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Perifornical hypothalamus (PFH) orexin glucose-inhib-
ited (Gl) neurons that facilitate arousal have been impli-
cated in hypoglycemia awareness. Mice lacking orexin
exhibit narcolepsy, and orexin mediates the effect of the
antinarcolepsy drug modafinil. Thus, hypoglycemia aware-
ness may require a certain level of arousal for awareness
of the sympathetic symptoms of hypoglycemia (e.g., trem-
ors, anxiety). Recurrent hypoglycemia (RH) causes hypo-
glycemia unawareness. We hypothesize that RH impairs
the glucose sensitivity of PFH orexin Gl neurons and that
modafinil normalizes glucose sensitivity of these neurons
and restores hypoglycemia awareness after RH. Using
patch-clamp recording, we found that RH enhanced glu-
cose inhibition of PFH orexin Gl neurons in male mice,
thereby blunting activation of these neurons in low-
glucose conditions. We then used a modified conditioned
place preference behavioral test to demonstrate that mod-
afinil reversed hypoglycemia unawareness in male mice
after RH. Similarly, modafinil restored normal glucose sen-
sitivity to PFH orexin Gl neurons. We conclude that im-
paired glucose sensitivity of PFH orexin Gl neurons plays a
role in hypoglycemia unawareness and that normalizing
their glucose sensitivity after RH is associated with resto-
ration of hypoglycemia awareness. This suggests that the
glucose sensitivity of PFH orexin Gl neurons is a therapeu-
tic target for preventing hypoglycemia unawareness.

All individuals with type 1 diabetes mellitus (T1IDM) and
>30% of those with type 2 diabetes mellitus (T2DM) re-
quire intensive insulin therapy to manage their blood

glucose levels. This therapy comes at a great price: in-
creased incidence of iatrogenic insulin-induced hypoglyce-
mia (1). Insulin-induced hypoglycemia is not only acutely
life threatening, recurrent hypoglycemia (RH) impairs the
ability of the brain to detect and correct subsequent hypo-
glycemia. Declining glucose first triggers the hormonal (e.g,,
glucagon, epinephrine) counterregulatory response to stimu-
late gluconeogenesis. Further glucose decline leads to the be-
havioral response known as hypoglycemia awareness, which
includes neurogenic (e.g., palpitations, anxiety) and neuro-
glycopenic (e.g., tiredness, confusion) symptoms that alert
the individual of hypoglycemia and stimulate behaviors such
as feeding to raise glucose levels. RH impairs these hor-
monal and behavioral responses, leading to hypoglycemia-
associated autonomic failure and hypoglycemia unawareness,
respectively (2-6). Although hypoglycemia-associated auto-
nomic failure has been studied extensively, little is known
about the mechanisms underlying hypoglycemia awareness/
unawareness.

This lack of information has been due to a lack of an
appropriate animal model of hypoglycemia awareness. Al-
though it has been used, the feeding response to insulin-
induced hypoglycemia is not impaired in rodents after RH
(7,8). Similarly, humans with TIDM who use insulin ther-
apy report no changes in hunger in response to insulin-
induced hypoglycemia (9). However, these patients exhibit an
impaired awakening response to nocturnal hypoglycemia (2),
which suggests that RH impairs the arousal needed to recog-
nize hypoglycemia and awaken to eat. Recently, researchers
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in the Levin laboratory modified the behavioral test known
as conditioned place preference (CPP) to model hypoglyce-
mia awareness in rats (7). In this test, the animal learns to
associate a food cue with a visually discriminated chamber
of a CPP box and develops a preference for that chamber.
Normally, when insulin-induced hypoglycemia occurs in a
food cue-associated chamber, the animal is aware of the
aversive stimulus and no longer prefers that chamber of
the CPP box. If, however, the animal is exposed to RH in
its home cage prior to experiencing insulin-induced hypo-
glycemia in the food-associated chamber, it is not aware
of the hypoglycemia and its preference for that chamber
remains intact. This novel behavioral test provides the
first true animal model of hypoglycemia awareness and
unawareness.

