovered PCR product indicated
identity with nucleotides 1092–1411 (within exon 9 and
10) of hepatic and -cell GK. The specific anatomic localization of GK mRNA in hypothalamic areas known to contain glucosensing neurons and the coexpression of
KIR6.2 and NPY in GK+ neurons support a role for GK as
a primary determinant of glucosensing in neuropeptide
neurons that integrate multiple signals relating to
peripheral energy metabolism. Diabetes 49:693–700, 2000
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ammalian feeding behavior and general energy
homeostasis appear to be regulated by circulating levels of nutrients (glucose) and peptides (e.g., leptin, insulin). Sensors to detect levels of these factors have been found to reside within specific
nuclei of the hypothalamus (1–8), where central regulation of
energy homeostasis is believed to be coordinated. For example, large changes in blood glucose are correlated with centrally mediated responses such as thermogenesis through
activation of the sympathetic nervous system. These changes
are monitored by the brain (9–11), and such responses are
altered in obesity-prone animals (11–13). Moreover, lesions
of the ventromedial hypothalamus (VMH) prevent the hypoglycemic activation of the sympathetic response (14). Thus,
available data indicate that glucose detection by hypothalamic neurons may play an important role in regulating energy
homeostasis.
Glucosensing neurons are among the best characterized of
such metabolic sensors. Unlike most neurons, they use glucose as a signaling molecule to alter their firing rate in
response to changes in ambient glucose levels (1,2,7,15,16).
Glucosensing neurons constitute 10–40% of the resident neuronal populations of the VMH and lateral hypothalamic area
(LHA) (1,2,15,17). In addition, glucosensing neurons have
been discovered in other brain areas including the amygdala
(18), locus ceruleus (19), and nucleus tractus solitarius (20).
Two distinct types of neuronal responses to changes in glucose concentrations have been observed, leading to characterization of the neurons as either glucose-responsive or glucose-sensitive. Glucose-responsive neurons are defined as
those that increase their firing rates when ambient brain glucose levels rise; glucose-sensitive neurons decrease their firing rates when glucose levels increase (1,2,7,15,16).
Most attention has been focused on the hypothalamus
because of its important role in energy homeostasis (7,8,21).
Whereas areas such as the VMH contain neurons that are
clearly inhibited by pathological lowering and stimulated by
raising of glucose (14,22,23), both the VMH and LHA also contain neurons that are inhibited as brain glucose increases
over a physiologic range of 1.5–4 mmol/l (15,17). Of the 2 types
of glucosensing neurons, the glucose-responsive neurons
have been best characterized physiologically because of their
similarity to the glucosensing pancreatic -cell (7,24). Alternatively, the islet -cell may be the endocrine equivalent of the
glucose-sensitive neuron, since glucagon secretion is
decreased in response to elevated glucose (25).
The pancreatic -cell, in turn, is the most extensively studied model of cellular glucose sensing (24–26). The enzyme
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glucokinase (GK; hexokinase IV) (27) appears to play a central role in the ability of -cells to sense changes in blood glucose (24,28,29). -Cells are activated by increases in blood glucose over a wide range (5–20 mmol/l). GK has a relatively low
affinity for glucose (Km ~10 mmol/l [30,31]), which provides
the -cell with the ability to increase the rate of glucose phosphorylation in proportion to increases in blood glucose over
the physiologic range (26,28). In -cells isolated from rat
pancreas, the absolute sensitivity of individual cells to glucose
appears to be correlated with the level of GK expression
(26), and overexpression of GK enhances secretion of insulin
in response to elevated glucose (29). Moreover, modulation
of GK activity in insulin-secreting cell lines modulates the rate
of glucose utilization and the sensitivity of these cells to glucose (30). A similar role for GK in glucose sensing by human
-cells also has been demonstrated (31). Thus, it is clear that
the presence of GK is required for normal sensing of glucose
by -cells, and the relative level of GK expression may set
overall sensitivity or set point for activation by glucose (26).
To explain the coupling between changes in glucose phosphorylation rate and -cell activation, it is proposed that ATP
produced by GK-regulated glycolysis inactivates the ATPsensitive inward rectifier K+ channel (KATP channel), leading
to depolarization of the cell limiting membrane, Ca2+ influx,
and insulin release (24,32). The pore-forming subunit of the
specific KATP channel expressed in -cells is the KIR6.2,
which, together with a sulfonylurea receptor, confers activity to the channel (32). In the brain, this same channel
appears to modulate neuronal firing in select glucose-responsive neurons (7,33). Moreover, GK has been shown to be
expressed in neuronal centers that exhibit responses to elevated glucose (34–36). Brain glucose concentrations change
over a narrow range (1–4 mmol/l) during normal transitions
in blood glucose (15); therefore the resolution of the glucose-sensing mechanism in these neurons must be high or,
alternatively, these neurons may use a fundamentally different mechanism to sense changes in glucose.
The presence of GK in the purported glucose-responsive
centers of the hypothalamus has been evaluated. Jetton et al.
(35) expressed a GK promoter–driven human growth hormone transgene in mice to identify tissues in which the GK
promoter was active. Promoter activity was observed in
-cells of the pancreas, specific segments of the alimentary
canal, and several brain regions. In the hypothalamus, activity was observed in regions surrounding the third ventricle,
including the arcuate nucleus (ARC) and the ventromedial
nucleus (VMN), indicating that GK is normally expressed in
these regions. Several hypothalamic areas also showed
immunoreactivity for GK antibody, although it was unclear
within which specific regions GK was expressed or if expression was in neurons or glia. In situ hybridization to identify
GK mRNA showed low levels of GK mRNA expression in the
basomedial hypothalamus and ependymal layers of the third
ventricle within this region of the hypothalamus. Because of
the low signal, expression could not be localized to specific
regions. More recent studies of Navarro et al. (36) and Yang
et al. (34) also identified GK message within the hypothalamus, but again the exact regions of expression could not be
ascertained. Although these previous studies (34,36) indicate that GK promoter is active in the hypothalamus, and that
both message and protein are expressed, a comprehensive
analysis of the regional distribution of GK expression has not
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been performed. This issue is of great importance, since GK
has emerged as a central component for glucosensing by the
-cell (24,26,32) and may well serve the same function in
both glucose-responsive (7) and glucose-sensitive (15) neurons in the brain. For this reason, we postulated that GK
