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Abstract

A population of Neuropeptide Y (NPY) neurons which co-express Agouti-related peptide (AgRP) 

in the arcuate nucleus of the hypothalamus (ARC) are inhibited at physiological levels of brain 

glucose and activated when glucose levels decline (e.g. glucose-inhibited or GI neurons). Fasting 

enhances the activation of NPY/AgRP-GI neurons by low glucose. In the present study we tested 

the hypothesis that lipopolysaccharide (LPS) inhibits the enhanced activation of NPY/AgRP-GI 

neurons by low glucose following a fast. Mice which express green fluorescent protein (GFP) on 

their NPY promoter were used to identify NPY/AgRP neurons. Fasting for 24 hours and LPS 

injection decreased blood glucose levels. As we have found previously, fasting increased c-fos 
expression in NPY/AgRP neurons and increased the activation of NPY/AgRP-GI neurons by 

decreased glucose. As we predicted, LPS blunted these effects of fasting at the 24 hour time point. 

Moreover, the inflammatory cytokine tumor necrosis factor alpha (TNFα) blocked the activation 

of NPY/AgRP-GI neurons by decreased glucose. These data suggest that LPS and TNFα may 

alter glucose and energy homeostasis, in part, due to changes in the glucose sensitivity of NPY/

AgRP neurons. Interestingly, our findings also suggest that NPY/AgRP-GI neurons use a distinct 

mechanism to sense changes in extracellular glucose as compared to our previous studies of GI 

neurons in the adjacent ventromedial hypothalamic nucleus.

*Corresponding author: Vanessa H. Routh, PhD., Professor Department of Pharmacology, Physiology and Neuroscience Rutgers New 
Jersey Medical School Newark, NJ 07103. routhvh@njms.rutgers.edu. 

Conflict of interest
There is no Conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Brain Res. Author manuscript; available in PMC 2017 October 01.

Published in final edited form as:
Brain Res. 2016 October 1; 1648(Pt A): 181–192. doi:10.1016/j.brainres.2016.07.035.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Debrecen Electronic Archive

https://core.ac.uk/display/161061689?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Keywords

NPY/AgRP neurons; GI neurons; anorexia; fasting; LPS; TNFα

1. Introduction

Energy homeostasis is achieved through neuroendocrine and metabolic control of energy 

intake, storage, and expenditure (Schwartz et al., 2000). The arcuate nucleus (ARC) of the 

hypothalamus is critical for integrating peripheral signals of energy status and adjusting food 

intake and energy balance in order to maintain homeostasis (Woods et al., 2000). In 

particular, activation of ARC Neuropeptide Y/Agouti-related peptide (NPY/AgRP) neurons 

during energy deficit increases food intake and decreases energy expenditure (Aponte et al., 

2011; Krashes et al., 2011; Stanley et al., 1986; White and Kershaw, 1990). NPY/AgRP 

neurons are also important for increased hepatic glucose output during fasting (Kuperman et 

al., 2016; Wang et al., 2014). Approximately 40% of ARC NPY/AgRP neurons are glucose-

inhibited (GI) neurons. GI neurons are inhibited at physiological brain glucose levels and 

activated by decreased extracellular glucose (Fioramonti et al., 2007; Muroya et al., 1999). 

Previous studies in our lab and others show that fasting increases the expression of the 

neuronal activity marker, c-fos, in NPY neurons (Becskei et al., 2008; Murphy et al., 2009b). 

Fasting also increases the activation of NPY/AgRP-GI neurons by decreased glucose and 

enhances hypothalamic NPY release in response to decreased glucose (Murphy et al., 

2009b). Activation of GI neurons in low glucose is due to an increase in the activity of the 

cellular fuel sensor, AMP activated protein kinase (AMPK)(Murphy et al., 2009a). Thus, 

glucose sensing by ARC NPY/AgRP-GI neurons may play a role in maintaining adequate 

blood glucose levels during energy deficit.

The endotoxin, lipopolysaccharide (LPS) induces illness anorexia and hypermetabolism 

leading to muscle wasting (Arsenijevic and Montani, 2015; Arsenijevic D, 2000; Becskei et 

al., 2008; Duan et al., 2014; Duan et al., 2015). Although chronic sepsis is most frequently 

associated with hyperglycemia, acute sepsis and LPS-induced endotoxemia can cause 

hypoglycemia in humans and animals (Feingold et al., 2012; Fischer et al., 1986; Krinsley, 

2008; Malouf and Brust, 1985; McCallum et al., 1983; Wilmore, 1977). This hypoglycemic 

effect is most prevalent in patients undergoing glycemic control (Krinsley, 2008). This is 

important clinically because hypoglycemia during sepsis is negatively correlated with 

survival (Fischer et al., 1986; Krinsley, 2008). LPS causes hypoglycemia by inhibiting the 

gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) and decreasing 

hepatic gluconeogenesis (Feingold et al., 2012; McCallum et al., 1983). NPY/AgRP-GI 

neurons may play a role in the effects of LPS. For example, LPS blocks fasting-induced c-

fos expression in NPY/AgRP neurons (Becskei et al., 2008). Hypothalamic AgRP injections 

prevent muscle wasting during chronic kidney disease (Cheung and Mak, 2012). 

Interestingly, hypothalamic AMPK activation prevented the effect of LPS on hepatic PEPCK 

and glucose production (Santos et al., 2013). Together these data suggest that the effects of 

LPS on metabolism and glucose homeostasis may be due, in part, to inhibition of NPY/

AgRP-GI neurons.
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LPS increases the levels of a number of inflammatory cytokine (e.g. interleukin-1 (IL-1), 

interleukin-6 (IL-6), tumor necrosis factor alpha (TNFα), interferon gamma (INFγ)(Baile et 

al., 1981; Grossberg et al., 2010; Plata-Salaman et al., 1998; Plata-Salamán et al., 1988). 

TNFα, but not IL-1 or IL-6, is elevated 24 hours post-LPS injection when AgRP expression 

is at its nadir and markers of muscle wasting are elevated (Duan et al., 2014; Duan et al., 

2015). Moreover, PEPCK expression was not decreased by LPS in TNFα receptor knockout 

mice suggesting a role for TNFα in LPS-induced hypoglycemia (Feingold et al., 2012). 

TNFα also suppresses AMPK activity (Steinberg et al., 2006). Based on the evidence 

linking TNFα with the metabolic and hypoglycemic effects of LPS we hypothesized that 

LPS and TNFα blunt the enhanced activation of NPY/AgRP-GI neurons in response to 

decreased glucose which we observed following fasting.