Using their model, the Levin group demonstrated that
the orexin neurons of the perifornical hypothalamus (PFH)
were necessary for hypoglycemia awareness (7). Approxi-
mately half of the orexin neurons are glucose-inhibited (GI)
neurons (10,11). Activation of PFH orexin neurons activates
the adrenal sympathetic response to hypoglycemia (12-14).
The PFH orexin neurons are also involved in arousal, and
mice lacking orexin exhibit narcolepsy (15-18). Moreover,
PFH orexin neurons are the target of antinarcolepsy drugs
such as modafinil (19-22). In this study, we tested the hy-
pothesis that RH impairs activation of PFH orexin GI neu-
rons in low-glucose conditions and that modafinil normalizes
glucose sensing by these neurons and restores hypoglycemia
awareness after RH. Consistent with our hypothesis, RH sig-
nificantly blunted the activation of PFH orexin GI neurons
in low glucose levels. After translating the rat model of hypo-
glycemia unawareness to mice, we found that modafinil
completely restored hypoglycemia awareness after RH. Mod-
afinil also restored normal glucose sensitivity to PFH orexin
GI neurons. These data suggest that PFH orexin GI neurons
play a role in hypoglycemia unawareness after RH. More-
over, drugs that target these neurons may be of therapeutic
use in treating hypoglycemia unawareness in patients with
T1DM and advanced T2DM who are using intensive insulin
therapy.

RESEARCH DESIGN AND METHODS

Animals

Male mice, 8-12 weeks old, expressing green fluorescent pro-
tein (GFP) on the hypocretin (Hert; gene nomendlature for
orexin) promoter (an in-house colony of mice) or C57BL/6J
mice (Jackson Laboratory) were group housed on a 12:12
light:dark cycle with water and standard chow provided ad li-
bitum in the Research Animal Fadility at Rutgers, The State
University of New Jersey, New Jersey Medical School. Our
orexin-GFP colony was derived from founder males pro-
vided by Dr. Gina Leinninger at Michigan State Univer-
sity, and the colony was maintained by heterozygote
breeding to female C57BL/6J mice purchased from Jack-
son Laboratories. Generation of these mice is described
by Yamanaka et al. (23). Male mice were used because we
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have observed sexual dimorphism and estrus cycle effects
in ventromedial hypothalamus GI neurons (24,25). All
procedures were in accordance with the Rutgers Univer-
sity Institutional Animal Care and Use Committee.

Drugs and Chemicals

Insulin (1.2 pL of Humulin R/U100; Eli Lilly and Company)
was added to 1 mL of saline for a stock solution of 1.2 U/mL.
Modafinil (150 mg/kg; Sigma Aldrich) was dissolved in 0.3%
carboxymethylcellulose in saline. This dose of modafinil was
chosen because it induced orexin-dependent histamine release
in vivo (20,26). Tetrodotoxin (TTX) was obtained from Tocris
Bioscience and all other chemicals were obtained from Sigma
Aldrich.

RH Hypoglycemia Protocol

For electrophysiological and behavioral studies of RH,
mice were fasted for 5 h and injected with either insulin
(1.2 IU/kg; RH group) or an equivalent volume of saline
(RS; control group) once daily for 3 consecutive days.
Blood glucose level was measured every 15 min for 2 h af-
ter injection by distal tail amputation method using a
glucometer (Bayer Contour). Only mice whose blood glu-
cose level declined below 60 mg/dL after insulin injection
were used for analysis. Food was returned after 2 h. Ani-
mals exhibiting seizures or extreme torpor were given glu-
cose intraperitoneally (i.p.) and euthanized.

CPP

The behavioral test for hypoglycemia awareness/unaware-
ness was derived from the report by Otlivanchik et al. (7)
and modified for mice. Verification of this model is pre-
sented in Supplementary Figure 1.

Hypoglycemia Awareness

The CPP apparatus was a two-chamber box with a remov-
able divider separating the chambers. CPP involves estab-
lishing preference for the chamber associated with a food
reward. The chambers were discriminated visually by ei-
ther striped or checked walls and texturally by either a
ribbed or smooth floor texture. Mice were habituated to
the box, with the divider removed for 30 min daily for
2-4 days. After habituation, mice were placed in the open
box and the time spent on each side of the chamber was
video recorded and measured by digital detection software
(written by author O.I) at 15, 20, and 30 min. The opti-
mal time point when the mice finished exploration of the
two chambers and initiated grooming or sleeping was de-
termined to be 20 min. This time point was used for all
data comparisons. For 6-8 days (conditioning), the mice
were restricted for 30 min on alternating days to the
chamber of the box in which they initially spent the least
amount of time with a food reward or to the chamber
where they initially spent the most time without a food
reward. After conditioning, mice were again placed in the
open box for 30 min, and the time spent in each chamber
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was measured. Although rats in the Levin et al. studies (7)
developed a CPP for chocolate drops (i.e., they spent more
time in the chocolate-associated chamber), we found that
the mice would only develop a CPP when sweetened ce-
real (Froot Loops; Kellogg Co.) was used as a reward. Mice
that increased their time in the cereal-associated chamber
(initially the less preferred side) were considered to have
developed CPP. The mice were then restricted to the
cereal-associated chamber and exposed to insulin-induced
hypoglycemia. The mice were removed from the chamber
60 min after insulin injection and placed in their home
cage with food. After 1-2 days, the mice were placed in
the open box and the time in each chamber was recorded.