would be highly localized to those brain areas in which glucosensing neurons reside. In the current studies, we used an
analysis of GK mRNA expression in sequential sections of
entire rat brain by in situ hybridization. In addition, reverse
transcription–polymerase chain reaction (RT-PCR) was used
to confirm the localized expression in micropunches from specific hypothalamic nuclei and to sequence the code for the
expressed GK.
RESEARCH DESIGN AND METHODS
Animals. For the in situ hybridization studies, 8 male Sprague-Dawley rats
weighing 300–400 g were used. For the RT-PCR studies, 5 female 300-g SpragueDawley rats were used. Animals were kept on a 12 h:12 h light-dark schedule at
22–23°C with food and water provided ad libitum. Rats were anesthetized by CO2
and decapitated, and their brains were removed quickly for further study.
In situ hybridization. Probes were generated from a 1.4-kb fragment of the
mRNA sequence for rat GK (nucleotides 1–1422). This fragment was subcloned into
the BamHI site of a pBS2SK+ vector. Because this portion of the GK gene also contains a small area of partial homology to rat hexokinase I (HKI), a truncated probe
that shared no homology with HKI (nucleotides 963–1422) was used in a separate
set of experiments to confirm the identity of GK. For prepro-neuropeptide Y (NPY),
a 511-bp fragment was subcloned into the EcoRI site of a bluescript SK(+) vector
(36). Riboprobes labeled with 35S, digoxigenin, or fluorescein were generated using
standard techniques (37,38). Probes were hydrolyzed for 20 min at 60°C in
0.06 mol/l Na2CO3 and 0.04 mol/l NaHCO3, and probe fragments <20 nucleotides were
removed using microspin G-50 columns. Cryostat sections of rat brain were cut at
10 µm, fixed in paraformaldehyde, and dehydrated. Hybridization was performed
as previously described (38). Briefly, sections were treated with glycine, followed
by pronase. They were then acetylated, dehydrated, and prehybridized at 60°C. Slides
were incubated with the hybridization mix containing 40,000 dpm/µl [35S]-labeled
sense or antisense GK probe (for single labeling) or 0.5 ng/µl digoxigenin-labeled
GK probe plus 0.5 ng/µl fluorescein-labeled NPY probe (for double labeling). After
overnight hybridization at 60°C, sections were treated with -mercaptoethanol followed by RNase. After a low-stringency rinse, slides received a high-stringency wash
(0.1 sodium chloride–sodium citrate [SSC] [NaCl, 150 mmol/l, citric acid,
15 mmol/l; pH to 7.4] at 60°C). Preliminary results showed that high-stringency washing was essential for specificity of the GK probe. Washing with 0.25 SSC at 55°C
resulted in extensive nonspecific background activity with both sense and antisense
probes, whereas washing with 0.1 SSC at 60°C eliminated most of the background activity while retaining specific hybridization of the antisense probe. After
hybridization, single-label brain sections were dehydrated, and the slides were
apposed to Kodak (Rochester, NY) Biomax MR film for 2–4 weeks.
NPY and GK double-labeled slides were blocked with 2% goat serum, and
hybridization of the fluorescein-labeled NPY probe was visualized using a peroxidase-conjugated anti-fluorescein antibody, followed by a renaissance green fluorescence in situ hybridization kit (New England Nuclear, Boston, MA). Next,
hybridization of the digoxigenin-labeled GK probe was visualized using alkaline
phosphatase–conjugated anti-digoxigenin, followed by a nitroblue tetrazolium/
4-bromo-4-chloro-indolyl phosphate chromagen reaction. KIR6.2 and GK doublelabeled slides used hybridization of a digoxigenin-labeled KIR6.2 probe that was
recognized as described above. After this hybridization, 35S-labeled GK probe was
demonstrated by dipping slides in Ilford K5D autoradiographic emulsion (Ilford,
Paramus, NJ) and exposing for 3 weeks.
Isolation of tissue from adult rat hypothalami. Dissection blades, needle
punches, and all dissection instruments were sterilized and maintained in saline
supplemented with 4 mmol/l vanadyl ribonucleoside complex (Gibco BRL,
Gaithersburg, MD) to inhibit RNase activity (39). Brains were placed in a Heffner
slicer, and 1- to 2-mm coronal slices were obtained from the region posterior to
the bifurcation of the optic tract. The slices were placed in phosphate-buffered
saline (PBS) supplemented with 4 mmol/l vanadyl ribonucleoside. Area-specific
tissues were obtained from the slices under 20 magnification using a blunt polished 16-gauge needle (1.5 mm inner diameter). Tissue cores were collected from
specific hypothalamic nuclei including the ARC, VMN, paraventricular nucleus
(PVN), and LHA. Cortex samples were taken from within the same slice. Care was
taken to avoid sampling from the ependymal layer around the third ventricle.
Vanadyl ribonuclease complex was removed from the tissue before RNA extraction by rinsing the tissue cores in PBS. Region-specific tissue from 5 rats
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(~40–60 mg total) were pooled in 1 ml Trizol (Gibco BRL). Tissue isolations were
performed in duplicate to verify reproducibility of results.
Total RNA isolation and RT-PCR. Tissue samples were incubated in Trizol for
20 min at room temperature and homogenized through a 1-ml pipette tip. Total RNA
was extracted using phenol/chloroform, precipitated from the aqueous layer with
isopropanol, and resuspended in diethyl pyrocarbonate–treated RNase free water.
Total RNA was also collected from a central region of the cerebral cortex and from
a rat insulinoma cell line (BG 40/110; P26) that overexpresses the rat islet form of
GK (39). Total RNA (5 µg) was digested with RNase-free DNase for 60 min at 37°C
to remove genomic DNA contamination. RNA was phenol/chloroform-extracted
and precipitated overnight at –70°C in ethanol and 3 mol/l sodium acetate, pH 5.2.
Single-stranded cDNA was synthesized from 2 µg RNA using the following reaction: 1 µg random primer, 200 ng oligo d(T) primer, 50 U RNase inhibitor, 50 U
reverse transcriptase Moloney murine leukemia virus, and 1 mmol/l dNTP in 5
first-strand buffer containing 0.8 mmol/l dithiothreitol at 37°C for 1 h (40). The 5
first-strand buffer contained 250 mmol/l Tris HCl, pH 8.3; 375 mmol/l KCl, and
15 mmol/l MgCl2. PCR was performed using sequence-specific primers for rat GK
(5-GTGGTGCTTTTGAGACCCGTT-3 and 5-TTCGATGAAGGTGATTTCGCA-3)
corresponding to bases 1071–1091 and 1411–1391 (GenBank accession number
X53598), respectively, of rat liver GK (41) and for rat cyclophilin (5-GGGGAGA
AAGGATTTGGCTA-3and 5-ACATGCTTGCCATCCAGCC-3) corresponding to
bases 165–185 and 422–404 (GenBank accession number M19533), respectively (42).
Each 50 µl of PCR reaction contained 100 ng cDNA template, 100 pmol sense and
antisense primer, and 0.4 mmol/l dntps in 10 Taq buffer with 15 mmol/l MgCl2
(Promega, Madison, WI), catalyzed with 2.5 U Taq polymerase. The 10 Taq buffer
(Promega) contained 100 mmol/l Tris HCl, pH 8–3, 500 mmol/l KCl, 1% Triton X100, and 15 mmol/l MgCl2. cDNA from the GK-expressing cell line was used as a
positive control, and 1.0 µg total DNase-treated RNA was used as a negative control reaction. All PCR reactions were run on a Perkin-Elmer GeneAmp model
2400 (Perkin-Elmer Biosystems, Foster City, CA) (16) as follows: 2 min at 94°C, 1
min at 94°C, 2 min at 50°C, and 1.5 min at 72°C (30 cycles) with a final 10 min at
72oC before storage at 4°C overnight. PCR products were analyzed by elec-

