
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Neural control of hunger and thirst

Permalink
https://escholarship.org/uc/item/11b1w4nm

Author
Leib, David E

Publication Date
2018
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/11b1w4nm
https://escholarship.org
http://www.cdlib.org/




 

ii 
 

  



 

iii 
 

Acknowledgements 

I would first like to thank Zack for his incredible mentorship. This work was only possible 

because of his guidance and unwavering support. I am also grateful to my committee, Allan, 

Nirao, and Kevin, for their advice over the years. In addition, members of the Knight lab 

provided valuable help and encouragement and, beyond that, have become friends. In 

particular, I collaborated very closely with Chris and Ailar in my work on thirst. 

I would also like to acknowledge the personal support I received from sources outside 

my lab and committee. I have made close friends in San Francisco who encouraged and 

supported me throughout my PhD, including Anthony, Davide, Drew, Michael, and JP and fellow 

neuroscience students Ken, Yelena, Sam, Meryl, and Jen. In addition, my Oak Street family 

provided a stable and loving home. I would also like to thank my parents for their steadfast 

support as I have followed in my mother’s academic footsteps; my brothers, Greg and Steve; 

their families, Laura, Gavin, Elizabeth, Juniper, and Guthrie; and my entire crazy but close-knit 

extended family. 

Finally, I would like to thank Malay for his boundless love and encouragement, which 

carried me through the busiest and most stressful periods in my PhD. Malay brings so much joy 

to me and everyone in his life, and I look forward to starting our next chapter together. 

  



 

iv 
 

Chapter 1 of this thesis is reproduced with permission from: 

Leib, D.E., Zimmerman, C.A., Poormoghaddam, A., Huey, E.L., Ahn, J.S., Lin, Y.C., Tan, 

C.L., Chen, Y., and Knight, Z.A. (2017). The Forebrain Thirst Circuit Drives Drinking 

through Negative Reinforcement. Neuron 96, 1272-1281 e1274. 

D.E.L., C.A.Z., and Z.A.K. conceived the project and designed the experiments. D.E.L. and 

C.A.Z. performed stereotaxic surgeries and conducted behavioral experiments relating to the 

MnPO and SFO/OVLT, respectively. A.P. and E.L.H. also performed stereotaxic surgeries, and 

A.P. conducted some behavioral experiments. J.S.A. performed in situs, Y.-C.L. performed 

electrophysiology experiments, and C.L.T. performed thermoregulation experiments. C.A.Z. 

generated the Agtr1a-2A-Cre mouse with initial help from Y.C. D.E.L., C.A.Z., and Z.A.K. 

analyzed the data and prepared the manuscript with input from all authors. 

 

Chapter 2 is reproduced with permission from: 

Leib, D.E., and Knight, Z.A. (2015). Re-examination of Dietary Amino Acid Sensing 

Reveals a GCN2-Independent Mechanism. Cell Rep 13, 1081-1089. 

D.E.L. and Z.A.K. conceived the project and designed the experiments, D.E.L. performed 

experiments, and D.E.L. and Z.A.K. analyzed the data and prepared the manuscript. 

 

Chapter 3 is in preparation for publication. D.E.L. and Z.A.K. conceived the project and 

designed the experiments, and D.E.L. performed experiments and analyzed the data. D.E.L. 

prepared the manuscript with input from Z.A.K. 

  



 

v 
 

Abstract 

Animals must maintain internal state within narrow limits to survive. This process, known 

as homeostasis, is coordinated by specialized neural circuits that sense deviations in internal 

state and respond with compensatory physiological and behavioral outputs. Two important 

examples are hunger and thirst, which are generated in response to energy deficit and 

dehydration. However, surprisingly little is known about the neural circuits controlling hunger 

and thirst, in part because the brain contains many intermingled neural cell types with different 

functions. In this dissertation, we describe two studies that take advantage of the power of 

mouse genetics to study feeding and drinking behavior, as well as the underlying neural cell 

types and circuits. We also describe the development of mouse genetic tools to identify gene 

expression markers for uncharacterized neural cell types. 

In our first study, we identify forebrain neural populations that are activated by 

dehydration, including an excitatory population in the median preoptic nucleus (MnPO). We 

show that activation of these neurons promotes drinking and increases blood pressure. We also 

demonstrate that reduction of their activity is negatively reinforcing, supporting a theory called 

drive reduction and resolving decades of debate about the motivational mechanism of thirst. In 

addition, we examine outputs to three regions downstream of the MnPO and find that they 

partially dissociate the behavioral and cardiovascular effects. 

In our second study, we examine dietary amino acid sensing in mice. Prior to our work, it 

was proposed that animals rejected food lacking a single essential amino acid (EAA) within 

minutes of feeding. However, we are unable to replicate this result and therefore systematically 

reinvestigate the effects of dietary EAA deficiency. Our main findings are that dietary amino acid 

sensing depends on physiological need and that distinct mechanisms are responsible for 

sensing of different EAAs. 
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Together, the work described in this dissertation sheds light on neural control of feeding 

and drinking behavior. It will be important in future studies to elucidate the neural circuit 

downstream of the MnPO that controls thirst and the mechanisms underlying detection of 

individual dietary amino acids. 
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Introduction 

Hunger and thirst are the motivations to consume food and water, respectively. 

Motivation is critical for survival, because it allows animals to engage in goal-directed behavior 

while maintaining the flexibility needed to adapt their behavior to their environment (Berridge, 

2004). However, despite decades of research, it is still largely unknown how hunger, thirst, and 

motivation more broadly are generated in the mammalian brain. This is primarily because brain 

regions involved contain multiple neural cell types with different functions, and neuroscientists 

have only recently gained the ability to manipulate single cell types in animal models (Luo et al., 

2008, 2018). The three projects we describe in this dissertation all aim to take advantage of 

modern neuroscience tools to identify and study the neural cell types and circuits that underly 

hunger, thirst, and motivation. 

Homeostasis 

Hunger and thirst are generally understood in the context of homeostasis, a term that 

refers to the maintenance of physiological parameters, such as blood composition and body 

temperature, within limited ranges. The study of homeostasis is traced back to 19th-century 

French physiologist Claude Bernard, who observed that animals maintained a remarkably stable 

milieu intérieur (internal environment) despite environmental challenges (Bernard, 1878; 

Cooper, 2008). However, it was Walter Cannon who invented the word homeostasis in the 

1920s and popularized the idea in his book, The Wisdom of the Body (Cannon, 1929; Cannon, 

1932). In his writing, Cannon placed special emphasis on the physiological mechanisms that 

oppose changes to internal state (Cannon, 1929; Cooper, 2008). We now understand this 

resistance to change as part of a negative feedback loop, in which the value of a regulated 

physiological variable is sensed and brought closer to a predetermined set point (Cooper, 2008; 

Modell et al., 2015; Rosenblueth et al., 1943). 
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Hunger and thirst are important elements of the feedback loops controlling energy and 

fluid balance. When energy deficit or dehydration is detected, hunger or thirst is generated so 

that the animal replenishes needed calories or water. For example, thirst is induced by 

increases in plasma osmolality by just 1-2% or decreases in blood volume by 5-10% (Leib et al., 

2016; McKinley and Johnson, 2004; Stricker, 1968). Moreover, animals consume an amount of 

water proportional to the degree of dehydration (Adolph et al., 1954; Stricker, 1968; Wayner and 

Reimanis, 1958), consistent with thirst serving to bring plasma osmolality and volume back to 

their set points. 

Homeostatic deficits clearly drive eating and drinking, but it is important to note that 

eating and drinking often occur independent from any physiological deficit. For example, 

animals eat or drink in anticipation of future homeostatic needs (Stricker and Hoffmann, 2007; 

Woods and Ramsay, 2007; Zimmerman et al., 2016) or simply for pleasure, as in the case of 

sweet solutions (Bachmanov et al., 2001; Lowe and Butryn, 2007). However, while much is 

known about homeostatic and non-homeostatic feeding and drinking behavior, many questions 

remain about the structure and regulation of the underlying neural circuits. 

Genetic dissection of neural circuits 

Historically, a fundamental challenge in studying the neural circuits that control hunger 

and thirst has been the diversity of neural cell types in the brain areas involved. Over the last 

couple of decades, a series of technological advances has been made that allow 

neuroscientists to manipulate individual cell types in freely behaving animals, including mice 

(Luo et al., 2008, 2018). In mice, these new tools generally rely on Cre knockins and stereotaxic 

injection of viruses carrying Cre-dependent transgenes in order to target cell types based on 

their gene expression and the location of their cell bodies. With this general approach, 

neuroscientists can activate or silence a single neural cell type in vivo (Armbruster et al., 2007; 

Boyden et al., 2005; Han and Boyden, 2007; Zhang et al., 2007), record in vivo neural activity 
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(Cui et al., 2013; Ghosh et al., 2011; Gunaydin et al., 2014), or identify synaptic connections 

(Petreanu et al., 2007; Wickersham et al., 2007). In addition, the generation of Cre knockin mice 

has been greatly facilitated by the recent development of CRISPR/Cas9 technology (Platt et al., 

2014). For example, we generated a BDNF-2A-Cre knockin mouse using CRISPR/Cas9 in 

order to study warm-sensitive neurons in the preoptic area (Tan et al., 2016). 