Hypoglycemia Unawareness

After conditioning, the mice were subjected to RH or RS
for 3 consecutive days in their home cage. After 1-2 days
later, the mice were exposed to insulin-induced hypoglyce-
mia in the cereal-associated chamber of the CPP box fol-
lowed by measurement of the time in each chamber.

Electrophysiology

On the day of the experiment, mice were anesthetized and
transcardially perfused with ice-cold oxygenated (95% O,
/5% CO,) perfusion solution (composition [in mmol/L]:
2.5 KCl, 7 MgCl,, 1.25 NaH,PO,, 28 NaHCOs3;, 0.5 CaCl,,
7 glucose, 1 ascorbate, and 3 pyruvate) of ~300 mOsm
and pH 7.4. Brains were rapidly removed and placed in ice-
cold (slushy) oxygenated perfusion solution as previously
described (27-29). We made 300-um coronal sections (con-
taining PFH orexin neurons) through the hypothalamus on
a vibratome (Vibroslice, Camden Instruments). The brain
sections were maintained in oxygenated artificial cerebro-
spinal fluid (in mmol/L: 126 NaCl, 1.9 KCl, 1.2 KH,PO,,
26 NaHCOs3, 2.5 glucose, 1.3 MgCl,, and 2.4 CaCl,; ~300
mOsm; pH 7.4) for at least 1 h at room temperature prior
to recording.

Whole-cell current clamp recordings were made on visually
identified GFP-expressing cells in the PFH at 28-30°C, as pre-
viously described (11,30). Borosilicate pipettes (4-6 mol/L(}
resistance; Sutter Instruments) were filled with an intracellu-
lar solution containing (in mmol/L): 128 K-gluconate, 10 KCl,
4 KOH, 10 HEPES, 4 Mg(Cl,, 0.5 CaCl,, 5 EGTA, 2 or 5 Na,
ATP, and 0.4 Nap,GTP; pH 7.2. Osmolarity was adjusted with
sucrose to 300 mOsm. The recording pipette contained 2 or
5 mmol/L ATP as described in RESULTS and in provided fig-
ures. Lucifer Yellow (250 pg/mL) was included in the pipette
for postrecording visualization of the neuron. Neurons with
membrane potentials (MPs) more negative than —45 mV in
2.5 mmol/L glucose and action potentials that overshot 0 mV
were considered viable for recording. Pipette access resistance
<20 mol/L{) with <20% change during the time course of
the experiment was considered acceptable. Whole-cell resis-
tance (R) was calculated from the membrane voltage re-
sponses to a —10 to —30 pA hyperpolarizing pulse (500-ms
duration). Because glucose acts on nonsynaptic ion channels,
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it predominantly affects R. R is a sensitive measure of
changes in neuronal excitability. Thus, treatment effects
were quantified using the percentage change in MP and R
as extracellular glucose levels decreased (29,31).

Data and Resource Availability

The data sets generated and/or analyzed during this study
are available from the corresponding author upon reason-
able request. No applicable resources were generated or
analyzed during the study.

RESULTS

Electrophysiological Characterization of PFH Orexin Gl
Neurons

Like ventromedial hypothalamic (VMH) GI neurons (24),
we observed two different patterns of activation among
PFH orexin GI neurons as glucose was reversibly de-
creased from 2.5 to 0.1 mmol/L. Some PFH orexin GI neu-
rons (sustained GI [sGI]) maintained their increased activity
for the duration of time in low glucose conditions, becoming
inhibited only after return to 2.5 mmol/L glucose concentra-
tion (Fig. 14). In contrast, a different subpopulation of orexin
GI neurons, adapting (AdGI) neurons, were transiently acti-
vated in low glucose conditions but became inhibited again
before glucose concentration was returned to 2.5 mmol/L
(Fig. 1B). As seen for VMH AdGI neurons, orexin AdGI neu-
rons also showed a small-magnitude transient depolarization
upon return to 2.5 mmol/L glucose concentration.