trophoresis on 2% agarose gels (Stratagene, La Jolla, CA), stained with ethidium
bromide, visualized, and photographed (exposure 400 ms) on a Bio-Rad ultraviolet illuminator (Bio-Rad Laboratories, Hercules, CA). Images were acquired using
Quantity One software (Bio-Rad Laboratories).
Purification, identification, and determination of relative abundance of PCR
products. PCR products were excised from the agarose gel and extracted using the
QiaQuick kit (Qiagen, Valencia, CA). PCR product (30 ng) was cycle-sequenced using
fluorescent dideoxy chain termination (Arizona Research Labs, Division of Biotechnology, Tucson, AZ). Sequence data was obtained using 10 pmol of both reverse and
forward PCR primers, and the compiled nucleotide sequence was entered as a
BLAST query using the National Center for Biotechnology Information program software (National Institutes of Health, Bethesda, MD). To determine the relative abundance of the GK mRNA transcript, 8 µl PCR product was combined for samplematched GK and cyclophilin reactions into the same lanes of a 2% agarose gel and
run for 2 h at 80 V. Gels were stained in freshly prepared ethidium bromide and
photographed. Images of each gel were then analyzed for intensity of ethidium
labeling using Scion version 5.0.1 (Scion, Frederick, MD). To determine the total
intensity within equal areas, a selected region was used that was held constant
for measurement of background and signal of each GK and cyclophilin band. To correct for background noise, the signal from an area immediately above each band
was subtracted. The corrected intensity for each GK band was standardized to the
corrected intensity for the cyclophilin band in the same lane (43). Sample volumes
were selected to provide similar loading of cyclophilin in all lanes and ensure that
cyclophilin signal was within the linear range of the detection system.

