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Glucokinase (GK) is hypothesized to be the critical
glucosensor of pancreatic �-cells and hypothalamic glu-
cosensing neurons. To understand the role of GK in
glucoprivic counterregulatory responses, we injected
alloxan, a GK inhibitor and toxin, into the third ventri-
cle (3v) to target nearby GK-expressing neurons. Four
and 6 days after 3v, but not 4v, alloxan injection,
alloxan-treated rats ate only 30% and their blood glu-
cose area under the curve was only 28% of saline
controls’ after systemic 2-deoxy-D-glucose. In addition,
their hyperglycemic response to hindbrain glucopriva-
tion induced with 5-thio-glucose was impaired, whereas
fasting blood glucose levels and food intake after an
overnight fast were elevated. These impaired responses
were associated with the destruction of 3v tanycytes,
reduced glial fibrillary acidic protein-immunoreactivity
surrounding the 3v, neuronal swelling, and decreased
arcuate nucleus neuropeptide Y (NPY) mRNA. Never-
theless, hypothalamic GK mRNA was significantly ele-
vated. Two weeks after alloxan injection, 3v tanycyte
destruction was reversed along with restoration of feed-
ing and hyperglycemic responses to both systemic and
hindbrain glucoprivation. At this time there were signif-
icant decreases in GK, NPY, and proopiomelanocortin
mRNA. Thus, neural substrates near and around the 3v
affected by alloxan may be critically involved in the
expression of these glucoprivic responses. Diabetes 53:
1230–1236, 2004

T
he brain relies on a continuous supply of glucose
as a primary energy source (1) and has evolved
mechanisms that detect decreases in blood glu-
cose levels and elicit autonomic, neuroendo-

crine, and behavioral counterregulatory responses (CRRs)
that prevent and correct glucoprivation. One way in which
the brain senses alterations in glucose availability is
through specialized glucosensing neurons (2–6). These
neurons utilize glucose as a signaling molecule to alter
their membrane potential and firing rate, whereas the

majority of neurons utilize glucose primarily to fuel their
metabolic needs (2,3). As extracellular glucose levels
decline, glucose-excited neurons decrease and glucose-
inhibited neurons increase their action potential frequency
(4,7–11). As is the case with pancreatic �-cells, it is
hypothesized that the high-Km glycolytic enzyme, glucoki-
nase (GK), is a regulator of neuronal glucosensing within
the physiological range (10,12–14). GK inhibitors alter
calcium flux (10,14) and neuronal firing (12) in ventrome-
dial hypothalamus (VMH) glucosensing neurons, and GK
mRNA is expressed in glucosensing neurons in the hypo-
thalamic paraventricular nucleus (PVN), dorsomedial nu-
cleus (DMN), ventromedial nucleus (VMN), and arcuate
nucleus (ARC) (15,16). Specifically, GK is coexpressed in
both ARC neuropeptide Y (NPY) and proopiomelanocortin
(POMC) neurons (10). GK immunoreactivity (ir) is also
localized in the ependymocytes lining the ventricles (17)
and serotonin neurons in the midline medulla (17), where
glucoprivic stimuli elicit CRRs (18).

In vitro studies suggest that GK is an important compo-
nent of brain glucosensing. The current study was initiated
to examine the potential regulatory role of GK in glu-
cosensing in vivo. To do this, we used alloxan, which
pharmacologically inhibits GK activity at low doses
(19,20), but induces cell death at higher concentrations,
presumably through the production of reactive oxygen
radicals (21,22). Previous studies have reported that phar-
macological concentrations of alloxan delivered centrally
stimulate feeding, but not sympathoadrenal activation
(23). Conversely, toxic concentrations permanently abol-
ish the feeding, but not the sympathoadrenal response to
glucoprivation (24–27). When those studies were carried
out, it was not known that alloxan’s primary site of action
was GK or that GK-expressing neurons were localized in
both the hindbrain and the hypothalamus. Because there
have been conflicting studies implicating the hypothala-
mus (28–31) or hindbrain (18,32,33) as primary mediators
of the CRR to glucose deficit, we also compared the effects
of toxic doses of alloxan administered into the third
ventricle (3v) versus the fourth ventricle (4v) on gluco-
privic CRRs.