Unlike VMH GI neurons (32), lateral hypothalamus (LH)
orexin GI neurons sense the glucose molecule per se and do
not respond to glucose metabolism or changes in intracellular
ATP concentration (11,33). Glucose sensing by PFH orexin GI
neurons was also independent of intracellular ATP concentra-
tion. There was no significant difference in the increase in R of
either PFH orexin sGI (Fig. 1C) or AdGI (Fig. 1D) neurons as
glucose concentration decreased from 2.5 to 0.1 mmol/L
when the neurons were dialyzed with either 2 or 5 mmol/L
ATP in the recording pipette. There was also no significant
difference in MP in 2.5 mmol/L glucose at either ATP
concentration for sGI neurons (2 mmol/L: —73.8 + 3.7 mV
[+ SD], n = 4; 5 mmol/L: —70.8 + 2.6 mV, n = 5; P = 0.52),
although AdGI neurons showed a trend toward depolari-
zation with 5 mmol/L ATP (2 mmol/L: —72.9 + 1.4 mV,
n="7;5mmol/L: —67.9 + 2.1 mV,n = 5; P = 0.06). There
were no differences in the R in 2.5 mm glucose at either
ATP concentration for sGI (M{) in 2 mmol/L: 289 + 35,
n = 4;in 5 mmol/L: 357 £ 73, n = 5; P = 0.46) or AdGI
(MQ in 2 mmol/L: 499 + 110, n = 7; in 5 mmol/L: 550 +
182, n = 5; P = 0.80) neurons. On the basis of these
results, data obtained using 2 or 5 mmol/L ATP in the
recording pipette were combined in subsequent
experiments.

The nonmetabolizable glucose analog 2 deoxyglucose
(2DG) inhibits rather than activates LH orexin GI neurons
(11,33). Similarly, we found that 2.5 mmol/L 2DG re-
versed the activation of PFH orexin sGI neurons in low
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Figure 1—Representative whole-cell current clamp recordings of
PFH orexin GFP neurons in brain sections. A: Example of a sus-
tained response to decreased glucose level (sGl). This neuron de-
polarized and increased action potential frequency and R as
extracellular glucose (G) decreased from 2.5 to 0.1 mmol/L. This re-
sponse was sustained throughout the time in 0.1 mmol/L glucose
and only reversed after return to 2.5 mmol/L glucose. B: Example
of AdGI. This neuron depolarized and increased action potential
frequency and R as extracellular glucose concentration decreased
from 2.5 to 0.1 mmol/L. However, in contrast to the sGl neuron,
this AdGI neuron hyperpolarized and decreased action potential
frequency and R back to levels seen in 2.5 mmol/L glucose in the
presence of 0.1 mmol/L extracellular glucose. As we have seen for
VMH AdGI neurons, there is a small rebound depolarization upon
return to 2.5 mmol/L glucose (24). The percent change (%4) in R
for both sGl (C) and AdGlI (D) neurons in response to decreased glu-
cose from 2.5 to 0.1 mmol/L was similar with either 2 or 5 mmol/L
ATP in the recording pipette (P > 0.05, Student unpaired t test; indi-
vidual values shown with mean and SD). Top panels show the bar
graphs and bottom panels give examples of individual voltage pulses
in response to a hyperpolarizing current pulse. Sample size is shown
in parentheses on the x-axis.

glucose conditions and blocked activation of PFH orexin
AdGI neurons at low glucose levels (Fig. 2A). The response
to decreased glucose level for both sGI (n = 3) and AdGI (n =
6) neurons persisted in the presence of the sodium
channel blocker TTX (Fig. 2B). Together, these data
suggest that these patterns of glucose sensing are in-
trinsic to PFH orexin GI neurons and that these neu-
rons directly sense the glucose molecule (as opposed to
a presynaptic or metabolic effect). Interestingly, the

Patel and Associates 1147

change in R of sGI and AdGI neurons in response to de-
creased glucose levels was significantly enhanced in the
presence of TTX (Fig. 2B). However, TTX had no effect on
MP and R of sGI or AdGI neurons in 2.5 mmol/L glucose.
This suggests that PFH orexin GI neurons receive pre-
synaptic input that specifically blunts their activation
at low glucose levels without affecting baseline proper-
ties in 2.5 mmol/L glucose.