RESULTS

Anatomic distribution of GK mRNA by in situ
hybridization. According to film autoradiography (Figs. 1
and 2; Table 1), hybridization of the antisense GK probe was
most extensive in the hypothalamus. The specificity of this

FIG. 1. Montage of in situ hybridization of radiolabeled sense and antisense GK probes in film
autoradiographs of a series of coronal sections
through the rat brain. The antisense hybridization
is shown in the 11 sections at the top of the figure,
which run from rostral (starting at the rostral pole
of the cortex, top left) to caudal (ending at the
caudal pole of the cerebellum, bottom right).
Hybridization of the sense probe is shown in sections that pass through the hypothalamus at the
level of the mid-hypothalamus (bottom left) and
through the hindbrain at the level of the lower
medulla (bottom right). Note that although
hybridization to the molecular layer of the cerebellum was seen (bottom right antisense sections),
similar hybridization occurred with the sense
probe, indicating that this hybridization was nonspecific. AON, anterior olfactory nucleus; BNST,
bed nucleus stria terminalis; DMN, dorsomedial
nucleus; III, oculomotor nucleus; IO, inferior olive;
IPN, interpeduncular nucleus; LC, locus coeruleus;
LHN, lateral habenular nucleus; MAN, medial
amygdalar nucleus; MPO, medial preoptic area;
PVP, thalamic posterior paraventricular nucleus;
RCh, retrochiasmatic area.
DIABETES, VOL. 49, MAY 2000
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FIG. 2. High-power film autoradiograph of the in situ hybridization of the antisense GK probe in a coronal section through the hypothalamus
and amygdala. DMN, dorsomedial nucleus; LH, lateral hypothalamus; MAN, medial amygdalar nucleus.