RESEARCH DESIGN AND METHODS

All work was approved by the institutional animal care and use committee of
the East Orange Veterans Affairs Medical Center. Animals were housed
individually on a 12:12-h light:dark schedule (lights on at 0600, off at 1800) at
22–23°C, with food (Purina rat chow #5001) and water available ad libitum,
except where otherwise specified. Adult male SD rats (Charles River, King-
ston, NY) weighing 325–350 g were handled and habituated to the testing
environment and procedures throughout the study. In preliminary experi-
ments, alloxan had differential effects on glucoprivic responses depending on
the time after its injection. Therefore, glucoprivic responses were assessed at
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differing time points after alloxan or saline injection. In one group, rats were
tested 4 and 6 days after intraventricular injection and killed 4 or 9 days later.
In a second group, testing occurred 4, 6, and 8 days after injections; the same
rats were then retested at 14–20 days and killed 22 days after injection.
Surgical procedures. Rats were anesthetized with chloropent (0.3 ml/100 g
body wt, i.p.) and their skull was exposed and trephined at the injection site.
For experiments using only intraventricular injections, sterile saline (pH 3.0,
5 �l) or alloxan (120 �g in 5 �l; 5,6-dioxyuracil monohydrate, lot no. 116H0888;
Sigma, St. Louis, MO) was directly injected into the 3v or 4v using a Hamilton
syringe equipped with a 26G injector attached to the stereotaxic apparatus.
Coordinates for 3v and 4v injections were determined from Paxinos and
Watson’s stereotaxic atlas of the rat brain (34). Body weight was monitored
daily throughout the experiments. Two additional groups of rats (n � 8 per
group) were stereotaxically implanted with two permanent 26G cannulas
(Plastics One, Roanoke, VA) using dental acrylic (Plastics One) and mounting
screws (Small Parts, Miami Lakes, FL). One cannula was placed in the caudal
dorsomedial medulla, a site previously identified by Ritter et al. (18) as
eliciting both feeding and hyperglycemia in response to 5-thio-glucose (5TG)
injection. The second was placed in the 3v and obturators (Plastics One) were
placed into the lumen of both cannulas.
Experiment 1. Rats received direct injections of saline (n � 6) or alloxan
(n � 6) into the 3v; 3 days later, food intake was measured in response to
saline injection (1 ml/kg, s.c.). Four days postinjection, food intake in
response to systemic 2-deoxy-D-glucose (2DG; 250 mg/kg, s.c.; grade III;
Sigma) was determined. All feeding tests were performed in nonfasted rats at
0800. After receiving injections, rats were placed back into their home cages
and their cumulative food intake was measured over 3 h. Six days after
injections, 2DG-induced hyperglycemia was determined. Blood (20 �l) was
collected from a nick in the tip of the tail 15 min before and 30, 60, 90, and 120
min after 2DG injection. Blood glucose was determined with a hand-held
glucometer (Lifescan; Johnson and Johnson). Food was withheld during the
blood glucose test. At 4 or 9 days after 3v injections, rats were decapitated and
their brains were removed, immediately frozen on dry ice, and stored at
�80°C for subsequent in situ hybridization processing (see below).