To test this hypothesis, we evaluated the effect of LPS on fasting induced changes in NPY/

AgRP-GI neurons using mice in which green fluorescent protein was expressed on the NPY 

promoter (NPY-GFP mice). The activation of NPY-GI neurons by low glucose was evaluated 

electrophysiologically in brain slices from fasted mice injected with LPS or after in vitro 

treatment with TNFα. Blood glucose levels decreased to a greater extent in fasted LPS vs 

saline-treated mice. As we hypothesized, LPS impaired the enhanced activation of NPY/

AgRP-GI neurons by low glucose following fasting. In vitro application of TNFα to NPY/

AgRP-GI neurons also blunted their activation in low glucose. Interestingly, our results 

suggest that NPY/AgRP-GI neurons utilize a distinct glucose sensing mechanism compared 

to our previously characterized GI neurons in the adjacent ventromedial hypothalamic 

nucleus (VMN).

2. Results

2.1. LPS injection blunts refeeding and decreases body weight and blood glucose levels

LPS causes anorexia, hypermetabolism and hypoglycemia within 24 hours post injection 

(Arsenijevic D, 2000; Nandivada et al., 2016; Santos et al., 2013). LPS is most commonly 

injected intraperitoneally (i.p.) (Anderson et al., 2015; Arsenijevic and Montani, 2015; 

Arsenijevic D, 2000; Duan et al., 2014; Duan et al., 2015; Felies et al., 2004; Porter et al., 

2000); however, Becskei et al found that i.p. but not subcutaneously (s.c.) injected LPS 

caused significant variation in hypothalamic cfos expression (Becskei et al., 2008). This 

group also determined that a higher dose was needed to achieve the same anorexia following 

s.c. (40 μg/mouse) vs i.p. (4 μg/mouse) injection. Since we wished to measure hypothalamic 

cfos expression in fasted LPS-treated mice, we utilized the protocol established by this 

group (Becskei et al., 2008). We first performed a pilot study to confirm that 40 μg/mouse 

LPS s.c. induced anorexia in our hands. As shown by Becskei et al., s.c LPS injection 

(Fasted/L) significantly decreased food intake compared to that in saline injected fasted mice 

(Fasted/S) after 6 h, 12 h and 24 h following refeeding (food intake 24 h refeeding: Fasted/S 

5.40 ± 0.28g, n=4; Fasted/L 1.93 ± 0.06g, n=3, t(5) = 10.32; P<0.001; Figure 1a). The body 

weight of the LPS injected fasted mice was also decreased following refeeding (body weight 

gain 24 h refeeding: Fasted/S 2.88 ± 0.29g, n=4; Fasted/L −1.62 ± 0.33g, n=4, t(6) = 10.25; 

P<0.0001; Figure 1b).
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We next confirmed that this dose and route of administration of LPS reduced blood glucose. 

Significant effects on blood glucose were observed for both fasting [F(1,68) = 97.6; 

p<0.0001] and LPS [F(1,68) = 42.5; p< 0.0001] as well as an interaction between the two 

treatments [F(1,68) = 3.8; p = 0.05]. Fasting significantly decreased blood glucose levels 

compared to the ad lib fed mice. LPS injection resulted in a further decrease in glucose 

levels in both the fed and fasted state compared to the saline injected mice with the fasted 

LPS treated mice having significantly lower glucose than all other groups (Figure 1c).

2.2. LPS prevents fasting induced c-fos activation in NPY-GFP mice

Colocalization of the immediate early gene product c-fos with GFP in ARC sections from 

NPY-GFP mice was used to evaluate fasting-induced activation of NPY/AgRP neurons in 

the presence and absence of LPS. We believe that this is a valid assumption since over 95% 

of ARC NPY neurons co-express AgRP (Broberger et al., 1998). Thus, the overwhelming 

number of NPY-GFP neurons will be NPY/AgRP neurons and they will be referred to as 

such. Significant effects on cfos expression in NPY/AgRP neurons were observed for both 

fasting [F(1,8) = 74.1; p<0.0001] and LPS [F(1,8) = 45.7; p= 0.0001] as well as an 

interaction between the two treatments [F(1,8) = 64.8; p<0.0001]. As shown in Figure 2, 24 

hours of fasting increased c-fos expression in NPY/AgRP neurons compared to that in fed 

mice. LPS had no effect on c-fos activation in NPY/AgRP neurons in ad lib fed mice; 

however it completely blocked the fasting stimulated c-fos activation in these neurons at the 

24 hour time point.

2.3. LPS attenuates the effect of fasting on the glucose sensitivity of NPY/AgRP-GI 
neurons

NPY/AgRP-GI neurons significantly depolarized and increased their IR as glucose levels 

decreased from 2.5 to 0.5 or from 2.5 to 0.1 mM in fed and fasted mice treated with LPS or 

saline (Table 1A). In 0.1 mM glucose, NPY/AgRP-GI neurons were significantly more 

depolarized in fasted vs fed mice from both LPS and saline-treated groups. However, in 0.5 

mM glucose NPY/AgRP-GI neurons differences were observed only in fasted vs fed saline-

treated mice. Although the pattern was similar (greater difference between fed and fasted 

with saline vs LPS treatment), 2 way ANOVA revealed no significant intergroup differences 

in IR due to baseline variability (Table 1A). Importantly, the magnitude of the membrane 

potential and IR response to decreased glucose differed significantly between groups. That 

is, while NPY/AgRP-GI neurons from fasted saline-treated mice depolarized to a 

significantly greater degree in response to glucose decreases from 2.5 to 0.5 or 0.1mM 

compared to neurons from fed saline-treated mice, there was no difference in the degree of 

depolarization in response to either glucose decrease in the fasted vs fed LPS-treated mice. 

The increase in input resistance in response to both glucose decreases was significantly 

greater in fasted saline-treated vs LPS-treated mice. Representative whole cell current clamp 

recordings are shown in Figure 3a–d. The top trace in each panel shows the response of an 

NPY/AgRP-GI neuron to a glucose decrease from 2.5 mM to 0.1 mM. The bottom trace in 

each panel shows the response of the same neuron to a glucose decrease from 2.5 mM to 0.5 

mM. The bar graphs in Figure 3e–f represent the percent change of membrane potential and 

IR in response to glucose decreases from 2.5 to 0.1 (e) or 0.5 (f) mM. Statistical data from 

the 2 way ANOVA are reported in the figure legend. Glucose decreases to 0.5 and 0.1mM 
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are analogous to changes seen in the brain during fasting and insulin-induced hypoglycemia, 

respectively (De Vries et al., 2003; Silver and Erecinska, 1994; Silver and Erecinska, 1998). 