We then compared the MP and R of sGI and AdGI
orexin neurons in 2.5 mmol/L glucose and the response to
decreased glucose concentration from 2.5 to 0.1 mmol/L,
using all neurons in the experiments discussed above. In
2.5 mmol/L glucose, there were no differences in the MP
(sGI, —71.2 £+ 1.7mV, n =15; AdGI, —71.1 + 0.8 mV, n =
22; P=0.93) or R (sGI, 366 + 42 M(), n = 15; AdGI, 416 =
50 MQ, n = 22; P = 0.48) of sGI and AdGI neurons. The
change in MP as glucose concentration decreased was
also similar between these neuronal subtypes. However,
although there was considerable overlap in the range of
responses, the change in R as glucose decreased from 2.5
to 0.1 mmol/L was significantly greater in AdGI neurons
compared with sGI neurons (Fig. 3).

Effect of RH on a Mouse Model of Hypoglycemia
Awareness and the Glucose Sensitivity of PFH Orexin
Gl Neurons

For this study, glucose sensitivity was evaluated on the
day after the last insulin or saline injection. Because base-
line MP and R did not differ between sGI and adGI neu-
rons, these values were analyzed together. RH had no
effect on the MP (RS: —71.7 + 1.6 mV, n = 9; RH: —68.2 +
2.0,n=11;P=0.21) or R (RS: 376 + 47, n = 9; RH: 316 +
35, n = 11; P = 0.30) of orexin GI neurons in 2.5 mmol/L
glucose. However, RH significantly blunted the change
in R for AdGi (Fig. 4A and C) and sGI (Fig. 4B and C)
neurons as glucose decreased from 2.5 to 0.1 mmol/L.
RH had no effect on the MP response for either subtype.

Effects of Modafinil on Hypoglycemia Awareness and

Glucose Sensitivity of PFH Orexin Gl Neurons After RH
Modafinil Restores Hypoglycemia Awareness After RH

After successful place-preference conditioning, mice were ex-
posed to RS or RH in their home cages, as described above,
in Supplementary Data, and in Supplementary Figure 1.
On the day of insulin-induced hypoglycemia in the food-
associated chamber of the CPP box, all mice were given an
injection of modafinil (150 mg/kg ip.) or vehicle 30 min
prior to the insulin injection, and preference was measured
1-2 days later, as described above. Initially, all groups of
mice developed a preference for the food-associated
chamber (Fig. 5A-D; postconditioning [PC] vs. precon-
ditioning [Pre]). After insulin-induced hypoglycemia,
RH vehicle-treated mice did not reverse their prefer-
ence for the food-associated chamber (Fig. 5A), whereas
preference for the food-associated chamber reversed to
that seen before conditioning in the RS vehicle-treated
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Figure 2—The response of sGl and AdGI neurons to the nonmetabolizable glucose analog 2DG or the sodium channel blocker TTX, which
blocks action potentials. A: 2DG. The traces are examples of whole-cell current clamp recordings of sGl and AdGI neurons in brain sec-
tions containing the PFH. Data are quantified below as percent change (%A) in R. sGl neuron (top trace): glucose concentration in the per-
fusion solution was changed from 2.5 to 0.1 mmol/L at the beginning of the recording. Decreased glucose concentration depolarized and
increased action potential frequency and R; this effect was completely reversed by 2.5 mmol/L 2DG. The percent change in R as glucose
concentration decreased from 2.5 to 0.1 mmol/L was completely reversed when 2.5 mmol/L 2DG was added to 0.1 mmol/L glucose (P <
0.05, n = 5, paired Student t test). AAGI neuron (bottom trace): glucose concentration in the perfusion solution was changed from 2.5 to
0.1 mmol/L at the beginning of the recording. This neuron transiently depolarized and increased R in the presence of 0.1 mmol/L glucose;
this effect was completely blocked when glucose was again decreased in the presence of 2.5 mmol/L 2DG. The percent change in R as
glucose concentration decreased from 2.5 to 0.1 mmol/L was significantly reduced in the presence of 2.5 mmol/L 2DG (P < 0.001, n =6,
paired Student t test; individual values shown with mean and SD). B: TTX (blocks action potentials). Examples of whole-cell current clamp
recordings of sGl (top trace) and AdGI (bottom trace) neurons in brain sections containing TTX in the perfusion media. Data are quantified
below as the percent change in R. The response to decreased glucose persisted in the presence of TTX, indicating that these glucose-
sensing patterns are intrinsic. The response to decreased glucose concentration from 2.5 to 0.1 mmol/L was enhanced in both sGl (P <
0.05, n = 3, paired Student t test) and AdGlI (P < 0.05, n = 6) in the presence of TTX.