hybridization was demonstrated by the low level of nonspecific labeling using the sense probe (Fig. 1). In general, the relative abundance of brain GK mRNA appeared to be low.
Exposure times on film ran 3–4 weeks as opposed to 3 days
for comparable methods used to detect NPY mRNA (37).
Given this low level of expression, heaviest labeling was seen
in the ARC and VMN, especially the dorsomedial subdivision. Lesser expression was observed in the dorsomedial
nucleus, retrochiasmatic area, and PVN, where the majority
of labeling was observed in the caudal portion. There was also
diffuse, low-level GK expression in the LHA. GK mRNA was
expressed outside the hypothalamus as well. In the forebrain, high levels of expression were present in the medial
amygdalar nucleus. Low to moderate levels of GK expression
were observed in the anterior olfactory nucleus, bed nucleus
of the stria terminalis, posterior paraventricular thalamic
nucleus, lateral habenula, and interpeduncular nuclei. In the
hindbrain, GK mRNA was expressed selectively in the oculomotor nucleus, locus ceruleus, and inferior olive. In situ
hybridization with the truncated GK probe, which shared no
homology with rat HKI, gave the same qualitative results as
the full-length probe, although with somewhat lower levels of
expression than those found with the full-length probe (data
not shown). Thus, the full-length probe does not hybridize
with the constitutively expressed HKI, and therefore, both
probes are selective for GK transcripts.
Double-label in situ hybridization studies were carried out
to assess GK, KIR6.2, and NPY mRNA expression at the cellular level. KIR6.2 was expressed throughout the hypothalamus, as previously described (44). Based on qualitative analysis of GK autoradiogram overlays with KIR6.2 micrographs,
the majority of GK+ neurons in the ARC coexpressed KIR6.2
mRNA (Fig. 3), although this was only a fraction of all neurons that express KIR6.2. Double-label studies also showed
that >75% of NPY neurons in the ARC coexpressed GK
mRNA (Fig. 4). Importantly, within these same sections, no
GK mRNA was observed in the ependymal cells lining the
walls of the adjacent third ventricle (Fig. 2).
RT-PCR identification of GK in specific regions of the
hypothalamus. The in situ hybridization studies showed
the highest expression of GK in the ventrobasalar hypothal696

amus. RT-PCR was performed on total RNA extracted from
micropunches of the hypothalamus to identify the presence
or absence of GK mRNA transcripts in selected hypothalamic
regions (Fig. 5). Using the GK primers, a single cDNA fragment of ~340 nucleotides was obtained. Cyclophilin primers
produced a single band of ~259 nucleotides. GK was found in
ARC, VMH, PVN, and LHA; however, the amount of product
varied in the different regions. When expressed as a percentage of the constitutive cyclophilin signal in each lane, the
ARC and LHA exhibited the highest signals, whereas GK
mRNA was expressed at the lowest levels in the PVN (Fig. 6).
Nucleotide sequence of GK from arcuate tissue
samples. The PCR product from the ARC was purified from
the agarose gel and sequenced using the PCR primers.
Nucleotide sequence revealed 100% identity with the rat liver
and -cell sequence in this region (nucleotides 1092–1411 of
TABLE 1
Brain areas expressing GK mRNA by in situ hybridization
Area
Anterior olfactory nucleus
Medial preoptic area
Bed nucleus stria terminalis
Hypothalamus
Retrochiasmatic area
PVN
VMN
Dorsomedial nucleus
ARC
LHA
Amygdala, medial nucleus
Thalamus
PVN, posterior
Lateral habenular nucleus
Interpeduncular nucleus
Oculomotor nucleus
Locus coeruleus
Inferior olive

Relative density
+
++
++
++
+
++++
++
+++
+
+++
++
++
++
++
++
++

Relative density is an estimate in which + is the least and ++++ the
greatest expression in areas where labeling was seen in Fig. 1.
DIABETES, VOL. 49, MAY 2000
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DISCUSSION

FIG. 3. Double-labeled photomicrograph of cells in the ventromedial
hypothalamus. Double in situ hybridization techniques were used to
examine the distribution of KIR6.2 mRNA (dark precipitate within cell
profiles) and glucokinase mRNA (black autoradiographic grains overlaying cells). Arrows point to several cells that contain labels for
both types of mRNA.

rat liver GK [41]). Genomic contamination of the samples
would have resulted in a larger fragment than the observed
340 nucleotides because of the presence of an intron at this
position. These results were confirmed by performing PCR on
RNA samples that had not been DNase treated to remove contaminating genomic DNA. A PCR fragment of ~550 nucleotide
pairs was observed in those samples (data not shown), suggesting that the gene transcribed to produce GK in the brain
is the same as that used to express GK in the -cell and liver
with respect to the positions of exon 9 and 10.