We find that a glucose decrease to 0.5–0.7mM provides a half maximal response to glucose 

(Murphy et al., 2009b; Song and Routh, 2005; Wang et al., 2004). Thus, these concentration 

decreases allow us to evaluate glucose sensitivity in response maximal and half maximal 

glucose concentrations.

2.4. TNFα blocks activation of NPY/AgRP-GI neurons by decreased glucose through a 
presynaptic mechanism

We next evaluated the effects of TNFα on the glucose sensitivity of NPY/AgRP-GI neurons 

in vitro. The absolute values for membrane potential and IR in the presence of TNFα are 

shown in Table 1B. Decreased glucose significantly depolarized NPY/AgRP neurons in the 

absence but not the presence of TNFα. IR was increased by decreased glucose in both the 

presence and absence of TNFα (Table 1B). However the magnitude of the IR response was 

lower in the presence of TNFα. As shown in Figure 4a, TNFα (40 ng/ml) significantly 

decreased the increase in action potential frequency as well as the percentage change in the 

IR (right panel) of NPY/AgRP-GI neurons in response to a glucose decrease from 2.5 mM 

to 0.1 mM (% change of IR without TNFα [black line under trace]: 35±7%; % change of IR 

with TNFα [gray line]: 21±15%, n=5; t(4)=2.970; p< 0.05, paired Student’s t-test). 

However, the ability of TNFα to blunt the response of NPY/AgRP-GI neurons to decreased 

glucose was abolished in the presence of the sodium channel blocker tetrodotoxin (TTX; 

500 nM [% change of IR with TNFα +TTX: 43±6%, t(5)=0.7708; p>0.05 compared to % 

change of IR in 0.1mM glucose alone: 48±5%, n = 6; paired Student’s t-test; Figure 4b]). 

Since TTX blocks presynaptic action potentials, these data are consistent with a presynaptic 

site of action for TNFα.

2.5. TNFα suppresses AMPK phosphorylation in low glucose

The VMH contains the ARC and the adjacent VMN. Previous studies on isolated VMH 

neurons have shown that AMPKα phosphorylation is critical for detection of low glucose by 

VMH GI neurons (Murphy et al., 2009a; Murphy et al., 2009b). Since TNFα suppresses 

AMPK activity in skeletal muscle (Steinberg et al., 2006), we hypothesized that TNFα 
might also blunt VMH AMPKα phosphorylation in response to decreased glucose. As 

shown in Figure 5, VMH AMPKα phosphorylation increased in response to a glucose 

decrease from 2.5 mM to 0.1 mM (0.1 mM: 1.7±0.2; 2.5 mM: 1.0±0). As we predicted, 

lowering glucose in the presence of TNFα blocked this response (0.1 mM+ TNFα: 0.7±0.1). 

Data were analyzed by one way ANOVA: F(2,12) = 13.3; P<0.001, n = 5 per group. Group 

differences were determined by Bonferroni’s multiple comparison test. Bars with different 

letters are statistically different (P<0.05). There was no effect of TNFα on total AMPK 

expression (F[2,12] = 0.17; P=0.84).

2.6. A distinct glucose sensing mechanism is used by NPY/AgRP-GI neurons

Our previous studies using isolated neurons from the entire VMH or visually identified 

VMN-GI neurons indicate that activation of VMN-GI neurons in decreased glucose is 

mediated by AMPKα-induced neuronal nitric oxide synthase (nNOS) activation and the 

subsequent closure of a chloride channel (Fioramonti et al., 2010; Murphy et al., 2009a; 
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Song et al., 2001). However, several studies suggest that this may not be true for ARC NPY/

AgRP-GI neurons (Leshan et al., 2012; Yang et al., 2011). Moreover, while TNFα prevented 

AMPKα phosphorylation in low glucose, the effect of TNFα on the glucose sensitivity of 

NPY/AgRP-GI neurons was via an effect on an upstream presynaptic neuron. These data are 

not consistent with AMPKα mediated glucose sensing by NPY/AgRP-GI neurons. NPY 

neurons make up a very small proportion of the total number of VMH-GI neurons. It is 

possible that our earlier studies using isolated VMH neurons reflect the mechanism 

underlying glucose sensing by the larger population of VMN-GI neurons without revealing 

that of the small number of NPY/AgRP neurons present. Thus, we used electrophysiological 

evaluation of visually identified NPY/AgRP-GI neurons to determine whether AMPKα, 

nNOS and/or chloride channel closure mediate glucose sensing specifically in this 

population of GI neurons.

As shown in Figure 6a, the % change of IR of NPY/AgRP-GI neurons in response to 

decreased glucose persisted in the presence of TTX, which blocks presynaptic action 

potentials (without TTX: 30±6%; with TTX 26±9%; n=6; t(5)=0.4723; p>0.05). This 

suggests that, as for VMN-GI neurons, decreased glucose directly activates NPY/AgRP-GI 

neurons. Next, we determined whether the glucose sensitive conductance was similar in 

VMN-GI neurons and NPY/AgRP-GI neurons. The voltage-current relationship showed that 

the glucose sensitive current reversed at −99.5 mV±5.6 mV (n=6) (Figure 6b). This reversal 

potential was close to the K+ rather than Cl− equilibrium potential in our solutions (EK=

−99.27; ECl=−51.66). Thus, in NPY/AgRP-GI neurons, the effect of glucose on NPY-GI 

neurons is mediated by a potassium channel. This suggests that NPY-GI neurons and VMN-

GI neurons use different ion channels to respond to changes in extracellular glucose.

To determine whether changes in the activity of intracellular AMPK is a critical component 

for glucose sensing of NPY/AgRP-GI neurons, the neurons were dialyzed with the AMPK 

inhibitor Compound C (Cpd C; 10 μM) in the patch pipette solution. 10–15 mins after 

establishing the whole cell recording configuration to ensure dialysis of Compound C, the 

glucose sensitivity of NPY/AgRP-GFP neurons was evaluated. Intracellular AMPK 

inhibition with Compound C did not block the response of NPY/AgRP-GI neurons to 

decreased glucose (Figure 6c). That is, 5 of 8 NPY/AgRP-GFP neurons (more than 60%) 

were activated by low glucose with Compound C in the pipette solution. This percentage of 

NPY/AgRP-GI neurons was what would be expected in the NPY/AgRP population without 

the inhibitor based on previous studies using cell imaging and whole cell current clamp 

recordings showing that more than 40% of NPY/AgRP neurons are GI neurons (Fioramonti 

et al., 2007; Muroya et al., 1999). These data suggest that endogenous AMPK within NPY/

AgRP-GI neurons does not mediate glucose sensing. This finding is consistent with the 

findings of Yang et al., as well as with our observations that although TNFα blunted VMH 

AMPKα phosphorylation in low glucose, the effect of TNFα on glucose sensing was 

presynaptic (Yang et al., 2011).