mice (insulin injection PC [PC-I] vs. Pre; Fig. 5B). In con-
trast, both the RH modafinil- and RS modafinil-treated
mice reversed their preference for the food-associated
chamber after insulin-induced hypoglycemia (Fig. 5C and
D). Figure 5E shows that there was a significant interaction
between drug and treatment (RH vs. RS) groups, in addi-
tion to significant main effects of drug and treatment, for

the percent change in time spent in the food-associated
chamber before and after insulin-induced hypoglycemia (PC-I
vs. PC). The amount of time spent in the food-associated
chamber by RH vehicle-treated mice after experiencing insu-
lin-induced hypoglycemia was significantly greater than the
time spent by all other groups of mice. Thus, modafinil re-
stores hypoglycemia awareness after RH.
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Figure 3—The percent change (%A) in R as glucose concentration
decreased from 2.5 to 0.1 mmol/L was significantly greater in AdGlI
(n = 22) vs. sGl (n = 15) neurons (P < 0.05, Student t test, individual
values shown with mean and SD). There was no difference in the per-
cent change in MP between AdGl and sGl as glucose decreased.

Modafinil Restores Normal Glucose Sensitivity to PFH
Orexin Gl Neurons of Male Mice After RH

RH and RS mice were injected i.p. with 150 mg/kg modafinil
1 h prior to sacrifice for electrophysiological evaluation of
the glucose sensitivity of PFH orexin GI neurons. There
were no differences in MP (RS: —69.3 + 2.4 mV, n = 10;
RH: —704 + 1.5, n=10; P = 0.69) or R (RS: 376 + 55, n = 10;
RH: 334 + 38, n = 10; P = 0.54) of PFH orexin GI neurons
from RH modafinil- and RS modafinil-treated mice in
2.5 mmol/L glucose. Moreover, there was no significant
difference in the change in R or MP of PFH orexin GI neu-
rons of RH and RS mice that received modafinil in response
to decreased glucose (Fig. 6). Thus, modafinil normalizes glu-
cose sensitivity of PFH orexin GI neurons after RH.

DISCUSSION

The findings of this study are consistent with our hypoth-
esis that PFH orexin GI neurons play a critical role in hy-
poglycemia awareness. Furthermore, drugs that normalize
their glucose sensitivity after RH may be of therapeutic
value for treating hypoglycemia unawareness in patients
with T1DM and those with advanced T2DM. We demon-
strated that, like VMH GI neurons (28), RH increases the
inhibitory effect of glucose on PFH orexin GI neurons,
leading to reduced activation in low glucose concentra-
tion. The antinarcolepsy drug modafinil (22) restored nor-
mal glucose sensitivity to these neurons and restored
hypoglycemia awareness after RH. Modafinil is generally
considered a dopamine reuptake inhibitor, which increases
synaptic dopamine levels (19). Orexin neurons express the
dopamine 1 receptor (D1R) (34). Modafinil-induced in-
creases in synaptic dopamine activate orexin neurons via
the D1R (21,35). Inhibition of orexin neurons by the non-
metabolizable glucose analog 2DG suggests that these neurons
possess a glucose receptor, as opposed to sensing glucose
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Figure 4—RH blunts the increase in R of PFH orexin Gl neurons in
response to low glucose concentration. Representative voltage re-
sponses to constant hyperpolarizing current pulses from AdGI (A)
or sGl (B) neurons from RS- and RH-treated mice. The voltage re-
sponse is directly proportional to the change in R. Both AdGI and
sGl neurons from RS-treated mice increased the magnitude of the
voltage response in 0.1 vs. 2.5 mmol/L glucose, whereas those
from RH-treated mice did not. C: The percent change (%4) in
R of sGl (open circles) and AdGI (closed circles) from RS- and
RH-treated mice as glucose concentration decreased from 2.5 to
0.1 mmol/L. RH significantly decreased the percent change in R for
sGl and adGl neurons, whether analyzed separately (sGl, P =
0.004,n =3 RS andn=4RH; AdGI, P=0.0003,n=6RSandn=7
RH) or in combination (**P < 0.0001; C). There were no significant
differences in the percent change in MP. Data analyzed by Student
unpaired t test; individual values shown with mean and SD.