These studies were undertaken to test the hypothesis that GK
would be localized in brain areas containing relatively large
populations of glucosensing neurons. The rationale was that
GK appears to act as a gatekeeper for the glycolytic production of ATP and thereby cell activation (24,25). Binding of ATP
inactivates (closes) the KATP channel, leading to membrane
depolarization and increased firing rate (7,33). Such cells,
by definition, are glucose responsive (7,16), using glucose as
a signaling molecule to control the rate of cell firing. The
current results show definitive evidence for the localization
of GK gene expression in specific hypothalamic nuclei that are
also known to contain glucose-responsive neurons (VMN,
ARC, PVN, and LHA [2,15,16,45]). On the other hand, GK
mRNA was not found in the nucleus tractus solitarius or substantia nigra, even though these areas appear to contain glucose-responsive neurons (20,46,47). Surprisingly, GK mRNA
was expressed in several areas not known to contain glucosensing neurons. These include the bed nucleus of the
stria terminalis, the medial preoptic area, inferior olive, and
the dorsomedial hypothalamic, medial amygdalar, oculomotor, lateral habenular, interpeduncular, anterior olfactory,
and posterior paraventricular thalamic nuclei. High-stringency conditions were used as a critical determinant to
ensure the specificity of hybridization. Under such conditions, we were unable to confirm the presence of GK in the
ependymal lining of the third ventricle, as was previously
described (34,35). Finally, although it is likely that cells
expressing GK mRNA also express GK protein, the current
studies do not address this issue. In situ hybridization studies using a truncated form of the GK sequence showed
results identical to those of the full-length probe. This truncated probe shares no homology with HKI, which is ubiquitously expressed in neurons and glia throughout the brain
(48,49). This observation demonstrates the absence of
hybridization between the full-length probe and HKI and verifies the specificity of both probes for GK.
RT-PCR identified the hypothalamic GK mRNA as one of
the previously described rat GK isoforms. However, no differentiation could be made between the hepatic and -cell

FIG. 4. Double-labeled in situ hybridization in a coronal section through the arcuate nucleus adjacent to the third ventricle (III). In situ hybridization of the antisense GK (A) and prepro-NPY (B) probes are shown. Arrows point to individual neurons that colocalize GK and NPY. Arrowheads point to ependymal cells lining the third ventricle that show no detectable hybridization with either probe.
DIABETES, VOL. 49, MAY 2000
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FIG. 5. PCR analysis of hypothalamic GK mRNA transcripts. PCR products were synthesized using 100 ng cDNA templates reverse transcribed
from polyadenylated cytoplasmic RNA samples isolated from specific regions of the adult rat hypothalamus (primer sequences are given in
RESEARCH DESIGN AND METHODS). Sample-matched GK (340 bp) and cyclophilin (259 bp) PCR products were run on a 2% agarose gel. Lane MW:
2 µg 1-kb ladder (Gibco BRL); lane ARC: arcuate nucleus; lane PVN: paraventricular nucleus; lane LHA: lateral hypothalamic area; lane VMN:
ventromedial nucleus; lane RIN: rat GK-expressing rat insulinoma cell line BG-40/110; lane CRT: cortex; lane RNA: 1 µg hypothalamic total
RNA (DNase treated) as control for genomic contamination.