OVERVIEW OF DISSERTATION 

This new suite of tools positions neuroscientists to make rapid progress in uncovering 

the identities of neural cell types that control hunger and thirst, their organization into neural 

circuits, and their regulation during behavior. In the three studies we describe here, we address 

the following questions: 

1) How does thirst motivate animals to drink? Broadly speaking, there are two possible 

mechanisms by which hunger and thirst could be motivating behavior (Berridge, 2004). First, 

hunger and thirst are intrinsically unpleasant and animals might be willing to work to reduce 

these unpleasant feelings; this is consistent with a theory known as drive reduction (Hull, 1943; 

Spence, 1956). In this model, activation of hunger and thirst neurons should be negatively 

reinforcing, meaning animals should be willing to perform work to shut off neural activity. 

Second, hunger and thirst might instead make food and water more desirable to an animal, for 

example by making food taste more delicious (Cabanac, 1971; Toates, 1986). According to this 

theory, activation of hunger and thirst neurons should be positively reinforcing, meaning animals 

should be willing to perform work to turn on neural activity (at least in the presence of 

food/water). 

In support of the latter theory, researchers found that electrical stimulation of lateral 

hypothalamus induced food intake (Delgado and Anand, 1953) and that animals learned to lever 

press to self-stimulate the same region (Margules and Olds, 1962). However, interpretation of 
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these data is complicated by the fact that electrical stimulation is not cell-type specific and 

instead activates any neurons near the electrode. As evidence of the lack of specificity of this 

technique, electrical stimulation of the lateral hypothalamus can also induce drinking and 

gnawing (Valenstein et al., 1968). Thus, the motivational mechanisms of hunger and thirst were 

major unresolved questions prior to the development of modern cell-type-specific techniques. 

In our first study, we identify three populations of dehydration-activated neurons in the 

forebrain that control both drinking and blood pressure (Leib et al., 2017). We then show that 

these neurons motivate animals to drink through a negative reinforcement mechanism, in 

support of drive reduction theory. Finally, we show that the behavioral and cardiovascular 

effects are mediated by projections from one of these regions, the median preoptic nucleus, to 

three downstream brain regions. This work sheds light on how the brain transforms the initial 

detection of dehydration into the motivation to drink. 

2) How is hunger regulated by the amino acid content of food? Beginning in the 1930s, 

Curt Richter performed a series influential experiments on the nutritional regulation of food 

intake. He first discovered that sodium-depleted animals develop salt appetite (Richter, 1936) 

and later proposed that animals have specific appetites for many individual nutrients, including 

protein, carbohydrates, and even vitamins (Richter et al., 1938). However, evidence for the 

existence of specific appetites beyond salt appetite is scant, and it remains unclear how animals 

select diets based on nutritional content (Berthoud and Seeley, 1999). We do know that protein 

plays an important role in feeding behavior, as animals will maintain constant protein intake 

rather than total food intake or caloric intake when presented with high- or low-protein diets 

(Morrison et al., 2012). In addition, rodents have been reported to reject foods that lack single 

essential amino acids (EAAs) within tens of minutes of feeding (Hao et al., 2005; Koehnle et al., 

2003; Maurin et al., 2005). Based on these data, the identities of the neural cell types and 

circuits that sense dietary amino acids are an important gap in our understanding of feeding 

behavior. 
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We initially attempted to follow up on previous studies with the goal of identifying the cell 

types responsible for rapid sensing of dietary deficiency of single EAAs. When we failed to 

reproduce the reported behavioral effect, we instead systematically re-investigated dietary 

amino acid sensing (Leib and Knight, 2015). We show that mice are unable to rapidly sense 

deficiency of the EAAs threonine or leucine unless previously EAA deprived. However, mice are 

able to detect lysine deficiency within the first three hours of feeding, indicating that distinct 

mechanisms are used to sense individual EAAs. It remains to be determined how individual 

dietary amino acids are sensed and how this information is processed by neural circuits in the 

brain. 

3)  How can we identify new neural cell types that control hunger and thirst? Fasting and 

dehydration activate neural populations that are likely to be involved with feeding and drinking 

behavior. These populations can be visualized in brain slices by staining for markers of neural 

activity, including Fos and phosphorylated Erk1/2 on T202/Y204 (p-Erk1/2). However, 

manipulation of neural cell types usually requires a genetic marker that can be used to drive Cre 

expression. Therefore, we develop two strategies to profile gene expression in activated 

neurons based on Fos or p-Erk1/2. These strategies successfully enrich for genes from 

activated neurons, but the enrichment is relatively low and is probably insufficient to identify 

novel cell types in most cases. Additional techniques are clearly needed to identify genetic 

markers for functionally defined neural cell types. 
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Chapter 1: The forebrain thirst circuit drives drinking 
through negative reinforcement 

David E. Leib, Christopher A. Zimmerman, Ailar Poormoghaddam, Erica L. Huey, Jamie S. Ahn, 
Yen-Chu Lin, Chan Lek Tan, Yiming Chen, and Zachary A. Knight 

SUMMARY 

The brain transforms the need for water into the desire to drink, but how this 

transformation is performed remains unknown. Here we describe the motivational mechanism 

by which the forebrain thirst circuit drives drinking. We show that thirst-promoting subfornical 

organ neurons are negatively reinforcing, and that this negative-valence signal is transmitted 

along projections to the organum vasculosum of the lamina terminalis (OVLT) and median 

preoptic nucleus (MnPO). We then identify molecularly-defined cell types within the OVLT and 

MnPO that are activated by fluid imbalance and show that stimulation of these neurons is 

sufficient to drive drinking, cardiovascular responses, and negative reinforcement. Finally, we 

demonstrate that the thirst signal exits these regions through at least three parallel pathways 

and show that these projections dissociate the cardiovascular and behavioral responses to fluid 

imbalance. These findings reveal a distributed thirst circuit that motivates drinking by the 

common mechanism of drive reduction. 

INTRODUCTION 

Eating and drinking are fundamental motivated behaviors, but how the brain transforms 

the need for food or water into a specific motivational drive remains poorly understood. 

Traditionally, two broad classes of mechanisms have been proposed to motivate behavior 

(Berridge, 2004). The first involves the ability of food or water deprivation to magnify the 

rewarding properties of eating or drinking, and thereby positively reinforce these behaviors. This 
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is the mechanism that makes food taste more delicious when you are hungry, a phenomenon 

known as alliesthesia (Cabanac, 1971; Toates, 1986). On the other hand, food and water 

deprivation are experienced as intrinsically unpleasant states, and therefore animals will 

perform work simply to avoid these aversive conditions, a mechanism known as negative 

reinforcement or drive reduction (Hull, 1943; Spence, 1956). Under normal conditions, these two 

processes are thought to work together to motivate behavior, but it remains unknown how they 

are each instantiated in the brain at the level of specific neural circuits. 

For the control of drinking behavior, the critical neurons that sense and respond to 

changes in internal state are located within three small, interconnected forebrain nuclei known 

collectively as the lamina terminalis (LT). These structures include the subfornical organ (SFO) 

and organum vasculosum of the lamina terminalis (OVLT), which are situated outside the blood-

brain barrier and contain interoceptive neurons that monitor the blood directly (McKinley et al., 

2003), and the median preoptic nucleus (MnPO), which is thought to function as a downstream 

integratory site (McKinley et al., 2015). When the blood volume falls or osmolarity rises, neurons 

within these three nuclei become activated, thereby triggering thirst, salt appetite, and an array 

of autonomic and neuroendocrine outputs that function to restore fluid balance (Bourque, 2008; 

McKinley and Johnson, 2004; Noda and Sakuta, 2013; Zimmerman et al., 2017). 

Given its preeminent role in the control of drinking behavior, the LT represents a logical 

starting point for investigation of the motivational processes underlying thirst. However, this 

investigation has been complicated by the fact that each structure within the LT is 

neurochemically heterogeneous, and the specific cell types that control drinking in the OVLT 

and MnPO have not been fully characterized (Abbott et al., 2016; Zimmerman et al., 2017). In 

the SFO, a population of glutamatergic neurons defined by expression of the genes Nos1, Etv1, 

and Camk2 (SFOGLUT neurons) are activated during thirst and are necessary and sufficient for 

drinking behavior (Betley et al., 2015; Matsuda et al., 2017; Nation et al., 2016; Oka et al., 2015; 

Zimmerman et al., 2016). Furthermore, stimulation of SFOGLUT neurons has negative valence 
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(Betley et al., 2015). However, it remains unclear if this negative-valence signal is the 

mechanism by which SFOGLUT neurons motivate behavior, because it has not been 

demonstrated that animals will perform work to shut off this signal, which is the hallmark of 

negative-reinforcement learning (Teitelbaum, 1966).  

To address these questions, we have systematically investigated the cells, pathways, 

and motivational mechanisms by which the forebrain thirst circuit generates drinking behavior. 