metabolism. It is thus possible that the D1R and glucose
signaling pathways in orexin GI neurons interact, enabling
presynaptic dopamine release to modulate glucose sensitiv-
ity. Interestingly, there are reports suggesting that modafinil
improves hypoglycemia awareness in patients with diabetes
(36,37). These studies attributed the effect of modafinil to
decreased +y-aminobutyric acid (GABA) transmission, al-
though this mechanism was not evaluated in this study.
Modafinil and orexin might affect learning; however, nei-
ther orexin stimulation nor inhibition impairs memory
(38-41). Moreover, the mice learned CPP prior to RH or
modafinil. Thus, it is unlikely that effects on learning ex-
plain our results. Further studies to elucidate the mecha-
nism(s) underlying the effect of modafinil observed here are
required.

Interestingly, the response to low glucose by orexin GI
neurons appears to be less robust in mice that received
saline or insulin injections with and without modafinil
compared with uninjected mice (compare Figs. 1-3 with
Figs. 4 and 6). A potential explanation is that the stress
of the injections affected glucose sensitivity. This suggests
that orexin GI neurons may be sensitive to other stressors
in addition to hypoglycemia. However, even if glucose
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Figure 5—Modafinil prevents hypoglycemia unawareness. A-D:
The time in seconds (s) was measured for the least-preferred
chamber of the CPP box immediately following habituation to the
box (Pre), after conditioning the mice with sweetened cereal in that
chamber (PC), and after an injection of insulin in the food-associ-
ated chamber (PC-I). Mice received a daily injection of saline (RS)
or insulin (RH) for 3 days in their home cage after conditioning and
before the insulin injection in the food-associated chamber (be-
tween PC-I and PC). Modafinil (150 mg/kg i.p.) or vehicle was given
30 min prior to the insulin injection in the CPP box. Data were ana-
lyzed by repeated measures one-way ANOVA followed by Tukey’s
multiple comparison test. Different letters are significantly different
(P < 0.05). Successful conditioning for all groups is indicated by a sig-
nificant increase in the time PC compared with Pre. RH vehicle-
treated mice (A) did not reverse their preference for the food-associ-
ated chamber (PC-I vs. PC); however, all other groups (B-D) did.
E: Percent change in time spent in the food-associated chamber be-
fore and after insulin injection (PC-I vs. PC). RH vehicle-treated mice
spent significantly more time in the food-associated chamber than did
RS vehicle- or modafinil-treated mice. RH modafinil-treated mice
were not significantly different from either group of RS mice (two-way
ANOVA followed by Tukey’s multiple comparisons; interaction F 42 =
6.147, P = 0.173; RH vs. RS: F4 42 = 5.438, P = 0.0246; modafinil:
F1,42=6.011, P = 0.0185. N values given on E. All data are presented
as individual values shown with mean and SD. Different letters repre-
sent statistical differences (P < 0.05).

sensitivity did not return to that observed in naive mice,
our observation that modafinil abolishes the difference in
glucose sensitivity between RS and RH still suggests that
modafinil opposes the effect of RH. Moreover, our data
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suggest that the stress of RH overrides the putative injec-
tion stress. Like VMH GI neurons (24), we found two pat-
terns of glucose responses in PFH orexin GI neurons:
those that remain active for the duration in low glucose
conditions (sGI) and those that adapt and return to an in-
hibited state in low glucose conditions (AdGI). VMH sGI
and AdGI neurons have distinct glucose sensitivity and
showed differences in estrus cycle-phase sensitivity (24,25).
Glucose sensitivity similarly differed in AdGI compared with
sGI PFH orexin neurons, although the difference was much
slighter in PFH than VMH neurons, as seen by the signifi-
cant overlap in Fig. 3. Both subtypes exhibited 2DG inhibi-
tion and responded to glucose similarly in the presence of
TTX and when intracellular ATP level was increased. In addi-
tion, both subtypes responded similarly to RH and modafi-
nil. These data suggest that their mechanism of glucose
sensing is similar. The inclusion criteria for LH orexin GI
neurons in our earlier studies excluded AdGI responses, so
we do not know whether these different glucose responses
exist in the PFH only (11,42). Interestingly, Williams et al.
(43) also reported adapting orexin GI neurons that were
more common in the PFH than LH. However, in this case,
the investigators characterized the AdGI response as a tran-
sient inhibition as glucose levels increased, and the response
persisted in the absence of presynaptic input (i.e., in TTX).
Whether these disparate responses represent distinct types
of GI neurons or whether they result potentially from tran-
sient factors (e.g., different energy status of the cell within
the slice) remains to be seen.