forms of this enzyme, since the PCR primers were specifically
designed to cover a region homologous to both. This issue
may be of some importance, because only hepatic GK
expression is reduced by fasting and reinstated by refeeding
(50). Such responsiveness to the metabolic state of the animal plays an important regulatory role in the expression of
both pro-opiomelanocortin (POMC) and NPY in the ARC.
Fasting decreases POMC (51) and increases NPY expression
in these neurons (37,52). Here we show that GK is colocalized
with NPY in ARC neurons. Our unpublished studies have
also found colocalization of GK in ARC POMC neurons. Obviously, these findings do not exclude expression of GK within
glia. However, NPY neurons, but not astrocytes or oligodendroglia, also contain the pore-forming unit (KIR6.2) of the KATP
channel (38). Moreover, expression of KIR6.2 in neurons
expressing GK (Fig. 3) is consistent with these neurons playing dual sensory and regulatory functions. The high-affinity
(3,53) and low-affinity (3) sulfonylurea receptors, which are
an integral part of the KATP channel, are also present in the
ARC, suggesting that neuropeptide neurons in the ARC, such
as those expressing NPY, are capable of using glucose as a sig-

naling molecule to regulate cell firing. If the analogy to the
-cell is correct (26,32), then GK may be the critical regulator of the neuronal firing rate through its control of glycolytic
production of ATP and thereby the activity of the KATP channel. With its relatively high Km for glucose (30,31), GK would
enable such neurons to sense glucose within the physiologic
range seen by the brain.
Brain glucose levels vary from 0.16 to 4.5 mmol/l as plasma
glucose levels move from 2.8 to 15.2 mmol/l (15,17). Such a narrow range of glucosensing capacity would be required if a
neuron were to play an important role in the physiologic regulation of energy homeostasis and glucose metabolism. Such
potential roles include modulation of food intake (54), sympathetic nervous system activity (11–13), and body weight
(11), although in none of these functions has a definitive role
for glucose been proven. Glucosensing neurons containing
GK might be important to the counterregulatory response to
hypoglycemia (14,22,23). All of these functions may actually
represent an interplay between glucose-responsive and glucosesensitive neurons (7). Studies in the pancreatic -cell (and by
inference glucose-responsive neurons) suggest a central role

FIG. 6. Relative expression of GK transcripts
in specific regions of the adult rat hypothalamus. Semiquantitative analysis was performed by measuring the ethidium bromide
signal intensity of each band from the
scanned images of an agarose gel (as
described in RESEARCH DESIGN AND METHODS).
Band signal intensity for GK was normalized
to that of cyclophilin within the same lane.
Sample volume was held constant for each
PCR product and hypothalamic region. Volumes were chosen to provide loading of each
lane with similar levels of cyclophilin. Exposure duration and sample volume (5–15 µl)
were selected to ensure that signal intensity
of all bands were in the linear range of the
detection system (insert).
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for GK in regulating KATP channel activity (24,26,32), but GK may
also regulate the activity of the Na+/K+ ATP pump, which has
been postulated to control the firing rate of glucose-sensitive
neurons (1,15). Glucose-sensitive neurons, which decrease
their firing rate as glucose levels rise, are highly localized in the
LHA (1), where GK mRNA was localized by in situ hybridization and RT-PCR. The LHA is also the site of orexigenic neurons, which contain orexin (55), and melanin-concentrating
neurons (56). This finding raises the potential for the regulation
of another set of neuropeptide neurons involved in energy
homeostasis by changes in brain glucose. But the ability to
sense glucose is only one of several ways in which central
neurons can monitor peripheral metabolism. In addition to
containing the components of the KATP channel and GK, NPY
(and POMC) neurons also contain leptin receptors (4,5). Both
may also express insulin receptors, since these receptors are
highly localized in the ARC (6). Thus, such neurons appear to
be pluripotent with regard to their ability to sense and integrate
signals relating to the metabolic status of the periphery. Given
their connections with autonomic and hypophysial output
pathways (10,57–60), ARC NPY and POMC neurons represent
a class of neurons that is uniquely equipped to act as a central
clearing station for such information.
In conclusion, we have shown that GK mRNA is expressed
in neurons in an anatomically specific pattern. Several brain
areas that express high levels of GK mRNA also contain glucosensing neurons, which respond to changes in ambient
glucose by changing their firing rates. We show that ARC
NPY neurons specifically coexpress GK. Because GK should
regulate the glycolytic production of ATP in such neurons
(26,32), our results suggest that GK might be the critical characteristic that confers the ability to be glucose-responsive, in
contrast to the many other neurons that contain components
of the KATP channel but are not glucosensing (7,53). The presence of GK in brain areas in which glucosensing neurons
have not been identified previously suggests that these neurons might also serve a glucosensing function. However, this
remains to be shown. Finally, ARC neuropeptide neurons
may represent a class of neurons that have evolved mechanisms for sensing and integrating a host of signals from the
periphery and passing this information on to autonomic and
hypophysial pathways critical to the regulation of energy
homeostasis (61).
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