RESULTS 

SFOGLUT neurons coordinate the behavioral and autonomic responses to fluid imbalance 

We first targeted channelrhodopsin-2 (ChR2) to SFOGLUT neurons and implanted an 

optical fiber above the SFO (Figure 1A). As previously reported, photostimulation of SFOGLUT 

neurons triggered voracious and specific water consumption (Figure 1B,C) (Betley et al., 2015; 

Oka et al., 2015; Zimmerman et al., 2016). Photostimulation of SFOGLUT neurons also triggered 

a rapid and reversible increase in blood pressure (Figure 1D and S1), which likely functions to 

increase blood circulation in response to acute drops in blood volume (Mangiapane and 

Simpson, 1980). These results indicate that glutamatergic neurons in the SFO coordinate both 

the behavioral and autonomic responses to fluid imbalance. 

Stimulation of SFOGLUT neurons and their projections is negatively reinforcing 

We next trained mice with daily sessions in which they were exposed to tonic 

photostimulation while given access to two levers, one of which induced a pause in 

photostimulation and the other of which was inactive (Figure 1E). After training in this negative-

reinforcement paradigm, mice expressing ChR2 in SFOGLUT neurons preferentially pressed the 

active lever to pause photostimulation (Figure 1E). In contrast, control mice expressing GFP in 

SFOGLUT neurons showed no response to photostimulation in any assay. These data 
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Figure 1. SFO thirst neurons are negatively reinforcing.  (A) Schematic of SFOGLUT neuron 
photostimulation (left). ChR2-mCherry expression and optical fiber placement (right; scale bar, 1 
mm). (B) Cumulative drinking (left) and total drinking during photostimulation (right) by ChR2 
(n=11) and GFP (n=5) mice. (C) Total drinking during photostimulation by ChR2 mice (n=5) with 
access to water and 0.3-M NaCl. (D) Change in mean arterial blood pressure over time (left) 
and average photostimulation-induced change (right) for ChR2 (n=10) and GFP (n=5) mice. (E) 
Schematic of negative-reinforcement experiment (left). Cumulative lever presses by ChR2 mice 
(middle). Total lever presses by ChR2 (n=10) and GFP (n=4) mice (right). (F) Schematic of 
SFOGLUT→MnPO/OVLT axon photostimulation (left). ChR2-mCherry expression and optical fiber 
placement (right; scale bar, 1 mm). (G) Cumulative drinking (left) and total drinking during 
photostimulation (right) by ChR2 (n=10) and GFP (n=5) mice. (H) Total drinking during 
photostimulation by ChR2 mice (n=4) with access to water and 0.3-M NaCl. (I) Change in mean 
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arterial blood pressure over time (left) and average photostimulation-induced change (right) for 
ChR2 (n=10) and GFP (n=5) mice. (J) Schematic of negative-reinforcement experiment (left). 
Cumulative lever presses by ChR2 mice (middle). Total lever presses by ChR2 (n=10) and GFP 
(n=4) mice (right). Values are reported as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. See also Figure S1. 
 

demonstrate that mice will perform instrumental responses to reduce SFOGLUT neuron activity, 

and therefore that the activity of these neurons is negatively reinforcing. 

The SFO drives thirst via projections to two other LT structures, the OVLT and MnPO 

(Matsuda et al., 2017; Zimmerman et al., 2016). To test whether SFOGLUT neurons transmit a 

negative-reinforcement signal to these downstream sites, we targeted ChR2 to SFOGLUT 

neurons and implanted an optical fiber above the MnPO (Figure 1F). This fiber placement 

results in stimulation of axons innervating the MnPO as well as fibers of passage targeting the 

OVLT. We first confirmed that photostimulation of SFOGLUT→MnPO/OVLT axons drives robust 

and specific water consumption (Figure 1G,H) and elevates blood pressure (Figure 1I) to an 

extent comparable to stimulation of SFOGLUT neuron somas. We then trained these mice in the 

negative-reinforcement paradigm described above, which revealed that mice will robustly lever 

press to prevent photostimulation of SFOGLUT→MnPO/OVLT projections (Figure 1J). Thus, 

projections from SFOGLUT neurons to the OVLT and/or MnPO relay a negative-reinforcement 

signal that corresponds with the ability of these projections to drive drinking. 

OVLTAgtr1a neurons are activated by hyperosmolarity, and their activation drives drinking 

and hypertension 

The OVLT and MnPO were first implicated in the control of drinking behavior decades 

ago (Buggy and Jonhson, 1977), but the molecular identity of thirst-promoting neurons in these 

structures has remained unclear (Zimmerman et al., 2017). We first focused on the OVLT, 

which, like the SFO, lies outside the blood-brain barrier and therefore has unfettered access to 

circulating signals that stimulate thirst. The angiotensin 1A receptor (encoded by the Agtr1a 

gene) is expressed in the OVLT (Gonzalez et al., 2012; Lenkei et al., 1997) and is involved in 
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the control of drinking behavior (Crews and Rowland, 2005). We used an Agtr1a-GFP reporter 

line (Gonzalez et al., 2012) to examine whether OVLTAgtr1a neurons are activated by salt 

challenge (350 µL intraperitoneal injection of 2M NaCl), a stimulus that rapidly increases plasma 

osmolarity and robustly triggers thirst (Figure 2A). This revealed extensive (70  3% Fos+ 

neurons were GFP+) and specific (64  7% GFP+ neurons were Fos+) co-localization between 

Fos induced by salt challenge and Agtr1a-GFP, suggesting that the Agtr1a gene may label 

thirst-promoting neurons in the OVLT. To gain genetic access to these cells, we generated a 

knock-in mouse line that expresses Cre recombinase in-frame with the endogenous Agtr1a 

gene (Agtr1a-2A-Cre mice; Figure 2B and Figure S2). Crossing this knock-in line to a Cre-

dependent GFP reporter line revealed recombination that was remarkably specifically localized 

to the OVLT relative to adjacent structures (Figure 2C and Figure S2). Neurochemical 

characterization by in situ hybridization revealed that OVLTAgtr1a neurons primarily express 

Vglut2 (Slc17a6), but not Vgat (Slc32a1), indicating that these cells are predominantly 

glutamatergic (Figure 2J; see Figure S2 for additional discussion). Thus, the Agtr1a-2A-Cre 

mouse line provides genetic access to a specific population of OVLT neurons that are activated 

during thirst. 

We next targeted ChR2 to OVLTAgtr1a neurons and positioned an optical fiber above the 

OVLT. Photostimulation of these cells induced robust water intake that was time-locked to the 

onset of stimulation (Figure 2D), specific to water relative to hypertonic NaCl (Figure 2E,F) and 

food (Figure S2), and absent from control mice. Photostimulation also caused a rapid and 

reversible increase in blood pressure (Figure 2G and Figure S2). These data indicate that 

OVLTAgtr1a neurons are sufficient to trigger the homeostatic responses to fluid imbalance. 

Stimulation of OVLTAgtr1a neurons is negatively reinforcing 

We next investigated the motivational mechanisms by which OVLTAgtr1a neurons drive 

drinking behavior. We first trained mice to perform a fixed ratio 3 (FR3) task, in which delivery of  
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Figure 2. OVLTAgtr1a neurons drive thirst and hypertension and are negatively reinforcing.  
(A) Colocalization of Agtr1a-GFP and Fos induced by salt challenge in the OVLT of BAC 
transgenic mice (left; scale bar, 100 µm). Quantification (right; n=3). (B) Schematic for 
generation of Agtr1a-2A-Cre knock-in mouse line by CRISPR-mediated homologous 
recombination. (C) Histology showing GFP expression in the OVLT of Agtr1a-2A-Cre mice 
crossed to a GFP reporter line. (D) Cumulative drinking (left) and total drinking during 
photostimulation (middle) by ChR2 (n=8) and GFP (n=4) mice. Total drinking during 
photostimulation by ChR2 mice (n=5) at different photostimulation frequencies (right). (E) Total 
drinking during photostimulation by ChR2 mice (n=3) with access to various NaCl solutions. (F) 
Total drinking during photostimulation by ChR2 mice (n=5) with access to water and 0.3-M 
NaCl. (G) Change in mean arterial blood pressure over time (left) and average photostimulation-
induced change (right) for ChR2 (n=5) and GFP (n=4) mice. (H) Schematic of instrumental 
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responding for water access experiment (left). Cumulative lever presses by ChR2 mice (middle). 
Total lever presses during photostimulation by ChR2 (n=3) and GFP (n=3) mice (right). (I) 
Cumulative lever presses by ChR2 mice in the negative-reinforcement experiment (left). Total 
lever presses by ChR2 (n=8) and GFP (n=4) mice (right). (J) RNAscope in situ hybridization 
showing colocalization of GFP, Vglut2, and Vgat mRNA in the OVLT of Agtr1a-2A-Cre mice 
crossed to a GFP reporter line (left; scale bars, 100 µm). Quantification (right; n=201 cells from 
2 mice). Values are reported as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. See 
also Figure S2.  
 

each drop of water requires three presses of an active lever (Figure 2H). Photostimulation of 

OVLTAgtr1a neurons caused otherwise water-sated mice to vigorously and preferentially press 

the active lever to receive water (Figure 2H). Thus, stimulation of OVLTAgtr1a neurons drives 

instrumental responding for water, indicating that these cells promote drinking through a specific 

change in motivational state rather than through a general enhancement of activity or ingestive 

behavior. We then trained mice in the negative-reinforcement paradigm described above, which 

revealed that mice will selectively lever press to prevent photostimulation of OVLTAgtr1a neurons 

(Figure 2I). Thus, OVLTAgtr1a neurons, like SFOGLUT neurons, are activated by deviations from 

fluid homeostasis; are sufficient to generate robust thirst and cardiovascular responses; and 

motivate instrumental responding via negative reinforcement. 