In a second group of rats, saline (n � 6) or alloxan (n � 6) was injected
into the 3v. Three-hour food intake in response to saline was assessed 3 days
after injection, and 2DG-induced hyperglycemic and feeding responses were
assessed 4 and 6 days after injection, respectively. Eight days after 3v
injections, 3-h food intake was assessed in response to an overnight (1800–
0800) fast. Prior to the onset of the feeding test, tail nip blood (20 �l) was
collected for glucose determination. At 14 and 16 days after 3v injections,
2DG-induced food intake and hyperglycemic responses, respectively, were
reassessed. Food intake in response to an overnight fast was reassessed 19
days after injections. The experiment was terminated at 22 days, and rats were
decapitated and their brains were immediately removed, frozen on dry ice,
and stored at �80°C for subsequent in situ hybridization processing (see
below).
Experiment 2. In the first group of rats, saline (n � 6) or alloxan (n � 6) was
directly injected into the 4v. Rats were tested at 3 days for food intake in
response to saline and at 4 and 6 days for 2DG-induced feeding and
hyperglycemic responses, respectively, as described above. In the second
group of rats, saline (n � 6) or alloxan (n � 6) was injected into the 4v and
the rats were tested for food intake responses to saline (3 days), 2DG (4 days),
and 2DG-induced hyperglycemia (6 days), as well as overnight food depriva-
tion at 7 days. Rats were retested at 14 and 16 days for 2DG responses and at
20 days for refeeding in response to an overnight fast. The experiment was
terminated 22 days after injection.
Experiment 3. The purpose of this experiment was to determine if the
glucoprivic hyperglycemic response to 5TG injected into the caudal dorsome-
dial medulla was dependent on intact hypothalamic sites. In two separate tests
on separate days, rats (n � 16) were injected with sterile saline (200 nl) or
5TG (24 �g/200 nl; Aldrich Chemical) into the dorsomedial medulla using an
injector fabricated from 33G stainless steel tubing connected to a Hamilton
syringe with PE 20 tubing. Fifteen minutes before injection and 30, 60, 90, and
120 min after injection, tail nip blood (20 �l) was assayed for blood glucose to
verify positive cannula placement. Three days later, rats were injected with
alloxan (n � 8; 120 �g in 5 �l saline, pH 3.0) or saline (n � 8; 5 �l, pH 3.0) into
the 3v. Five and 12 days after 3v injections, 5TG was reinjected and
hyperglycemic responses were reassessed. To reduce tissue damage at the
cannula tip as a result of multiple injections, only 5TG-induced hyperglycemia
was evaluated, although both feeding and hyperglycemia can be elicited by
5TG from this hindbrain site (18).
In situ hybridization. Frozen brains were sectioned at 15 �m on a cryostat
through the rostrocaudal extent of the ARC at the level of the compact
subnucleus of the DMN. Sections were processed for in situ hybridization by
minor modifications of a previously described method (15) on frozen brain

sections using cRNA synthesized and radiolabeled from probes for NPY (511
bp), POMC (923 bp), and GK (1422 bp) (10). Hybridized slides were opposed
to SB-5 X-ray film (Kodak, Rochester, NY) for 24–48 h (NPY and POMC) or for
�3 weeks (GK).
Immunohistochemistry. Hypothalamic glial fibrillary acidic protein (GFAP)
and neuron-specific nuclear protein (NeuN) immunoreactivity were assessed
in separate groups of rats injected with alloxan (n � 6) or saline (n � 6) into
the 3v. Seven or 14 days after 3v injections, rats were anesthetized with
chloropent (0.3 ml/100g, i.p.) and perfused transcardially with PBS followed
by 4% paraformaldehyde (both pH 7.4). Brains were removed, postfixed at
room temperature, and cryoprotected overnight in 25% sucrose. Coronal
sections (15 �m) through the rostrocaudal extent of the ARC through the
compact subnucleus of the DMN were collected and processed using previ-
ously described immunohistochemistry techniques (10). Sections were incu-
bated overnight in rabbit anti-GFAP (1:2,500; Dako Laboratories) and mouse
anti-NeuN (1:1,000; Chemicon), followed by incubation with appropriate
secondary antibodies conjugated to either fluorescein (GFAP) or Cy3 (NeuN;
TSA, Inc.) at room temperature for 2 or 1 h, respectively. Hypothalamic
sections were stained with Harris hematoxylin and eosin Y (Poly Scientific,
Bay Shore, NY) to view the cytoarchitecture.
Statistical analysis. For 2DG- or 5TG-induced glucose responses, data were
analyzed by repeated-measures ANOVA, with post hoc analysis by Bonferroni
correction. For these same data, the area under the curve (AUC) was
calculated using GraphPad Prizm statistical analysis and then compared by
the unpaired t test. Feeding data were analyzed using a paired t test. In situ
hybridization autoradiographic films were read by an observer blind to the
experiment, as previously described (10). Data were expressed as the area
(mm2) of exposed film in specific nuclei for each of the radiolabeled probes.
The three largest areas from each film were averaged and compared among
treatment groups by the unpaired t test.