Our previous studies on isolated VMH neurons or electrophysiologically identified VMN-GI 

neurons have shown that NO production via nNOS was required for activation of VMN-GI 

neurons by decreased glucose (Canabal et al., 2007; Murphy et al., 2009a). However, when 

we included the nonspecific NOS inhibitor L-NMMA (0.1 mM) in the pipette solution 75% 
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of the NPY neurons were still observed to be GI neurons (3 out of 4 neurons; Figure 6d). 

Moreover, there was no difference in the increase IR of NPY/AgRP-GI neurons as glucose 

decreased in the presence and absence of L-NMMA (Figure 6e [without L-NMMA: 

67±36%; with L-NMMA:54±5%; t(2)=0.3209; n=3; p=0.7787]). This suggests that nNOS is 

not involved in glucose sensing by NPY/AgRP-GI neurons. This is consistent with data from 

the Myers laboratory showing that AgRP neurons do not express nNOS (Leshan et al., 

2012).

3. Discussion and conclusion

We and others have shown that fasting increases the expression of the neuronal activity 

marker, c-fos, in NPY/AgRP neurons (Murphy et al., 2009b). Fasting also enhances 

hypothalamic NPY release and activation of NPY/AgRP-GI neurons by decreased glucose 

(Murphy et al., 2009b). In this study we found that LPS prevented the increased cfos 
activation in NPY/AgRP neurons which we observed 24 hours after LPS injection and food 

removal. This was associated with a reduction in the response of NPY/AgRP-GI neurons to 

decreased extracellular glucose. The inflammatory cytokine TNFα similarly reduced the 

response of NPY/AgRP-GI neurons to decreased glucose. Taken together, our data suggest 

that the glucose sensing function of NPY/AgRP-GI neurons is a target of disease 

inflammation and may contribute to impaired energy and glucose homeostasis. Interestingly, 

we also found that NPY/AgRP-GI neurons may use a distinct glucose sensing mechanism 

from that which we published previously in VMN GI neurons (Fioramonti et al., 2010; 

Murphy et al., 2009a; Song et al., 2001).

The arcuate pro-opiomelanocortin (POMC) and NPY/AgRP neurons are critical for 

maintaining energy homeostasis (Woods et al., 2000). Increased NPY/AgRP 

neurotransmission during fasting increases food intake, promotes energy storage and 

decreases energy expenditure in order to restore energy homeostasis (Aponte et al., 2011; 

Gropp et al., 2005; Hahn TM, 1998; Kalra et al., 1991; Krashes et al., 2011; Luquet et al., 

2005). Activation of POMC neurons during energy sufficiency does the converse (Cowley et 

al., 2001; Mizuno et al., 1999; Parton et al., 2007; Savontaus et al., 2002; Schwartz et al., 

2000; Williams et al., 2001). POMC and NPY/AgRP neurons share downstream targets 

where they act in opposition (Schwartz et al., 2000). AgRP itself is an endogenous 

melanocortin receptor antagonist and plays a role in peripheral nutrient partitioning during 

energy deficit (Joly-Amado et al., 2012; Wang et al., 2014; Warne et al., 2013). AgRP 

neurons are also important for ghrelin- and corticotropin-induced hepatic glucose output 

during fasting (Kuperman et al., 2016; Wang et al., 2014). We have previously shown that 

fasting enhances activation of NPY/AgRP-GI neurons by low glucose (Murphy et al., 

2009b). This change in glucose sensitivity during fasting could further reinforce the actions 

of the NPY/AgRP neurons and potentially play a role in ensuring adequate glucose for brain 

function when energy is limited. Chronic diseases such as cancer and kidney disease are 

often associated with anorexia and hypermetabolism leading to skeletal muscle wasting 

(cachexia)(Amitani et al., 2013; Arruda et al., 2010; Braun and Marks, 2010; Braun et al., 

2013; Cahlin et al., 2000; Carson and Baltgalvis, 2010). Studies of the underlying 

mechanism for these metabolic changes have focused primarily on the melanocortin system 

(Cheung and Mak, 2012; Markison et al., 2005; Marks et al., 2001; Marks et al., 2003; 
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Sartin JL, 2008; Scarlett et al., 2010). The NPY/AgRP system is less studied. However 

hypothalamic AgRP injection has been shown to reduce skeletal muscle wasting in a rodent 

model of chronic kidney disease (Cheung and Mak, 2012). LPS also causes anorexia and 

hypermetabolism (Arsenijevic and Montani, 2015; Arsenijevic D, 2000). Becskei et al. have 

shown that LPS blunts fasting-induced cfos activation of NPY/AgRP neurons (Becskei et al., 

2008). We confirmed this observation and show here that LPS also blunts the fasting 

enhanced activation of NPY/AgRP-GI neurons in low glucose.

While the preceding data suggest that reduced activity of NPY/AgRP neurons may 

contribute to the metabolic effects of LPS and inflammation, there are several reports to the 

contrary. Liu et al. showed that LPS may be acting on the downstream targets of the AgRP 

neurons as opposed to directly affecting this neuronal population (Liu et al., 2016). Sartin et 

al. showed that cfos actually increased in AgRP neurons 6 hours after LPS injection while 

Sergeyev et al. showed that NPY expression was unaffected 4 hours post-LPS injection 

(Sartin JL, 2008; Sergeyev et al., 2001). One possible explanation for the discrepancy is that 

none of the above studies evaluated the effects of LPS in the fasted state. Moreover, these 

studies evaluated earlier time points than discussed above. Finally, although McDonald et al. 

showed that LPS did not block the increased NPY immunolabeling after caloric restriction 

(MacDonald et al., 2011), this restriction was less severe than an overnight fast. Clearly, 

further studies are needed to fully understand the role of NPY/AgRP neurons as a target of 

the metabolic effects of LPS.

It is also possible that the NPY/AgRP-GI neurons play a greater role in the hypoglycemia 

which can occur in acute sepsis and LPS injection rather than anorexia and 

hypermetabolism. Such a role is consistent with the glucose sensing function of a 

subpopulation of these neurons (Fioramonti et al., 2007). This is consistent with our 

observation that activation of NPY-AgRP-GI neurons was blunted after fasting in LPS-

treated mice whose blood glucose levels were reduced compared to saline-treated mice. 