Our results with TTX suggest that PFH orexin GI neu-
rons directly sense glucose. The caveat to the use of TTX
is that it only blocks action potential dependent and not
molecular presynaptic transmitter release. Interestingly,
the response to low glucose levels was enhanced in the
presence of the sodium channel blocker TTX. This sug-
gests that PFH orexin GI neurons also receive presynaptic
input from an upstream glucose-sensing neuron within
the brain section (or an intact glucose-sensing terminal)
that tonically inhibits their response to low glucose levels.
LH orexin GI neurons receive input from leptin receptor—
positive GABA neurons (11). Interestingly, some LH GABA
neurons are also GI neurons, thus activation in low glucose
conditions could specifically inhibit activation of PFH
orexin GI neurons in low glucose conditions (44). Alterna-
tively, LH melanin-concentrating neurons are glucose ex-
cited (10). If these neurons were excitatory and innervated
PFH orexin GI neurons, then decreased excitation in low
glucose conditions could also explain our result. The teleo-
logical advantage of sensing the glucose molecule in the
brain as opposed to glucose metabolism is not clear. Our
brains did not evolve under conditions in which they would
be exposed to nonmetabolizable glucose sources and there
would be little if any physiological impact. However, in
modern society, if artificial sweeteners cross the blood-
brain barrier, disparate signals from glucose sensors could
sense the glucose molecule as opposed to glucose metabolism.
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Figure 6 —Modafinil prevents the change in glucose sensitivity of PFH Gl neurons after RH. Representative voltage responses to con-
stant hyperpolarizing current pulses from AdGlI (A) or sGl (B) neurons from RS and RH mice treated with modafinil (150 mg/kg) 1 h prior
to sacrifice. The voltage response is directly proportional to the change in R. C: The percent change (%A4) in R and MP of sGl (open

circles) and AdGI (closed circles) from RS and RH treated mice as

glucose decreased from 2.5 to 0.1 mmol/L. There were no signifi-

cant differences between sGl or AdGI neurons from RS- and RH-modafinil treated mice. This finding was independent of whether sGl
and adGl neurons were analyzed separately or in combination (P > 0.05, Students unpaired t test, individual values shown with mean

and SD).

Such inconsistent signals could potentially disrupt energy
homeostasis.

Finally, our difficulties establishing CPP and hypoglycemia
in C57BL/6 mice from different vendors (Supplementary
Data) are consistent with an increasing body of literature re-
garding these “control” mice (45-47). In our study, we hy-
pothesize that there were two factors involved: group
housing and phenotypic differences in vision. First, condi-
tioning in both strains was dependent on group housing,
potentially because of anxiety in single housing. This was
likely exacerbated in the Charles River C57BL/6N strain be-
cause these mice exhibit increased conditional fear (this oc-
curs to a lesser extent in C57BL/6N mice from other
vendors) (45). This increased anxiety could have also
contributed to the difficulty in lowering blood glucose
levels in these animals. In addition, C57BL/6N mice
have a mutation associated with retinal degeneration
that may have made visual discrimination of the cham-
bers difficult (46-48). On the other hand, C57BL/6J
mice possess the nnt mutation, which predisposes them
to diabetes (46). For these reasons, it is very important
to be deliberate and transparent in choice of strain and
vendor.

In summary, our most important findings are that RH
blunted activation of PFH orexin GI neurons in low glucose
conditions and that modafinil normalized glucose sensing
by these neurons and restored hypoglycemia awareness af-
ter RH. Although our data are correlative and do not yet
address causality, they suggest that the glucose sensitivity

of PFH orexin GI neurons is a therapeutic target for
treating hypoglycemia unawareness. Currently, there is
no treatment for hypoglycemia unawareness. Modafinil
is in clinical use for narcolepsy (49). However, modafinil
is in the class of psychomotor stimulants that are sched-
ule IV drugs. Thus, further studies into the mechanism(s)
by which RH alters glucose sensing by PFH orexin GI
neurons are needed to develop safe and effective thera-
pies for patients with diabetes using intensive insulin
therapy to control hyperglycemia.
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