RESULTS

Experiment 1: 3v alloxan: glucoprivic responses, hy-

pothalamic neuropeptide expression, and 3v histol-

ogy. Three days after 3v saline or alloxan injections, there

FIG. 1. Food intake (g) over 3 h after systemic 2DG (250 mg/kg, s.c.)
administered to nonfasted rats 4 or 14 days after 3v alloxan or saline
injection. Data are means � SEM. *P < 0.01 vs. 3v saline�injected rats
tested at 4 days.

FIG. 2. Effect of systemic 2DG (250 mg/kg, s.c.) on blood glucose
concentrations (mg/dl) 6 or 16 days following 3v alloxan or saline
injection. The 2DG injections were administered to rats without food
15 min after the first blood sample was collected. Data are means �
SEM. *P < 0.001 vs. 3v saline�injected rats tested at 6 days; **P < 0.05
vs. 3v saline�injected rats tested at 16 days.
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were no differences between the groups in food intake
responses to systemic saline injection (1.4 � 0.5 vs. 2.2 �
0.5 g, respectively; P � 0.3). At 4 days, alloxan-injected rats
ate only 30% as much food as saline rats over 3 h (Fig. 1).
However, 14 days after 3v injections, 2DG-induced feeding
in the alloxan group was not statistically different from
that in the saline-injected group (Fig. 1). Body weights of
the saline (372 � 4 g) and alloxan (357 � 10 g) rats did not
differ at the time of the 2DG feeding test at 4 days.
However, at 14 days, alloxan-treated rats weighed 10% less
than saline-treated rats (439 � 2 vs. 396 � 8 g, respectively;
P � 0.04).

Six days after 3v injections, systemic 2DG raised blood
glucose levels in the 3v saline group from a baseline of
74 � 3 mg/dl to a maximum of 174 � 16 mg/dl (Fig. 2). In
contrast, 2DG increased blood glucose levels in 3v alloxan
rats from a baseline of 76 � 4 mg/dl to a maximum of only
101 � 3 mg/dl. Furthermore, the glucose AUC after 2DG
injection in alloxan rats (2,385 � 516 mg � dl�1 � min�1)
was only 28% of that in saline-treated rats (8,445 � 1,448
mg � dl�1 � min�1; P � 0.001). By 16 days, 2DG-induced
glucose elevations (Fig. 2) and glucose AUC (7,142 � 643
[alloxan] vs. 8,499 � 492 [saline] mg � dl�1 � min�1; P �
0.164) in the alloxan group were comparable with those in
the saline group. However, blood glucose levels were
slightly lower in the alloxan- vs. the saline-treated rats
(142 � 9 vs. 174 � 6 mg/dl; P � 0.03) 60 min after 2DG
injection (Fig. 2). Body weight did not differ significantly
between saline- and alloxan-treated rats (441 � 8 vs. 414 �
11 g) at this time.

Eight days after 3v injections, fasting glucose levels
were higher in alloxan-injected (71 � 3 mg/dl) vs. saline-
injected (60 � 2 mg/dl; P � 0.016) and alloxan rats ate
significantly more than saline rats (12 � 0.9 vs. 8.2 � 1.1 g;
P � 0.01) over 3 h of refeeding after an overnight fast.

Despite these differences, body weight gain did not differ
between the two groups over the first 9 days following 3v
saline (21 � 2 g) and alloxan (26 � 7 g) injections. By 19
days, however, neither fasting glucose levels (66 � 3 vs.
60 � 2 mg/dl) nor 3-h refeeding after an overnight fast
(10 � 0.7 vs. 9.8 � 0.5 g) differed between the saline- and
alloxan-treated groups, respectively. Similarly, neither
body weight (saline: 458 � 4 vs. alloxan: 436 � 8 g) nor
body weight gain (saline: 101 � 6 vs. alloxan: 95 � 9 g)
differed at the termination of the experiment, 22 days after
3v injection.