Although chronic sepsis is most frequently associated with hyperglycemia in humans, there 

are numerous reports of hypoglycemia especially when sepsis is severe or patients are under 

glycemic control (Fischer et al., 1986; Krinsley, 2008; Malouf and Brust, 1985; Wilmore, 

1977). This is an important clinical issue since hypoglycemia is associated with an increased 

risk of mortality in these patients (Fischer et al., 1986; Krinsley, 2008; Malouf and Brust, 

1985). Sepsis and LPS reduce PEPCK expression leading to decreased hepatic glucose 

output (Feingold et al., 2012; McCallum et al., 1983). A growing literature suggests a role 

for NPY/AgRP neurons in triggering hepatic gluconeogenesis and restoring blood glucose 

after fasting (Könner et al., 2007; Kuperman et al., 2016; Wang et al., 2014). We hypothesize 

that activation of the NPY/AgRP-GI subpopulation in low glucose mediates this effect. In 

support of this, AMPK mediates activation of GI neurons in low glucose (Murphy et al., 

2009a; Murphy et al., 2009b) and increased hypothalamic AMPK activity blocks the effects 

of LPS on gluconeogenesis (Feingold et al., 2012).

The effects of LPS on glucose and energy homeostasis appear to be due to a central action of 

inflammatory cytokines (Becskei et al., 2008; Wisse et al., 2007). For example, the 

hypermetabolic effect of LPS was absent in mice lacking TNFα while the anorectic effect 

was absent in mice lacking IFNγ (Arsenijevic D, 2000). On the other hand, Porter et al. 
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showed that the anorectic effect of LPS was blocked by TNFα inhibition (Porter et al., 

2000). Interestingly, both TNFα and IFNγ were elevated 24 hours post-LPS injection (the 

time point used in the current study) whereas IL-1 and IL-6 were not (Arsenijevic D, 2000). 

AgRP expression is at its nadir and markers of muscle wasting are elevated at the 24 hour 

time point (Duan et al., 2014; Duan et al., 2015). ICV injection of IL-1β or TNFα induces 

anorexia and significantly decreases NPY mRNA expression suggesting that these cytokines 

may directly or indirectly target NPY/AgRP neurons (Arruda et al., 2010; Gayle et al., 

1997). TNFα is also associated with sepsis- and LPS-induced hypoglycemia. For example, 

LPS suppression of PEPCK is absent in mice lacking TNFα receptors (Feingold et al., 

2012). Moreover, TNFα suppresses AMPK activity (Steinberg et al., 2006). In the present 

study application of TNFα blunted the activation of NPY/AgRP-GI neurons by low glucose. 

Interestingly, as discussed below, this effect of TNFα was indirect. Taken together, our data 

are consistent with a role for NPY/AgRP-GI neurons in the impaired glucose and energy 

homeostasis during endotoxemia.

Unexpectedly, the effect of TNFα on NPY/AgRP-GI neurons was abolished through 

synaptic isolation with TTX, suggesting that TNFα affects NPY/AgRP-GI neurons 

indirectly via an action on an upstream neuron. This indirect effect of TNFα may be 

mediated by the cellular fuel gauge, AMPK. LPS decreased fasting-induced VMH AMPKα 
activation and TNFα inhibited VMH p-AMPKα in low glucose. This is consistent with data 

showing that the “hunger” hormone ghrelin excites NPY/AgRP neurons, in part, through 

changes in presynaptic AMPKα activity (Yang et al., 2011). Therefore, our data and that of 

others suggest that the effects of LPS on the glucose sensitivity of NPY/AgRP-GI neurons is 

mediated in part by a presynaptic AMPKα and TNFα-dependent mechanism which 

counteracts the effects of fasting (Arruda et al., 2010; Murphy et al., 2009a; Yang et al., 

2011).

It is important to note that the above conclusion is not consistent with the mechanism for 

glucose sensing in VMN-GI neurons which we have previously published. That is, using 

isolated VMH neurons we found that intracellular AMPK activation, nNOS-mediated NO 

production and Cl− channel closure are all critical components for glucose sensing by GI 

neurons (Murphy et al., 2009a). In these studies, it was not possible to discriminate between 

VMN- and ARC-GI neurons. Therefore, given the relative size of the VMN compared to the 

ARC, our results were dominated by VMN- rather than ARC-GI neurons. Moreover, while 

we used electrophysiology to verify our findings in VMN-GI neurons (Fioramonti et al., 

2010; Song et al., 2001), we did not confirm this mechanism electrophysiologically in ARC-

GI neurons (Murphy et al., 2009a). In the present study, NPY/AgRP neurons were studied 

directly using NPY-GFP mice. Here we confirm that decreased glucose directly activates 

NPY-GI neurons; however this activation results from K+ and not Cl− channel closure. A 

similar K+ channel mediated glucose sensing mechanism has been reported in the NPY 

neurons from the lateral hypothalamus. Moreover, glucose sensing in the lateral 

hypothalamic orexin-GI neurons is also K+ channel dependent (Gonzalez et al., 2008). 

Consistent with a distinct glucose sensing mechanism for NPY/AgRP-GI neurons, neither 

the AMPK inhibitor Compound C nor the NOS inhibitor L-NMMA inhibited the response of 

NPY/AgRP-GI neurons to decreased glucose. Although several studies implicate 

intracellular AMPK as a nutrient sensor in NPY/AgRP neurons (Kohno et al., 2011; 
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Mountjoy et al., 2007), the very thorough data of Yang et al. support a presynaptic locus for 

AMPK (Yang et al., 2011). Moreover, Leshan et al. demonstrated that AgRP neurons do not 

express nNOS (Leshan et al., 2012). Our data are consistent with these findings and suggest 

that ARC NPY/AgRP neurons use a distinct mechanism to sense glucose compared to other 

VMH GI neurons. However, the mechanism by which low glucose closes a K+ channel in 

NPY/AgRP-GI neurons remains to be determined.

In conclusion, our data show that fasting enhances activation of NPY/AgRP-GI neurons by 

low glucose. This is consistent with the hypothesis that NPY/AgRP-GI neurons play a role 

in sensing decreased glucose during starvation and initiating metabolic processes which 

increase fuel for the brain. However, LPS significantly attenuates the enhanced response of 

NPY/AgRP-GI neurons to decreased glucose during fasting. The inflammatory cytokine, 

TNFα, also blunted the response to low glucose in vitro. These data are consistent with the 

hypothesis that impaired activation of NPY/AgRP-GI neurons by glucose deficit may 

contribute to the impaired glucose homeostasis which accompanies sepsis and endotoxemia. 