MnPOAdcyap1 neurons are activated by hyperosmolarity and receive input from the SFO 

and OVLT 

Signals from the SFO and OVLT are thought to converge on the MnPO (Bourque, 2008; 

McKinley et al., 2015; Zimmerman et al., 2017). To identify the MnPO neurons that control 

drinking behavior, we first identified several genes enriched in the MnPO relative to adjacent 

structures (including Adcyap1, Agtr1a, and Slc17a6), and then measured co-localization 

between these candidate markers and Fos induced by salt challenge (Figure 3A). This revealed 

that most Fos+ MnPO neurons express Adcyap1 (81  3%) and, conversely, that most Adcyap1+ 

neurons express salt challenge-induced Fos (60  4%). A similar but somewhat lesser degree of 

co-localization was observed between Fos and the markers Agtr1a and Slc17a6 (Figure 3A).  
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Figure 3. MnPO thirst neurons are negatively reinforcing.  (A) Colocalization of Fos with 
Adcyap1 (n=4), Vglut2 (n=3), and Agtr1a (n=3) in the MnPO following salt challenge. Scale bar, 
30 μm. (B) RNAscope in situ colocalization of Adcyap1, Vglut2, and Vgat (left; scale bars, 200 
μm). Quantification (right; 239 cells from 3 mice). (C) Monosynaptic retrograde rabies tracing 
from MnPOAdcyap1 neurons. Scale bars, 200 μm. (D) Injection site and fiber placement (dashed 
line) in MnPOAdcyap1 ChR2 mice. Scale bar, 1 mm. (E) Cumulative drinking (left) and total 
drinking during photostimulation (right) by ChR2 (n=10) and GFP (n=9) mice. (F) Cumulative 
drinking (left) and total drinking during photostimulation (right) by ChR2 mice (n=5) during 2-
bottle choice assay with water and 0.3-M NaCl. (G) Change in mean arterial blood pressure 
over time (left) and average photostimulation-induced change (right) in ChR2 (n=9) and GFP 
(n=6) mice. (H) Cumulative lever pressing for water by ChR2 mice (n=5) (left) and total lever 
presses during photostimulation by ChR2 (n=5) and GFP (n=3) mice (right). (I) Real-time, place-
preference assay with location heatmaps of individual ChR2 and GFP mice from pre-
conditioning and third session of conditioning (left). Percent time spent in photostimulation-
paired chamber by ChR2 (n=6) and GFP (n=6) mice (right). (J) Cumulative lever pressing to 
pause photostimulation by ChR2 mice (n=8) (left). Lever presses by ChR2 (n=8) and GFP (n=4) 
mice in the negative-reinforcement experiment (right). Values are reported as mean ± SEM. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. See also Figure S3. 
 



 

19 
 

Consistent with these results, we found that most MnPOAdcyap1 neurons express Slc17a6 

(Vglut2), but not Slc32a1 (Vgat), indicating that these cells are predominantly glutamatergic 

(Figure 3B). These findings are supported by recent single-cell RNA sequencing data showing 

that Adcyap1, Agtr1a, and Slc17a6 are all enriched in MnPO neurons that express Fos in 

response to dehydration (Allen et al., 2017). 

To demonstrate that MnPOAdcyap1 neurons receive input from other structures that drive 

drinking, we performed cell-type-specific retrograde tracing by targeting the monosynaptic 

rabies virus to MnPOAdcyap1 neurons using an Adcyap1-2A-Cre mouse (Figure 3C). This 

revealed that MnPOAdcyap1 neurons receive strong, monosynaptic input from the SFO and OVLT 

(Figure 3C), as well as weaker input from several other structures (Figure S3A). Thus, these 

cells are activated by salt challenge and receive direct input from the SFO and OVLT, strongly 

suggesting that they are involved in the control of drinking behavior. 

Stimulation of MnPOAdcyap1 neurons drives drinking and hypertension 

To directly test the function of these cells, we targeted ChR2 to MnPOAdcyap1 neurons and 

positioned an optical fiber above the MnPO (Figure 3D). Photostimulation of MnPOAdcyap1 

neurons caused rapid drinking behavior that was time-locked to the onset of stimulation (Figure 

3E) and specific to water relative to hypertonic NaCl (Figure 3F) and food (Figure S3). 

Stimulation of MnPOAdcyap1 neurons also caused a rapid and reversible increase in blood 

pressure (Figure 3G and S3). None of these responses were observed in control mice 

expressing GFP in MnPOAdcyap1 neurons (Figure 3E,G). We also observed no thermoregulatory 

response following stimulation of MnPOAdcyap1 neurons (Figure S3D), consistent with the 

dorsocaudal location of MnPOAdcyap1 neurons relative to the VMPOAdcyap1 neurons previously 

shown to regulate body temperature (Tan et al., 2016). In addition, stimulation of the largely 

overlapping MnPOVglut2 neuron population (Figure 3B) recapitulated the behavioral effects of 
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MnPOAdcyap1 neuron stimulation (Figure S3H,I). Thus, activation of MnPOAdcyap1 neurons is 

sufficient to selectively drive the homeostatic responses to fluid imbalance. 

Stimulation of MnPOAdcyap1 neurons is negatively reinforcing 

We next investigated the motivational mechanisms by which MnPOAdcyap1 neurons drive 

drinking behavior. We first tested mice in an FR3 task, which revealed that photostimulation of 

MnPOAdcyap1 neurons caused otherwise water-sated mice to vigorously and preferentially press 

the active lever to receive water (Figure 3H). This demonstrates that stimulation of MnPOAdcyap1 

neurons drives instrumental responding for water and therefore that these cells promote 

drinking through a specific change in motivational state. 

To characterize the nature of this motivational signal, we measured the valence of 

MnPOAdcyap1 neuron activity using a real-time, place-preference test in which mice were 

selectively photostimulated when they occupied one chamber of a two-chamber testing 

apparatus (Figure 3I). At baseline, ChR2 mice showed no preference between the two 

chambers, but upon testing they quickly developed a preference for the side without 

photostimulation (Figure 3I). In contrast, control mice developed no chamber preference 

despite repeated testing (Figure 3I). This indicates that activation of MnPOAdcyap1 neurons is 

aversive. 

To determine whether this aversive signal is sufficient to motivate instrumental 

responding, we tested whether mice would lever press to block photostimulation of MnPOAdcyap1 

neurons (Figure 3J). We found that mice expressing ChR2 in MnPOAdcyap1 neurons exhibited 

dramatic lever pressing that was specifically directed toward the active lever (Figure 3J). We 

observed similar operant responding to shut off stimulation of MnPOVglut2 neurons (Figure S3J), 

whereas control mice showed little or no responding in any assay. Interestingly, mice engaged 

in significantly more vigorous and specific lever pressing to block stimulation of MnPOAdcyap1 

neurons compared to otherwise identical experiments involving upstream OVLTAgtr1a and 
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SFOGLUT neurons (850  190 MnPOAdcyap1 vs. 169  51 SFOGLUT vs. 134  45 OVLTAgtr1a, 

****p<0.0001). This suggests that these upstream signals may converge on the MnPO to 

generate an integrated motivational output. 

MnPOAdcyap1 neuron projections dissociate the behavioral, affective, and cardiovascular 

outputs of these cells 

Little is known about how information about fluid balance exits the LT to engage 

downstream brain regions. SFOGLUT neurons promote thirst primarily through innervation of the 

other LT regions, the OVLT and MnPO, whereas the those neurons promote salt appetite 

through a projection to the bed nucleus of the stria terminalis (BNST) (Matsuda et al., 2017; 

Zimmerman et al., 2016). To investigate the downstream targets of thirst neurons in the MnPO, 

we performed anterograde tracing from MnPOAdcyap1 neurons using a Cre-dependent AAV 

expressing synaptophysin-GCaMP6s (Figure 4A). This revealed innervation of a distributed set 

of downstream structures, including reciprocal projections to the SFO and OVLT (Figure 4B 

and S4A). Optogenetic stimulation of the retrograde MnPOAdcyap1→SFO pathway was sufficient 

to induce drinking and increase blood pressure (Figure S4), suggesting that these reciprocal 

connections may functionally synchronize LT activity. 

In addition to the SFO and OVLT, we found that MnPOAdcyap1 neurons project to a 

number of other structures, including the paraventricular hypothalamus (PVH), supraoptic nuclei 

(SON), lateral hypothalamus (LH), paraventricular thalamus (PVT), arcuate nucleus (ARC), and 

dorsomedial hypothalamus (DMH) (Figure 4C and S4A). Anterograde tracing from MnPOVglut2 

neurons revealed a similar set of projection targets (Figure S4B). As these structures have 

been linked to ingestive behavior, valence, and cardiovascular regulation, they represent 

candidates to mediate the behavioral and autonomic effects of LT stimulation. 