In alloxan-injected rats killed 4 days after 3v injections,
GK mRNA expression was significantly elevated only in
the ARC nucleus (Fig. 3), whereas in rats killed at 9 days,
GK mRNA expression was significantly elevated in the
ARC, VMN, and DMN (Fig. 3). At 4 and 9 days postinjec-
tion, ARC NPY mRNA expression was 90 and 81% of saline
controls, respectively (Fig. 4), while POMC mRNA expres-
sion was not significantly reduced until 22 days postinjec-
tion (Fig. 4). By 22 days postalloxan injection, GK mRNA
expression in the ARC, DMN, and VMN was significantly
reduced (Fig. 3). Likewise, ARC NPY and POMC mRNA
expression were 62 and 73%, respectively, of saline con-
trols 22 days postalloxan injection (Fig. 4).

Seven days after 3v alloxan injection, the ciliated
ependymocytes lining the dorsal one-half of the 3v were
denuded in most cases and the ependymocytes lining the
roof of the 3v were absent in all cases. GFAP-ir astrocytes
and their processes adjacent to these destroyed ependy-
mal cells were reduced in number or totally missing. In
some cases, only short strips of ependymocytes around
the mid-portion of the 3v were missing. Tanycytes, the
ependymal cells that line the lower ventrolateral two-
thirds (� and �1) and floor (�2) of the 3v, were differen-
tially affected by 3v alloxan. The cell bodies and processes

FIG. 3. GK mRNA expression in the VMN, DMN, and ARC
hypothalamic nuclei 4, 9, and 22 days after 3v alloxan as
a percent of their respective saline controls tested con-
temporaneously at each individual time point. *P < 0.001
vs. 3v saline�injected rats.

FIG. 4. ARC NPY and POMC mRNA expression 4, 9, and
22 days after 3v alloxan as a percent of their respective
saline controls tested contemporaneously at each indi-
vidual time point. *P < 0.05 vs. 3v saline�injected rats.
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of � and �1 tanycytes were completely destroyed, and
their GFAP-ir processes adjacent to the ventricular wall
and surrounding parenchyma were absent (Fig. 5).
GFAP-ir astrocytes were also absent within a circum-
scribed zone adjacent to the destroyed tanycytes, which
included the dorsomedial portion of the VMN and portions
of the dorsal and medial ARC. Within this zone, NeuN-ir
neurons appeared swollen but, although not quantified, did
not appear reduced in number in the alloxan-treated rats.
On the other hand, GFAP-ir cell bodies and processes of
the �2 tanycytes, which separate the median eminence
from the 3v, were not affected by 3v alloxan. Commensu-
rate with the return of glucoprivic responsiveness at 14
days, many or all of the ependymocytes lining the walls of
the dorsal 3v of the alloxan-treated rats were restored.
However, in most cases, there was little repair of the
ependymocytes lining the roof of the 3v. Similarly, both
GFAP-ir cell bodies and processes of the � and �1 ta-
nycytes lining the ventrolateral walls of the 3v were
partially to fully restored (Fig. 5). There was a general
increase in the number of large, reactive GFAP-ir astro-
cytes and their processes opposite the previously damaged
walls of the 3v. Where restoration of tanycytes was
incomplete, GFAP-ir processes formed a layer lining the
brain at the brain-cerebrospinal fluid (CSF) interface. Also,

the previous neuronal swelling opposite the now-repaired
tanycytes was largely reversed.
Experiment 2: 4v alloxan: feeding and blood glucose