Finally, our data emphasize the need to study NPY/AgRP-GI neurons separately from 

VMN-GI neurons and warrant caution when extrapolating from data obtained using VMH 

tissue preparations to ARC NPY/AgRP-GI neurons.

4. Experimental Procedure

4.1. Animals

All animal work was approved by the Newark Institutional Animal Care and Use Committee 

(IACUC) of Rutgers, The State University of New Jersey. 3–6 week old male wild-type 

C57Bl/6 mice (Charles River) and NPY-GFP mice on a C57Bl/6 background were housed 

on a 12:12 h light: dark cycle at 22–23°C with food and water available ad libitum unless 

indicated otherwise below.

4.2. LPS injection

Male mice (average body weight 16.6 g) were injected with either vehicle (saline) or LPS 

(from Escheria coli 0111:B4 strain, 40 μg/mouse in 0.3ml saline, s.c.). An approximate dose 

of 4–5 μg/mouse (or 250 μg/kg) LPS given i.p. has been used to cause anorexia and muscle 

atrophy without inducing severe septic shock (Becskei et al., 2008; Braun and Marks, 2010; 

Braun et al., 2013). However, Becskei et al. found that an i.p. injection of 4 μg/mouse led to 

significant variation in cfos expression in hypothalamic nuclei, whereas this did not occur 

with s.c. injection. Furthermore, while 4 μg/mouse given s.c. did not induce anorexia, they 

found that 40 μg/mouse s.c. led to a similar anorexia as that observed with 4 μg/mouse i.p. 

(Becskei et al., 2008). Since one of our goals was to evaluate hypothalamic cfos expression 

we chose to follow the protocol used by Becskei et al. Following LPS injection, mice were 

randomly assigned to either “fed” or “fasted” groups. For the fasted animals, food was 

removed after injection and mice were fasted for 24 hours (h). Fed animals had food 

available ad libitum. In order to verify the anorectic effect of this dose of LPS, food was 

returned after 24 hours in a small subpopulation of fasted mice and food intake and body 

weight was measured after 6 h, 12 h and 24 h post refeeding. The remainder of the fed and 

fasted animals were sacrificed 24 hours after injection of either saline or LPS.

Hao et al. Page 10

Brain Res. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.3. Immunohistochemistry

NPY-GFP mice were anesthetized with a lethal dose of pentobarbital (50mg/kg) and 

transcardially perfused with approximately 15 ml ice cold sterile 0.9% NaCl (with 25U/ml 

Heparin), followed by 4% paraformaldehyde (PFA) in PBS for around 10 mins. Brains were 

isolated and post fixed in 4% PFA at 4°C overnight. The brains were then cryoprotected in 

30% sucrose in phosphate buffered saline (PBS) at 4°C for 2–3 days, frozen in tissue tech 

(OCT Embedding Matrix, CellPath, UK) at −20 to −40°C and stored at −80°C. 35μm 

sections through the VMH were made using a cryostat (Leica) and transferred immediately 

into a 12 well plate containing 2 ml 1 χ PBS in each well. After washing three times with 1 

χ PBS (5 minutes each time), sections were incubated in permeabilization buffer (1 X TBS 

+ 0.1%TWEEN-20 + 0.5% Trition X 100) for 10 mins on a shaker at room temperature, 

followed by washing three times with 1 X PBS. Sections were then incubated in rabbit 

antiserum against fos protein (1:3000; Ab-5 antibody, Oncogene) overnight at 4°C, washed 

three times with 1 X PBS and incubated in Alexa Fluor 594 conjugated goat anti-rabbit 

secondary antibody (1:1000, Invitrogen) for one hour at room temperature. After washing 

with 1 X PBS, slices were mounted on the slides with ProLong® Gold antifade reagent with 

DAPI (Invitrogen), covered with coverslips and stored at 4°C for future use. Slices were 

imaged on a Leica confocal microscope.

4.4. Western blot analysis of AMPK phosphorylation

To study the effect of inflammatory cytokines on AMPK phosphorylation, mice were 

separated into three groups (5 mice/group). 250 μm brain slices across the ventromedial 

hypothalamus (VMH), which contains the ARC and VMN, were prepared as described 

below in 4.5.1. “Brain slice preparation”. The VMH was used because sufficient tissue 

cannot be obtained from the ARC alone. For group 1, brain slices were incubated in 2.5 mM 

glucose for 30 minutes (mins), and then transferred to 2.5 mM glucose for another 30 mins. 

For group 2, brain slices were incubated in 2.5 mM glucose for 30 min followed by 0.1 mM 

glucose for 30 mins. For group 3, brain slices were treated identically to those in group 2; 

however TNFα (40 ng/ml) was included in the medium. After treatment, the triangular area 

that surrounds the 3rd cerebral ventricle and contains the VMH neurons was dissected. 

Western blots were run to determine whether TNFα suppressed VMH AMPK activation in 

response to decreased glucose.

For Western blots, the VMH was lysed with cell extraction buffer 

(phenylmethanesulfonylfluoride, Invitrogen and Halt Protease and Phosphatase Inhibitor 

Cocktails, Thermoscientific). The dissolved proteins were loaded and separated by SDS-

PAGE gels. After separation, proteins were transferred to nitrocellulose membranes. 

Membranes were blocked with 5% milk in Tris-Buffered Saline with 0.1% Tween 20 

(TBST) for 1 hour at room temperature. After blocking, membranes were incubated with 

primary antibodies for phospho-AMPK (anti-AMPKα-Thr 172; 1:500; Cell Signaling) or 

total AMPK (anti-AMPKα2; 1:1000; Cell Signaling) overnight at 4°C and incubated with 

relevant secondary antibodies. Target proteins were visualized using SuperSignal West 

Femto ECL kit. Next, membranes were washed with 1 X TBST for 15 mins and incubated 

with primary antibodies for β-actin (1:10000; Sigma) in room temperature for 1 hour. After 

incubation with the appropriate secondary antibodies for half an hour, target proteins were 

Hao et al. Page 11

Brain Res. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



visualized using SuperSignal West Pico ECL kit (Thermo Scientific, Rockford, IL). Results 

were presented as the percentage of loading control and normalized to β-actin.