To probe the function of these pathways, we targeted ChR2 to MnPOAdcyap1 neurons and 

positioned an optical fiber above the PVH, LH, or PVT to enable photostimulation of MnPOAdcyap1  
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Figure 4. MnPOAdcyap1 neuron projections dissociate the behavioral, affective, and 
cardiovascular effects of dehydration.  (A) Anterograde tracing strategy. (B) Example 
injection site. Scale bar, 200 μm. (C) MnPOAdcyap1 projections to PVH, LH, and PVT. Scale bars, 
100 μm. (D,H,L) Implant sites (dashed lines) above the PVH (D), LH (H), and PVT (L). Scale 
bars, 100 μm. (E,I,M) Cumulative drinking (left) and total drinking during photostimulation (right) 
for terminal stimulation in the PVH (E; n=6 ChR2, n=5 GFP), LH (I; n=5 ChR2, n=7 GFP), and 
PVT (M; n=9 ChR2, n=4 GFP). (F,J,N) Change in mean arterial blood pressure over time (left) 
and average photostimulation-induced change (right) for terminal stimulation in the PVH (F; n=3 
ChR2, n=5 GFP), LH (J; n=5 ChR2, n=7 GFP), and PVT (N; n=7 ChR2, n=5 GFP). (G,K,O) 
Percent time spent in photostimulation-paired chamber for terminal stimulation in the PVH (G; 
n=4 ChR2, n=5 GFP), LH (K; n=5 ChR2, n=7 GFP), and PVT (O; n=5 ChR2, n=4 GFP). Values 
are reported as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. See also Figure S4. 
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neuron terminals in these regions (Figure 4D,H,L). Stimulation of all three sites induced 

voracious drinking that was time-locked to the onset of stimulation and absent from control mice 

(Figure 4E,I,M). Photostimulation of terminals in the PVH and LH, but not the PVT, also induced 

a rapid increase in blood pressure (Figure 4F,J,N and S4D). This indicates that the effects of 

MnPOAdcyap1 neuron activation on drinking and blood pressure can be anatomically dissociated. 

We next investigated the motivational properties of these projections. Using a real-time, 

place-preference test, we found that photostimulation of terminals in the PVH and LH, but not 

the PVT, was aversive (Figure 4G,K,O). Surprisingly, the aversive signal was not strong 

enough to motivate lever pressing to shut off photostimulation of any of these structures (Figure 

S4G). This may be, in part, because the valence of MnPOAdcyap1 neuron activity is diluted as it is 

partitioned across multiple anatomic pathways (Figure S4A). Taken together, these data reveal 

that the behavioral, motivational, and autonomic responses to fluid imbalance, which are unified 

within the LT, are differentially distributed as they exit the LT via projections of the MnPO. 

DISCUSSION 

Negative reinforcement is a mechanism that drives ingestive behavior 

The nature of the motivational processes that drive eating and drinking has long been 

debated (Berridge, 2004; Cabanac, 1971; Hull, 1943; Spence, 1956; Toates, 1986). The drive-

reduction hypothesis emphasized the fact that hunger and thirst are aversive states, and 

therefore that animals may eat or drink to reduce this unpleasant sensation (Hull, 1943; Spence, 

1956). However, this idea was challenged by classic experiments showing that electrical 

stimulation of the LH, which promotes feeding, is rewarding rather than aversive (Berridge, 

2004; Olds and Milner, 1954; Stuber and Wise, 2016). Consistent with this, recent experiments 

have identified several neural populations that drive food intake and also support self-

stimulation and, therefore, may act by positive reinforcement (Chen et al., 2016; Douglass et al., 
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2017; Jennings et al., 2013). In contrast, although several neural cell types that promote eating 

or drinking have been shown to exhibit negative valence, none have yet been shown to support 

operant responding to reduce neural activity, which is the hallmark of negative-reinforcement 

learning. Thus, direct confirmation that neural circuits motivate ingestive behavior by this 

mechanism has been lacking. 

We have shown here that stimulation of three different cell types distributed throughout 

the LT, as well as stimulation of projections connecting these neurons, is sufficient to drive 

drinking, and furthermore that mice will perform operant tasks for the sole purpose of blocking 

stimulation of any of these neurons or projections. In addition, while this manuscript was in 

review, a separate study showed that stimulation of MnPO neurons that express Fos in 

response to dehydration drives drinking and is negatively reinforcing (Allen et al., 2017). These 

findings strongly suggest that mice are motivated to find and consume water because they want 

to reduce the activity of thirst-promoting cells in the LT, consistent with the predictions of the 

drive-reduction hypothesis (Hull, 1943; Spence, 1956). 

The natural dynamics of the thirst circuit are consistent with a negative-reinforcement 

mechanism 

Optogenetic manipulations can reveal the capabilities of a neural circuit, but the meaning 

of these manipulations can only be understood in the context of the natural dynamics of the 

circuit during behavior. While the optogenetic data presented here suggest that mice drink water 

to reduce the activity of their LT neurons, this interpretation requires that LT neurons are 

actually inhibited during the natural process of drinking. 

We recently measured the natural dynamics of SFOGLUT neurons during drinking 

behavior and discovered that this is indeed the case (Zimmerman et al., 2016). SFOGLUT 

neurons are highly active when mice are thirsty and then become progressively inhibited each 

time a mouse takes a lick of water, which continues until the neurons return to baseline activity 
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and drinking terminates (Zimmerman et al., 2016). This activity pattern is precisely what would 

be predicted for a neural population that motivates behavior by negative reinforcement 

(Berridge, 2004). Moreover, it was recently shown that vasopressin neurons in the PVH and 

SON, which are downstream of SFOGLUT neurons, display very similar dynamics during drinking 

(Mandelblat-Cerf et al., 2017), as do MnPO neurons that are activated by dehydration (Allen et 

al., 2017). It therefore appears likely that the LT as a whole is regulated in this manner, 

consistent with the data presented here showing that each node shares common motivational 

properties. 

While it may seem intuitive that a neuron driving ingestive behavior would be 

progressively inhibited during satiation, thereby gradually reducing an aversive drive, this result 

is not guaranteed. Indeed, it was long assumed that AgRP neurons that control hunger would 

display these dynamics during food intake, but they do not. AgRP neurons are instead inhibited 

the moment that a mouse detects food and, critically, they are not further inhibited during the 

course of eating (Betley et al., 2015; Chen et al., 2015; Mandelblat-Cerf et al., 2015). Consistent 

with this result, the activity of AgRP neurons is not negatively reinforcing (Betley et al., 2015; 

Chen et al., 2016), but instead supports self-stimulation (Chen et al., 2016). Thus, the data 

presented here reveal that interoceptive neurons that control hunger and thirst utilize 

fundamentally different mechanisms to motivate behavior. 

The functional outputs of the LT are distributed along multiple anatomic pathways 

For more than forty years, research into the neurobiology of thirst has focused on the LT 

(Bourque, 2008; Leib et al., 2016; McKinley and Johnson, 2004; Noda and Sakuta, 2013; 

Zimmerman et al., 2017). These studies have established a critical role for the LT in a broad 

range of homeostatic responses, including not only thirst but also salt appetite, blood pressure 

control, and vasopressin release. What has remained unclear, however, is how information from 
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the LT exits this circuitry to communicate with downstream brain regions that directly control the 

motor, cardiovascular, and motivational aspects of fluid homeostasis. 

In this study, we have identified neurons in all three LT structures that are sufficient to 

drive the behavioral and autonomic responses to fluid imbalance. By obtaining genetic access 

to these cells, we have further been able to visualize their projections and test their function. 

Signals from the SFO and OVLT are thought to converge on the MnPO and, consistent with 

this, we have shown that stimulation of MnPO neurons has stronger motivational effects than 

stimulation of analogous cells in the SFO or OVLT. This suggests that MnPO activation is the 

mechanism by which these upstream structures generate valence, but it does not rule out more 

complex mechanisms involving other brain regions. Addressing this question will require further 

studies that map the functional connectivity between genetically defined cell types in these three 

structures and their downstream targets. 

We have shown that MnPOAdcyap1 neurons project broadly to brain regions outside the 

LT, suggesting that these cells may function as the output node of the LT thirst circuit. 

Stimulation of MnPOAdcyap1 neuron projections innervating three structures (PVH, LH, and PVT) 

revealed that all three pathways are sufficient to drive drinking behavior, similar to recent 

observations for MnPO neurons that are activated by dehydration (Allen et al., 2017). We found 

that these projections differ in their ability to recapitulate the motivational/affective and 

cardiovascular responses to fluid imbalance. These results reveal that some functional outputs 

of the LT are anatomically segregated, whereas others are redundantly distributed. An important 

task for the future will be to identify and characterize the thirst-promoting cells in each of these 

downstream targets, in order to understand how the LT transforms chemical information about 

fluid balance into a coordinated, homeostatic response. 
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METHODS 

Contact for reagent and resource sharing 

Further information and requests for reagents may be directed to and will be fulfilled by 

the corresponding author, Zachary Knight (zachary.knight@ucsf.edu). 