responses. There were no effects of 4v alloxan on sys-
temic 2DG-induced food intake 4 days after injections
(Fig. 6). Also, after 6 days, the saline and alloxan rats did
not differ significantly in fasting blood glucose (60 � 4 vs.
58 � 3 mg/dl), 3-h refeeding after an overnight fast (7.2 �
1.1 vs. 6.9 � 0.3 g), or 2DG-induced glucose AUC (7,882 �
522 vs. 6,520 � 383 mg � dl�1 � min�1). However, the 60-min
glucose levels were slightly lower in alloxan- vs. saline-
treated rats (145 � 7 vs. 168 � 6 mg/dl; P � 0.04) (Fig. 7)
after systemic 2DG. Also, there were no differences be-
tween 4v saline- and alloxan-injected rats at 14–20 days
postinjection for 2DG-induced food intake (3.1 � 0.2 vs.
3.6 � 0.4 g), 2DG-induced maximal blood glucose levels
(140 � 5 vs. 145 � 12 mg/dl), glucose AUC (6,152 � 616 vs.
7,225 � 589 mg � dl�1 � min�1), 3-h refeeding after an
overnight fast (8.3 � 0.3 vs. 7.7 � 0.5 g), or fasting blood
glucose levels (45.0 � 2.8 vs. 45.2 � 3.7 mg/dl), respec-
tively. Finally, there were no differences in body weight
after 4v alloxan versus saline injections at 4 days (385 � 8

FIG. 5. Double-label immunohistochemistry for astrocytes (GFAP; green) and neurons (NeuN-ir; red) adjacent to the 3v and within the
ventromedial hypothalamus in 3v saline�treated (A), 7-day post–3v alloxan–treated (B), and 14-day post–3v alloxan–treated (C) rats. Seven days
following 3v alloxan injection, GFAP-ir cell bodies of �1 and � tanycytes lining the 3v wall were completely absent (white arrow, B) as compared
with those in saline-treated rats (white arrow, A) and there was a circumscribed zone of absent GFAP-ir within the parenchyma surrounding the
3v (dashed line, B). Within this zone, NeuN-ir neurons appeared swollen (black arrow, B). By 14 days, GFAP-ir cell bodies lining the 3v and
processes of � and �1 tanycytes extending into the parenchyma were restored (white arrow, C).

FIG. 6. Food intake in response to subcutaneous 2DG (250 mg/kg)
administration 4 or 16 days following 4v alloxan or saline injection.
2DG injections were given immediately before presentation of food.
Data are means � SEM.

FIG. 7. Effect of systemic 2DG (250 mg/kg, s.c.) on blood glucose
concentrations (mg/dl) 6 days following 4v alloxan or saline injection.
The 2DG injections were given to rats without food 15 min after the
first blood sample was collected. Data are means � SEM.
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vs. 395 � 9 g) or 16 days (436 � 9.5 vs. 442 � 9.9 g).
Because there were no deficits in glucoprivic responses at
any time after 4v alloxan injection, hypothalamic NPY,
POMC, and GK expression were not assessed in these
experiments.
Experiment 3: effects of 3v alloxan on dorsomedial

medulla 5TG-induced hyperglycemia. Prior to 3v injec-
tion of alloxan, 5TG injection into the dorsomedial me-
dulla significantly elevated blood glucose above baseline
levels (Fig. 8). As compared with 3v saline injections, the
hyperglycemic response to focal hindbrain 5TG injection
was impaired at 5 days, but was restored by 12 days after
3v alloxan injection (Fig. 8).

DISCUSSION

Existing studies support a critical role for both the VMH
(VMH: the VMN and ARC) (28–31) and the hindbrain
(18,32,33) in the detection of hypoglycemia and the ex-
pression of CRRs. The results of the present study support
the idea that the feeding and sympathoadrenal compo-
nents of glucoprivic CRRs are dependent on an integrated
cross talk between these two critical brain areas. Thus, 3v
alloxan produced a reversible impairment of both the
feeding and hyperglycemic responses to systemic 2DG and
the hyperglycemic response to localized glucoprivation
produced by 5TG injected into the dorsomedial medulla.
This demonstrates that the sympathoadrenal response to
either focal hindbrain 5TG stimulation or systemic 2DG is
dependent not only on spinally projecting hindbrain cate-
cholamine neurons (35), but also on hypothalamic sites
surrounding the 3v and/or substrates within the 3v. It is not
clear from our results which hypothalamic sites contribute
to the sympathoadrenal response, although there is evi-
dence supporting a role for both the VMH (28–31) and the
PVN (36). Because 3v alloxan caused both a transient and
selective loss of the tanycytes and ependymocytes lining
the 3v and a transient upregulation in GK mRNA expres-
sion, it is unclear whether these events were indepen-
dently or additively responsible for the observed deficits in
glucoprivic feeding and sympathoadrenal activation.