4.5. Brain slice preparation and whole cell current clamp recordings

4.5.1. Brain slice preparation—After anesthetization, NPY-GFP mice were 

transcardially perfused with ice-cold oxygenated (95% O2/5% CO2) perfusion solution: 2.5 

mM KCl, 7 mM MgCl2, 1.25 mM NaH2PO4, 28 mM NaHCO2, 0.5 mM CaCl2, 7 mM 

glucose, 1 mM ascorbate, 3 mM pyruvate; osmolarity was adjusted to ~300 mOsm with 

sucrose; pH 7.4. Coronal sections (300 μm) through the VMH were made on a vibratome 

(Leica Instruments). Prior to recording, the brain slices were allowed to recover at room 

temperature for 1 hour in oxygenated artificial cerebrospinal fluid (aCSF; 126 mM NaCl, 1.9 

mM KCl, 1.2 mM KH2PO4, 26 mM NaHCO3, 2.5 mM glucose, 1.3 mM MgCl2, and 2.4 

mM CaCl2; osmolarity was adjusted to ~300 mOsm with sucrose; pH 7.4).

4.5.2. Whole cell current clamp recordings—The standard whole cell recording 

configuration was established in visually identified NPY-GFP neurons or ARC neurons from 

wild type mice using an Axopatch 1D amplifier (Axon Instruments, Foster City, CA). Data 

were analyzed using pClamp9 software. During recording, brain slices were perfused at 6 

ml/min with oxygenated aCSF. Borosilicate pipettes (4.0 to 4.5 MΩ) were filled with an 

intracellular solution containing: 128 mM K-gluconate, 10 mM KCl, 10 mM KOH, 10 mM 

HEPES, 4 mM MgCl2, 0.05 mM CaCl2, 0.5 mM EGTA, 2 mM Na2ATP and 0.4 mM 

Na2GTP; pH 7.2. Osmolarity was adjusted to 290–300 mOsm with sucrose. Neurons with 

access resistance more than 35 MΩ during the recording were not used. Input resistance (IR) 

was calculated according to Ohm’s Law (Resistance (R) =Voltage (V)/Current (I)), from the 

membrane voltage change in response to hyperpolarizing current pulses of −10 or −20 pA. 

IR was calculated during the last one minute of each glucose or cytokine application. 

Percentage change of IR and/or membrane potential at 0.1 or 0.5 mM glucose vs 2.5 mM 

glucose was used to quantitate the data because it is impossible to slice each brain is exactly 

the same location with respect to synaptic inputs. Therefore, the baseline for these variables 

can vary significant between neurons. Evaluating the percent change in response to glucose 

provides a consistent measure of glucose sensitivity between neurons as we have 

demonstrated previously (Cotero and Routh, 2009; Cotero et al., 2009; Fioramonti et al., 

2010; Song et al., 2001; Song and Routh, 2005; Wang et al., 2004). The reversal potential 

for the glucose sensitive conductance was determined in the current clamp mode using 

hyperpolarizing pulses from −5 to 50 pA in 5 pA steps. Junction potential was calculated 

and corrected offline after the recordings.

4.7. Statistical Analysis

The data are presented as mean ± standard error of the mean (SEM). Student’s paired or 

unpaired t-tests or ANOVA (one- or two-way) followed by Tukey’s or Bonferroni’s multiple 

comparison test were performed to evaluate group differences, with values of p<0.05 

considered as significant.
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Abbreviations

3V 3rd cerebral ventricle

AgRP agouti-related peptide

ARC arcuate nucleus

Cpd C Compound C

GI glucose-inhibited

INFγ interferon gamma

IL-1 interleukin-1

IL-6 interleukin-6

IR input resistance

LPS lipopolysaccharide

ME median eminence

NPY neuropeptide Y

PBS phosphate buffered saline

PFA paraformaldehyde

TBST Tris-Buffered Saline with 0.1% Tween 20

TNFα tumor necrosis factor alpha

TTX tetrodotoxin

VMN ventromedial nucleus
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Highlights

• LPS blunted fasting induced activation of NPY/AgRP-GI neurons in 

response to decreased glucose;

• TNFα blocked the activation of NPY/AgRP-GI neurons by decreased 

glucose;

• NPY/AgRP-GI neurons use a distinct glucose sensing mechanism from 

that published previously in adjacent ventromedial hypothalamic GI 

neurons.
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Figure 1. LPS decreased refeeding, body weight and glycemia
(a–b): 4–6 week old male wild-type mice were injected subcutaneously (s.c.) with saline or 

LPS (40 μg/mouse) prior to food removal. After 24 hours food was returned. Food intake (a) 

and body weight (b) were measured at 6h, 12h and 24h post-refeeding. LPS decreased food 

intake and body weight gain at all-time points. Bar graphs represent the food intake or body 

weight gain post-refeeding at each time point. n=4 for Fasted/S group, n=3 for Fasted/L 

group. *p<0.01 compared to the saline group as determined by student’s t-test. (c) 4–6 week 

old male wild-type mice were separated into fed or fasted groups and injected with saline or 

LPS (40 μg/mouse, s.c). Food was removed from the fasted groups immediately post-LPS 

injection. Blood glucose level was measured 24 hours later. Fasting and LPS significantly 
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decreased blood glucose level, and LPS resulted in a further decrease fasted mice. Different 

letters indicate statistical significance among the four groups determined by two-way 

ANOVA followed by Tukey’s multiple comparison test (p<0.05; Fed/Saline, n=21; Fasted/

Saline, n=21; Fasted/LPS, n=21; Fed/LPS, n=9). Bars with the same letter are not 

statistically different (p>0.05).

Hao et al. Page 20

Brain Res. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. LPS blunted fasting induced c-fos activation in NPY-GFP mice
(a) Fasting increased c-fos expression in NPY neurons (Fasted/S vs Fed/S); while LPS 

blocked fasting-induced c-fos expression in NPY/AgRP neurons at the 24 hour time point 

(Fasted/L). LPS had no effect on c-fos expression in fed mice (Fed/L). White arrows indicate 

cells in which NPY/AgRP and c-fos are colocalized. (b) Bar graphs represent the percentage 

of c-fos and GFP colocalized cells. Different letters indicate statistical significance among 

the four groups determined by two-way ANOVA followed by Tukey’s multiple comparison 

test (p<0.05; n=3 mice/group).Scale bar: 100 μM. 3V: 3rd cerebral ventricle. Bars with the 

same letter are not statistically different (p>0.05). ME: Median Eminence. The data are 

presented as mean ± standard error of the mean (SEM).