Experimental model and subject details 

All animals were maintained on a 12-h light/dark cycle and given ad libitum access to 

chow (PicoLab Rodent Diet 5053) and water. All transgenic mice used in these studies were on 

the C57Bl/6J background, except Agtr1a-2A-Cre mice that were maintained on a mixed 

FVB/C57Bl/6J background. Unless otherwise stated, all studies employed a mixture of male and 

female mice and no differences between sexes were observed. All procedures were conducted 

during the light cycle unless otherwise noted. All experimental protocols were approved by the 

University of California, San Francisco IACUC following the National Institutes of Health 

guidelines for the Care and Use of Laboratory Animals. 

Method details 

Wild type mice (C57BL/6J, strain 000664), Slc17a6-IRES-Cre mice (Slc17a6tm2(cre)Lowl/J, 

strain 016963), Nos1-IRES-Cre mice (Nos1tm1(Cre)Mgmj/J, strain 017526), Gad2-2A-NLS-mCherry 

mice (B6;129S-Gad2tm1.1Ksvo/J, strain 023140), Rosa26-LSL-hChR2(H134R)-eYFP mice (Ai32; 

B6.129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J, strain 012569), Rosa26-LSL-LSL-ArchT-

eGFP mice (Ai40D; B6.Cg-Gt(ROSA)26Sortm40.1(CAG-aop3/EGFP)Hze/J, strain 021188), and Rosa26-

LSL-GFPL10 mice (B6.129S4-Gt(ROSA)26Sortm1(CAG-EGFP/Rpl10a,-birA)Wtp/J, strain 022367) were 

obtained from the Jackson Laboratory. Adcyap1-2A-Cre mice were obtained from the Allen 

Institute. Agtr1a-GFP mice (Tg(Agtr1aEGFP)NZ44Gsat, strain 033059) were obtained from 

MMRRC. Recombinant AAVs expressing hChR2(H134R) (AAV5-Ef1a-DIO-hChR2(H134R)-

eYFP), hChR2(E123T/T159C) (AAV5-Camk2-hChR2(E123T/T159C)-2A-mCherry, AAV5-Ef1a-
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DIO-hChR2(E123T/T159C)-2A-mCherry), and GFP (AAV5-Camk2-GFP) were obtained from 

the UNC Vector Core. Recombinant EnvA-pseudotyped G-deficient rabies virus expressing 

GFP (RV-EnvA-ΔG-GFP) was obtained from the Salk Institute. Plasmids encoding 

synaptophysin-GCaMP6s and GFP-RPL10a fusion proteins were generated in-house, and 

recombinant AAVs containing these plasmids (AAV5-EF1a-DIO-synaptophysin-GCaMP6s; 

AAV2-EF1a-FLEX-GFP-RPL10a) were commercially produced by the UNC Vector Core  (Tan 

et al., 2016; Zimmerman et al., 2016). Rabies helper viruses (AAV1-CAG-DIO-TVA-mCherry; 

AAV1-CAG-DIO-G) were obtained from the laboratory of Nirao Shah. 

Generation of the Agtr1a-2a-Cre mouse line 

The bicistronic Agtr1a-2A-Cre allele was generated by homologous recombination at the 

endogenous Agtr1a locus, aided by targeted CRISPR endonuclease activity. Briefly, homology 

regions were captured into a plasmid from a BAC containing the Agtr1a locus by 

recombineering. The T2A-Cre sequence was inserted immediately upstream of the endogenous 

stop codon. The final targeting vector contained ~2 kb (5′) and ~7 kb (3′) homology arms and 

was verified by restriction digest and sequencing. To generate site-specific double stranded 

breaks using CRISPR, an sgRNA sequence (TTGTTCTGAGGTGGAGTGAC) was selected 

such that the guide sequence would be separated from the PAM site in the genomic DNA by the 

2A-Cre insertion. This ensured that the targeting vector and recombined Agtr1a-2a-Cre allele 

were protected from Cas9 nuclease activity. Super-ovulated female FVB/N mice were mated to 

FVB/N stud males, and fertilized zygotes were collected from oviducts. Cas9 protein 

(100 ng/μL), sgRNA (250 ng/μL) and targeting vector DNA (100 ng/μL) were mixed and injected 

into the pronucleus of fertilized zygotes. 125 injected zygotes were implanted into oviducts of 

pseudopregnant CD1 female mice. 18 out of 35 pups genotyped were positive for the knock-in 

allele, and 16 of these also contained the targeting vector inserted randomly as a transgene. 

Two independent knock-in lines were crossed to reporter mice, and reporter expression patterns 
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from these lines were identical. All Agtr1a-2A-Cre mice used here were maintained on mixed 

FVB/C57Bl/6J background. Founder pups and offspring were genotyped for the presence of the 

knock-in allele by qPCR. Presence of the knock-in allele was also verified by long range PCR 

(expected amplicon size 2496 bp) using a forward PCR primer upstream of the 5′ homology arm 

(CGAGCCTGTGAGGTTAAAGAT) and a reverse PCR primer inside the Cre sequence 

(GCGCGCCTGAAGATATAGAA). 

Stereotaxic surgery 

Surgeries were conducted on a stereotaxic frame (Kopf). Mice were anesthetized with 

isoflurane and received bupivacaine, carprofen, and buprenorphine during surgery in 

accordance with UCSF IACUC guidelines. Injections were performed with pulled glass pipets 

and 10-µl Hamilton syringes controlled by a micropump (Kopf). Homemade fiberoptic implants 

were secured to the skull with Vetbond (SCB, sc-361931) and dental cement (A-M Systems 

526000). Following surgery, incisions were closed using Vetbond. 

All SFO virus injections were in wild type mice (unless otherwise noted) using the 

following coordinates: 0 mm M/L, –0.50 mm A/P, –2.75 mm below the surface of the skull. 

Implants above the SFO were placed using the same coordinates but –2.45 mm below the 

surface of the skull. Implants above the MnPO were placed at the following coordinates: 0 mm 

M/L, +0.45 mm A/P, –3.70 mm below the surface of the skull.. Wild type mice were injected with 

100–200 nL of AAV5-Camk2-hChR2(E123T/T159C)-2A-mCherry or AAV5-Camk2-GFP. For 

fasting-refeeding experiments, Nos1-IRES-Cre mice were injected with 100–200 nL of AAV5-

Ef1a-DIO-hChR2(E123T/T159C)-2A-mCherry. 

All OVLT virus injections were in Agtr1a-2A-Cre mice using the following coordinates: 0 

mm M/L, +0.40 mm A/P, and –4.75 mm below the surface of the skull. Implants above the 

OVLT were placed using the same coordinates but –4.55 mm below the surface of the skull. 

Mice intended for optogenetics experiments were injected with 100 nL of AAV5-Ef1a-DIO-
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hChR2(H134R)-eYFP (n = 6 mice) or crossed to the Rosa26-LSL-hChR2(H134R)-eYFP 

reporter line (n = 3 mice). Control mice were crossed to the Rosa26-LSL-GFP-RPL10 reporter 

line. 

All MnPO virus injections were in Adcyap1-2a-Cre mice (unless otherwise noted), angled 

at 15°, and used the following coordinates: +1.0 mm M/L, +0.45 mm A/P, –4.3 mm below the 

surface of the skull. Implants above the MnPO were placed using the same angle and 

coordinates but –3.7 mm below the surface of the skull. Implants for MnPO projection 

stimulation were placed at the following coordinates: PVH (no angle, -0.3 mm M/L, -0.6 mm A/P, 

-4.75 mm below the surface of the skull ); LH (no angle, -1.0 mm M/L, -1.4 mm  A/P, -5.0 mm 

below the surface of the skull); PVT (15°, +0.8, -0.9 mm A/P, -3.2 mm below the surface of the 

skull); SFO (15°, +0.8 mm M/L, -0.55 mm A/P, -2.6 mm below the surface of the skull). For 

Fos/GFP colocalization, 1500 nL of AAV2-EF1α-FLEX-GFP-RPL10a was injected into Adcyap1-

2A-Cre or Vglut2-IRES-Cre mice. Mice intended for optogenetics experiments were injected 

with 100 nL of AAV5-Ef1a-DIO-hChR2(H134R)-eYFP or AAV2-EF1α-FLEX-GFP-RPL10a. For 

rabies tracing, 75 nL of a 1:1 mix of AAV1-CAG-DIO-TVA-mCherry and AAV1-CAG-DIO-G was 

injected. After two weeks, 200 nL of recombinant EnvA-pseudotyped G-deficient rabies virus 

expressing GFP was injected. After one additional week, mice were euthanized and processed 

for histology. For anterograde tracing, 50 nL of AAV5-EF1α-DIO-synaptophysin-GCaMP6s was 

injected. 