Alloxan is preferentially transported into the cell by
GLUT2 (37). GLUT2-ir protein and mRNA are expressed
both in the ependymocytes lining the dorsal 3v (17,38) and
in � and �1, but not �2, tanycytes in the floor of the 3v (39).
In addition to GLUT2, � and �1 tanycytes also express GK
(17), ATP-sensitive K� channels, and the Kir6.1 subunit
(39). These proteins (except Kir6.1) are present in pancre-
atic �-cells, where they may serve in glucosensing mech-
anisms (40–42). Since tanycytes and ependymocytes both

express GLUT2 (17,39) and alloxan was administered into
the 3v, it is likely that tanycytes and ependymocytes were
the primary targets of alloxan, resulting in their destruc-
tion and the breakdown of the brain-CSF barrier. This is
supported by the finding that �2 tanycytes, which line the
floor of the 3v and do not express GLUT2 (39), were not
affected by alloxan. Exactly how the loss of tanycytes and
ependymocytes might contribute to glucoprivic deficits is
not entirely clear. However, � and �1 tanycytes, located in
the ventrolateral two-thirds of the 3v, form long processes
that contact neurons in the VMN (�) (39) and ARC (�1)
(43,44), while the proximal portion of tanycytes contact
the 3v CSF (39,44). Thus, tanycytes may provide metabolic
and/or physical support for adjacent astrocytes and neu-
rons (39). If so, their destruction would disrupt critical
astrocyte-neuron interactions, leading to defective neuro-
nal glucosensing (45). In fact, the loss of glucoprivic CRRs
was commensurate with the alloxan-induced loss of astro-
cytes and neuronal swelling, and the CRRs returned when
the majority of the 3v lining was restored. This supports
the hypothesis that 3v tanycytes participate in hypotha-
lamic glucosensing mechanisms (39). Thus, their destruction
may also have contributed to the transient changes in GK
mRNA in hypothalamic neurons after alloxan administra-
tion.

Regardless of the mechanism, GK upregulation in allox-
an-treated rats might have directly contributed to impaired
glucoprivic CRRs if it were associated with increased GK
enzyme activity. Such increased activity should increase
the sensitivity to glucose in the alloxan-treated rats, allow-
ing GK-expressing neurons to maintain ATP production
despite glucoprivic conditions. The finding that GK expres-
sion was elevated when glucoprivic deficits were present,
but then decreased when glucoprivic responses returned,
supports such a role for GK. Similarly, upregulation of
hypothalamic GK mRNA occurs in rats in association with
blunted CRRs 48 h after a single bout of insulin-induced
hypoglycemia. These rats also have reduced ARC NPY and
POMC expression (46). Thus, hypothalamic GK may be a
critical component for the expression of glucoprivic CRRs.
In contrast, the finding that food intake and blood glucose
levels were elevated in response to an overnight fast when
hypothalamic GK expression was elevated speaks against
a role for GK during fasting conditions. In rats with
elevated GK expression, it could be predicted that both
food intake and blood glucose levels would be decreased,
and not elevated, due to an increased ability to utilize
glucose at reduced levels. Thus, it appears that the role of

FIG. 8. Effect of 5TG (24 �g/200 nl) or saline injected
into the caudal dorsomedial medulla on blood glucose
concentrations (mg/dl) before and after 3v alloxan. Prior
to 3v injections, saline or 5TG was injected into the
dorsomedial medulla. 5TG-induced blood glucose re-
sponses were compared with blood glucose responses
elicited by 5TG 5 days (5TG 5d post-Alloxan) and 14
days (5TG 14d post-Alloxan) after 3v alloxan. Data are
means � SEM. *P < 0.05 vs. 5TG responses prior to 3v
alloxan injection.
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GK in glucoprivic-induced responses may be different
from that of fasting-induced responses.