Hao et al. Page 21

Brain Res. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. LPS blunted the effect of fasting on the response of NPY-GI neurons to decreased 
glucose
(a–d) Representative whole cell current-clamp recordings from NPY-GI neurons. The top 

trace from each of the four groups shows the response of an NPY/AgRP-GI neuron to a 

glucose decrease from 2.5 mM to 0.1 mM. The bottom trace from each group shows the 

response of the same neuron to a glucose decrease from 2.5 mM to 0.5 mM. The resting 

membrane potential is given above the first trace for each group. The percent change of 

membrane potential and input resistance relative to that in 2.5 mM glucose was used to 

quantify changes in the response to a glucose decrease from 2.5 to 0.1 (e) and 0.5 mM (f). 

Data were analyzed by 2 way ANOVA followed by Tukey’s multiple comparison test. 

Different letters represent statistical differences (p<0.05; N values ranged from 6–8 neurons 
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from a minimum of 5 mice for each of the measurements). Bars with the same letter are not 

statistically different (p>0.05). There was a significant increase in depolarization in response 

to both glucose decreases in the neurons from fasted saline-treated mice compared to fed 

saline-treated mice. In contrast, the membrane potential response was not enhanced in the 

fasted vs fed LPS-treated mice. The increase in input resistance in response to decreased 

glucose was greater in neurons from fasted saline-treated vs LPS-treated mice. The two-way 

ANOVA results are as follows. Membrane potential 0.1 mM glucose: feeding state F(1,23) = 

7.01 (p = 0.01); treatment F(1,23) = 0.07 (p = 0.79); interaction F(1,23) = 2.38 (p = 0.13). 

Input resistance 0.1 mM glucose: feeding state F(1,23) = 4.076 (0.055); treatment F(1,23) = 

10.85 (p = 0.003); interaction F(1,23) = 2.04 (p = 0.16). Membrane potential 0.5 mM 

glucose: feeding state F(1,24) = 10.56 (p = 0.003); treatment F(1,24) = 3.93 (p = 0.06); 

interaction F(1,24) = 1.85 (p = 0.19). Input resistance 0.5 mM glucose: feeding state F(1,24) 

= 22.00 (p < 0.0001); treatment F(1,24) =26.74 (P<0.0001); interaction F(1,24) = 0.11 (p = 

0.74).
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Figure 4. TNFα blunted the response of NPY-GI neurons to decreased glucose through a 
presynaptic mechanism
Representative current clamp recordings of NPY-GI neurons (a, b; left panels). a) In 

response to decreased glucose from 2.5 to 0.1 mM, this NPY-GFP neuron depolarized and 

increased its input resistance (IR; left panel). TNFα attenuated depolarization and increased 

IR of this NPY-GI neuron in response to decreased glucose. The bar graph shows %change 

of IR compared to that in 2.5 mM glucose (right panel). *p<0.05, determined by paired 

student’s t-test; n=5 neurons evaluated in the presence and absence of TNFα. b) In the 

presence of the sodium channel blocker tetrodotoxin (TTX), the effect of TNFα on the % 

change of IR was abolished. n=6 neurons evaluated for an effect of TNFα in the presence 

and absence of TTX. ns: no significant difference, determined by paired student’s t-test 

(p<0.05). The data are presented as mean ± standard error of the mean. Neurons were 

obtained from 4 – 5 different mice for each experiment.
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Figure 5. TNFα suppressed VMH AMPKα phosphorylation
VMH slices were exposed to decreased glucose from 2.5 to 0.1 mM in the presence or 

absence of TNFα (40 ng/ml) for 30 mins. Control slices were maintained in 2.5 mM. 

Decreasing the glucose concentration increased p-AMPKα; this was blocked by TNFα. t-

AMPKα was not affected by low glucose or TNFα (p<0.05; n=5 mice/group). 

Representative western blots are shown at the top and bar graphs representing group 

averages are shown at the bottom of the figure. Results were presented as the percentage of 

loading control by normalization to β-actin. The data are presented as mean ± standard error 

of the mean (SEM). Note that the groups in the representative blot do not follow the order of 

the bar graph. SEM).
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Figure 6. NPY-GI neurons use a distinct glucose sensing mechanism
(a) There was no significant difference in the increased IR in response to decreased glucose 

from 2.5 to 0.1 mM in the presence or absence of TTX suggesting that low glucose directly 

activates NPY-GI neurons. The traces are representative whole cell current clamp recordings 

from an NPY-GI neuron in a brain slice. TTX blocks action potentials as shown in lower 

trace. The bar graphs represent %change of IR compared to that in 2.5 mM glucose (ns: no 

significant difference, determined by paired student’s t-test; n=6 neurons from 6 different 

mice evaluated for the effect of 0.1 mM glucose in the presence and absence of TTX). The 

data are presented as mean ± standard error of the mean (SEM). (b) Hyperpolarizing pulses 

from −5 to −50 pA in −5 pA steps were injected in 2.5 mM glucose and at the end of each 
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treatment with 0.1 mM glucose. The membrane voltage measured at each pulse was used to 

plot the voltage-current relationship. A representative voltage-current relationship is shown. 

The reversal potential for this NPY-GI neurons is around −89 mV which is close to the 

potassium equilibrium potential (EK=−99.27) in our solutions. (c) Dialysis of NPY-GFP 

neurons with Compound C (Cpd C) in the patch pipette solution did not block the response 

of NPY neurons to decreased glucose. The trace represents the response of an NPY-GI 

neuron to decreased glucose after intracellular dialysis with the AMPK inhibitor Compound 

C. Approximately 60% (5 out of 8) of NPY neurons were recorded to be GI neurons (2 

mice) after dialysis with intracellular Compound C (int.). This is identical to the expected 

percentage of NPY-GI neurons in the untreated population (d) Dialysis of an NPY/AgRP-

GFP neuron with L-NMMA in pipette solution did not abolish the response of the NPY/

AgRP neuron to decreased glucose from 2.5 mM to 0.1 mM. As shown in the table, 3 of 4 

NPY/AgRP-GFP neurons (75%; 3 mice) were activated by low glucose after dialysis with 

intracellular L-NMMA (int.). This is similar to the expected percentage of NPY-GI neurons 

in the untreated population. The gap in the trace is a mechanical artifact. (e) Bath application 

of L-NMMA (0.1 mM) did not block the response of this NPY/AgRP-GI neuron to 

decreased glucose. The bar graphs represent %change of IR compared to that in 2.5 mM 

glucose. There is no significant difference in the % change IR in response to low glucose in 

the presence and absence of L-NMMA (n=3 neurons from 3 mice).
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