GFP-reporter labeling and cell counts 

To quantify Fos/GFP overlap, 20X Z-stack images from 40-μm coronal slices 

(bregma +0.1 to +0.2 mm) were taken, and the numbers of Fos/GFP double positive or singly 

positive cells were counted in FIJI. 
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Virus validation by acute slice electrophysiology 

Acute hypothalamic slices were prepared from Adcyap1-2A-Cre mice expressing AAV5-

Ef1a-DIO-hChR2(H134R)-eYFP as previously described (Zimmerman et al., 2016). Briefly, 

spike fidelity was measured in current clamp with LED light stimulation at 5, 10, 15, and 20 Hz. 

Photostimulation in vivo 

All experiments were performed in behavioral chambers (Coulbourn Instruments, 

Habitest Modular System), and water consumption was monitored with contact lickometers 

(Slotnick, 2009). Mice were acclimated to the behavioral chamber for at least 15 min before the 

beginning of each testing session. For SFO and OVLT optogenetics experiments, mice were 

photostimulated with 10-ms pulses at 10 Hz and 10–15 mW laser power, measured from the tip 

using a DPSS 473-nm laser (Shanghai Laser and Optics Century), except for negative-

reinforcement experiments (5 Hz and 10–15 mW laser power) and fasting-refeeding 

experiments (20 Hz and 10–15 mW laser power). For MnPO soma, MnPOAdcyap1→PVT, and 

MnPOAdcyap1→SFO optogenetics experiments, mice were photostimulated with 10-ms pulses at 

5 Hz and 5–10 mW laser power. For MnPOAdcyap1→PVH optogenetics experiments, mice were 

stimulated at 10 Hz and 10 mW. For MnPOAdcyap1→LH optogenetics experiments, mice were 

stimulated at 20 Hz and 20 mW. The increases in frequency in PVH/LH and laser power in LH 

photostimulation were the minimum to produce reliable drinking in these mice. To test whether 

acute photostimulation could induce drinking, mice were provided with constant access to water 

and monitored for 10 min (pre-stim), then photostimulated for 10 min, and then monitored for 

another 10 min (post-stim). For NaCl drinking experiments, the same model was used except 

that mice were provided with access to various NaCl solutions. For negative-reinforcement 

experiments, mice were photostimulated constantly during the dark cycle. Pressing the active 

lever turned off the laser for 10 s. For lever pressing for water reward, mice were first trained to 

receive 5 μL of water for one active lever press (FR1) for at least three nights and then for 3 
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active lever presses (FR3) for three nights. Then, during the light cycle, lever presses were 

measured during 30-min pre-stim, stim, and post-stim periods. For SFOGLUT fasting-refeeding 

experiments, mice were food deprived for 24 hours, then given access to food and water. For ad 

libitum feeding experiments, mice were given access to food but not water, and their food intake 

was measured during 30-minute pre-stim, stim, and post-stim periods. For MnPOAdcyap1 fasting-

refeeding experiments, mice were food deprived for 24 hours then given access to food but no 

water for 30 minutes. 

Blood pressure measurements 

For blood pressure measurements, mice were sedated with medetomidine (50 μg/kg, 

ApexBio). The sedated mice were then restrained, placed on a warming platform, and their 

blood pressure measured using the CODA-HT4 Noninvasive Blood Pressure System (Kent 

Scientific). After a 10-min habituation period, blood pressure was measured once per minute 

during 10 min pre-stim, stim, and post-stim periods. Data were analyzed using an in-house 

MATLAB script that subtracted baseline blood pressure for each mouse and compared the 

change in blood pressure from the pre-stim to stim periods (averaged during the 4th to 10th 

minute of each period). 

Real-time, place-preference 

A custom 2-chamber apparatus (30 cm x 15 cm) was used. The two sides differed in 

floor texture and wall markings, and the mice were free to move between both sides throughout 

all experiments. First, baseline preference was recorded for 15 min. During 15 min sessions on 

the next 3 days, a custom MATLAB script was used to track the mice and pair one side of the 

chamber with photostimulation. Using a custom MATLAB script, preferences were calculated as 

percent time spent in the chamber paired with photostimulation. 
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Immunohistochemistry 

Mice were transcardially perfused with PBS followed by formalin. Brains were postfixed 

overnight in formalin at 4°C and washed with PBS. Free floating sections (40 μm) were 

prepared with a cryostat, blocked (3% BSA, 2% NGS and 0.1% Triton-X in PBS for two hours), 

and then incubated with primary antibody overnight at 4°C. Sample were washed three times 

with wash buffer (1xPBS + 0.1% Triton-X), incubated with secondary antibody for one hour at 

room temperature, washed again and then mounted and imaged by confocal microscopy. 

Primary antibodies used were: anti-GFP (Abcam, ab13970, 1:1000), anti-FOS (SCB, sc-52 and 

sc-52-G), and anti-RFP (Chromotek 5F8, 1:1000). 

In situ hybridization 

In situ hybridization was performed using RNAscope Fluorescent Multiplex Kit 

(Advanced Cell Diagnostics). Mouse brain tissue was freshly frozen in Tissue-Tek O.C.T 

Compound, then sectioned into 20 m sections by cryostat and mounted on Superfrost Plus 

slides. The sections were fixed in 4% paraformaldehyde (15 min at 4°C), then dehydrated in a 

series of ethanol washes following the manufacturer’s instructions. The sections were treated 

with Protease IV in a HybEZ™ Humidity Control Tray (30 min at RT) and then incubated with 

target probes in a HybEZ™ Oven (2 h at 40°C). For the MnPO, tissues were probed for 

Adcyap1 in C1, Slc17a6 in C2, and Slc32a1 in C3. For the OVLT, tissues were probed for 

Slc32a1 in C1, Slc17a6 in C2, and eGFP in C3. The sections were treated with Hybridize Amp 

1-4 then stained with DAPI Fluoromount-G. The sections were then imaged with a confocal 

microscope and co-localization manually counted from 20x z-stacks. 

Quantification and statistical analysis 

Statistical parameters including sample sizes (n = number of animal subjects per group), 

the definition of center, and dispersion and precision measures are reported in the Figures and 

the Figure Legends. Unless otherwise indicated, values are reported as mean ± SEM (error 
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bars or shaded area). P values for pair-wise comparisons were performed using a two-tailed 

Student’s t-test. P values for all other comparisons were performed using 1-way or 2-way 

ANOVA followed by post hoc pair-wise comparisons using Holm-Šídák multiple comparisons 

test. All optogenetic trials involved age-matched littermates as controls where possible. Mice 

were randomly assigned before surgery to either ChR2 or control groups. Data were judged to 

be statistically significant when p<0.05. In figures, asterisks denote statistical significance 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All statistical analysis was performed using 

GraphPad PRISM 7 software. 
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SUPPLEMENTAL MATERIALS 

 

Figure S1: Photostimulation of SFOGLUT neurons increases blood pressure but has no 
effect on food intake.  Related to Figure 1. (A,B) Photostimulation of SFOGLUT neurons (A; 
n=11 ChR2, n=5 GFP) and SFOGLUT→MnPO/OVLT axons (B; n=10 ChR2, n=5 GFP) increases 
systolic and diastolic blood pressure in ChR2 but not GFP mice. (C) Photostimulation of 
SFOGLUT neurons (n=4) does not influence fasting-induced feeding. (D) Drinking of water and 
Ensure in a two-bottle assay following 24-hr water restriction (n=4). (E,F) Drinking of water and 
Ensure in a two-bottle assay with photostimulation of SFOGLUT neurons (E; n=5) or 
SFOGLUT→MnPO/OVLT axons (F; n=4). Values are reported as mean ± SEM. *p<0.05, 
**p<0.01, ****p<0.0001. 
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Figure S2. Characterization of the Agtr1a-2A-Cre mouse line and additional OVLTAgtr1a 
photostimulation experiments. Related to Figure 2. (A) Presence of the Agtr1a-2A-Cre knock-
in allele was verified by long range PCR (expected amplicon size 2496 bp) using a forward PCR 
primer located in the wild type mouse genome upstream of targeting construct 5′ homology arm 
and a reverse PCR primer located in the Cre sequence. (B) Histology showing colocalization of 
Agtr1a::GFP and Gad2::mCherry in the OVLT of Agtr1a-2A-Cre mice crossed to both a GFP 
reporter line and a Gad2-mCherry line (left; scale bar, 100 µm). Quantification (right; n=176 cells 
from 1 mouse). This suggests that while the majority of OVLTAgtr1a neurons are glutamatergic 
(Figure 2J), many of these cells also express components of the GABA synthesis pathway (but 
not Vgat). This is consistent with recent single-cell sequencing data indicating that many 
hypothalamic cell types co-express glutamatergic and GABAergic markers (Romanov et al., 
2017). (C) Brain-wide atlas of Agtr1a expression from Agtr1a-2A-Cre mice crossed to a GFP 
reporter line (scale bars, 500 µm). We also observed sparse labeling throughout other brain 
regions. (D) Photostimulation of OVLTAgtr1a neurons (n=5 ChR2 mice; n=4 GFP mice) increases 
systolic and diastolic blood pressure in ChR2 but not GFP mice. (E) Photostimulation of 
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OVLTAgtr1a neurons (n=4) does not influence ad libitum feeding. (F) Drinking of water and Ensure 
in a two-bottle assay with photostimulation of OVLTAgtr1a neurons (n=4). ARC, arcuate nucleus; 
MnPO, median preoptic nucleus; NTS, nucleus of the solitary tract; OVLT, organum vasculosum 
of the lamina terminalis; PVH, paraventricular nucleus of the hypothalamus; SCN, 
suprachiasmatic nucleus; SFO, subfornical organ. Values are reported as mean ± SEM. 
*p<0.05, **p<0.01. 
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Figure S3. Additional characterization of MnPOAdcyap1 and MnPOVglut2 neurons.  Related to 
Figure 3. (A) Example injection site for monosynaptic rabies tracing from MnPOAdcyap1 neurons 
(top left) and additional monosynaptic inputs to MnPOAdcyap1 neurons. Helper virus is shown in 
red; rabies in green. All images representative of 3 mice, except NTS (1 cell/3 mice). Scale 
bars, 200 μm. (B) In vitro electrophysiological validation of ChR2 activation of MnPOAdcyap1 