It is unlikely that decreased expression of either ARC
NPY or POMC contributed to the alloxan-induced impair-
ment of glucoprivic CRRs. Although NPY mRNA expres-
sion was reduced 4 days postalloxan injection when CRRs
were impaired, both NPY and POMC expression was
decreased at 14 days when glucoprivic responses returned
to normal. However, impaired NPY signaling may be
important for glucoprivic responses under some condi-
tions, since glucoprivic feeding increases ARC NPY mRNA
expression (47,48) and NPY antibodies block glucoprivic
feeding (49). Finally, the earlier reduction in NPY expres-
sion is likely due to the fact that NPY neurons lie close to
the tanycytes lining the 3v and would have been damaged
before the more laterally placed POMC neurons by alloxan
diffusing from the 3v. Thus, changes in hypothalamic GK
mRNA expression and the integrity of the 3v tanycytes and
adjacent glia showed the closest relationship with changes
in glucoprivic CRRs after 3v alloxan injections.

While the hindbrain is clearly essential both for detect-
ing glucoprivation and for the expression of CRRs
(18,32,35), 4v alloxan injections produced no deficits in
glucoprivic responses. This suggests that GK-expressing
neurons within the diffusion radius of alloxan from the 4v
are not involved in either glucoprivic hyperglycemia or
feeding. These results differ from those of previous studies
showing that 4v alloxan permanently impaired glucoprivic
feeding, but not hyperglycemia (25). These apparent dif-
ferences may be due to our use of lower doses or because
glucoprivic responses were assessed at different times
after alloxan injection. Although nuclei tractus solitarius
neurons, which lie under the floor of the 4v, do express GK
mRNA (N.M.S., B.E.L., A.A.D.-M., unpublished observa-
tions), the majority of hindbrain GK-expressing neurons
are serotonergic and lie deep within the dorsomedial
medulla in the raphe pallidus and obscurus (17). Direct
injection of 5TG into the nucleus tractus solitarius evokes
no substantial CRR (18), whereas 5TG injections into the
dorsomedial GK-serotonin neurons, as carried out here,
elicits both hyperglycemia and feeding responses (18).
Thus, the lack of effect of alloxan, at the doses used here,
is likely due to the fact that these dorsomedial GK-
expressing neurons were not reached by diffusion of
alloxan from the 4v. However, the fact that 3v alloxan
transiently impaired the hyperglycemic response to dorso-
medial medulla 5TG stimulation supports previous work
demonstrating a critical interplay between hindbrain and
hypothalamic sites in glucoprivic-induced responses
(35,50,51).

In conclusion, 3v alloxan transiently increased hypotha-
lamic GK mRNA expression, reversibly damaged 3v ta-
nycytes and ependymocytes, and progressively decreased
NPY and POMC mRNA expression. The timing of impaired
glucoprivic responses correlated best with GK expression
and tanycyte and ependymocyte damage. These two pro-
cesses may be inextricably intertwined in this model of
reversibly impaired glucoprivic CRRs. However, the re-
sults suggest that both may play critical roles in this
attenuated responsiveness to glucoprivation. Hypotha-
lamic GK mRNA is also increased when CRRs to insulin-
induced hypoglycemia are impaired, while the ventricular

lining is intact (10). Thus, it seems likely that hypothalamic
GK expression is an important component of glucoprivic
CRRs. However, it is unclear whether the changes in GK
expression are a result of impaired glucoprivic responsive-
ness or simply a compensatory response to it. Lastly, our
studies, in concert with previous studies (35), strongly
suggest that behavioral and sympathoadrenal CRRs re-
quire coordinated input from both hypothalamic and hind-
brain glucosensing sites.
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