neurons (n=10 cells per frequency). Scale bar, 50 mW and 0.5 s. (C) Effect of photostimulation 
of MnPOAdcyap1 neurons (n=9 ChR2, n=6 GFP) on systolic and diastolic blood pressure. (D) Core 
body temperature during photostimulation of MnPOAdcyap1 ChR2 (n=4), MnPOAdcyap1 GFP (n=4), 
VMPOAdcyap1 ChR2 (n=5), and VMPOAdcyap1 GFP (n=3) mice. (E) Effect of photostimulation of 
MnPOAdcyap1neurons (n=4) on ad libitum food intake. (F) Effect on water and Ensure 
consumption in a 2-bottle assay of photostimulation of MnPOAdcyap1 neurons (n=3). (G) Food 
intake after 24-hr food deprivation with and without photostimulation of MnPOAdcyap1 neurons 
targeted with ChR2 (n=4) and GFP (n=4). (H) Expression of ChR2 at the injection site in 



 

39 
 

MnPOVglut2 mice. Implant site is indicated by dashed lines. Scale bar, 200 μm. (I) Cumulative 
drinking (left) and total drinking during photostimulation (right) by MnPOVglut2 ChR2 (n=9) and 
GFP (n=6) mice. (J) Cumulative lever pressing to pause photostimulation (left) and total lever 
presses during photostimulation (right) by MnPOVglut2 ChR2 mice (n=5) (left). Total lever presses 
by ChR2 (n=5) mice. Values are reported as mean ± SEM. *p<0.05, ****p<0.0001. 
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Figure S4. MnPOAdcyap1 and MnPOVglut2 projections and terminal photostimulation. Related 
to Figure 4. (A) Additional MnPOAdcyap1 projections labeled by AAV-DIO-synaptophysin-
GCaMP6s. Scale bars, 100 μm. (B) MnPOVglut2 injection site (top left; scale bar, 200 μm) and 
projections (remaining panels; scale bars, 100 μm). All images are representative of 3 mice. (C) 
Implant site (dashed lines) for terminal stimulation of MnPOAdcyap1 axons in the SFO. Scale bar, 
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100 μm. (D) Effects on systolic and diastolic blood pressure of photostimulation of MnPOAdcyap1 
axons in PVH (left; n=3 ChR2, n=4 GFP), LH axon photostimulation (middle; n=5 ChR2, n=7 
GFP mice), and PVT (right; n=7 ChR2, n=5 GFP). (E) Effect on ad libitum food intake of 
photostimulation of MnPOAdcyap1 axons in PVH (left; n=3), LH (middle; n=5), and PVT (right; 
n=5). (F) Effect on consumption of water and Ensure of photostimulation of MnPOAdcyap1 axons 
in PVT (n=4). (G) Lever presses to pause photostimulation of MnPOAdcyap1 axons in PVH (left; 
n=5 ChR2, n=5 GFP), LH (middle; n=5 ChR2, n=7 GFP), and PVT (right; n=6, n=7). The dashed 
lines indicate the average number of active lever presses in the same experiment for 
MnPOAdcyap1 cell body photostimulation. (H) Cumulative lever pressing for water delivery (left) 
and total lever presses during photostimulation (right) by MnPOAdcyap1→PVT ChR2 mice (n=4). 
Values are reported as mean ± SEM. *p<0.05, **p<0.01, ****p<0.0001. 
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Chapter 2: Reexamination of dietary amino acid sensing 
reveals a GCN2-independent mechanism 

David E. Leib and Zachary A. Knight 

SUMMARY 

Animals cannot synthesize nine essential amino acids (EAAs) and must therefore obtain 

them from food. Mice reportedly reject food lacking a single EAA within the first hour of feeding. 

This remarkable phenomenon is proposed to involve post-ingestive sensing of amino acid 

imbalance by the protein kinase GCN2 in the brain. Here we systematically reexamine dietary 

amino acid sensing in mice. In contrast to previous results, we find that mice cannot rapidly 

identify threonine- or leucine-deficient food in common feeding paradigms. However, mice attain 

the ability to identify EAA-deficient food following two days of EAA deprivation, suggesting a 

requirement for physiologic need. In addition, we report that mice can rapidly identify lysine-

deficient food without prior EAA deficit, revealing a distinct sensing mechanism for this amino 

acid. These behaviors are independent of the proposed amino acid sensor GCN2, pointing to 

the existence of an undescribed mechanism for rapid sensing of dietary EAAs. 

INTRODUCTION 

Animals have the remarkable ability to sense their changing internal needs and respond 

with behaviors that restore homeostasis. Well-known examples include the generation of hunger 

and thirst, which motivate animals to engage in flexible yet specific behaviors that counteract 

deviations in energy stores or fluid balance. Less well understood is how animals respond to 

deficiency of individual nutrients, such as protein, carbohydrates, and fatty acids, and generate 

compensatory behaviors that address these needs. One of the few well-characterized examples 
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of specific nutrient sensing involves essential amino acids (EAAs), the nine amino acids (valine, 

isoleucine, leucine, methionine, phenylalanine, tryptophan, threonine, lysine, and histidine) that 

animals cannot synthesize and must therefore obtain from their food. In humans, removal of a 

single EAA from the diet leads to symptoms including nausea, fatigue, and loss of appetite, that 

gradually intensify over several days (Rose et al., 1950). A similar loss of appetite has also been 

observed in rodents fed EAA-deficient diets (Leung et al., 1968a; Rose, 1931). 

However, more recent work indicates that rodents can also very rapidly sense the 

deficiency of a single EAA in food, within the first hour of feeding (Hao et al., 2005; Koehnle et 

al., 2003; Maurin et al., 2005). This rapid sensing enables animals to sense the EAA content of 

their food during the course of a single meal and quickly reject diets that are nutritionally 

imbalanced. EAA sensing is thought to be independent of taste and smell (Koehnle et al., 2003; 

Leung et al., 1972) and instead involve direct detection of post-ingestive EAA imbalance in the 

blood by neurons in the anterior piriform cortex (APC) (Hao et al., 2005; Koehnle et al., 2004; 

Maurin et al., 2005). In these neurons, the proposed molecular sensor of EAA imbalance is the 

protein kinase GCN2 (Hao et al., 2005; Maurin et al., 2005), which in yeast is activated by 

binding to uncharged tRNA that accumulates in the cytoplasm in response to amino acid 

deficiency (Wek et al., 1995). In this model, GCN2 is activated in neurons of the APC by 

declining EAA concentrations in the blood, which then triggers changes in neural activity that 

lead to rejection of nutritionally incomplete food. 

While this GCN2-dependent model is widely cited as an example of specific nutrient 

sensing (Chantranupong et al., 2015; Donnelly et al., 2013; Efeyan et al., 2015; Morrison et al., 

2012), several aspects of this proposed EAA sensory system are unusual. First, the speed of 

the proposed dietary EAA sensing lacks obvious adaptive value, given that the physiologic 

consequences of dietary EAA deficiency develop over days and not during the course of a 

single meal.  In principle, animals could eat an EAA-imbalanced meal and still meet their need 

for protein intake from other food sources, and thus the rapid rejection of EAA-imbalanced food 
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would seemingly result in the rejection of many viable sources of nutrition. Second, the brain 

region most strongly implicated in EAA sensing, the APC, is a component of olfactory cortex 

that has not otherwise been linked to any aspect of ingestive behavior. Indeed, the APC is 

protected by the blood-brain barrier, in contrast to other brain regions implicated in nutrient 

sensing such as the arcuate nucleus and circumventricular organs. This makes the APC an 

unusual location to house an interoceptive amino acid sensory system. Based on these 

intriguing properties, we chose to reinvestigate dietary EAA sensing by the brain. 

RESULTS 

Mice cannot rapidly detect threonine- or leucine-deficient food 

We first attempted to replicate the result that mice consume less threonine-deficient (T-

def) or leucine-deficient (L-def) food than control food in the first 1-3 hours of feeding. Test diets 

were synthesized that lacked one or more amino acids and used in a behavioral assay that 

compared intake of the test diet and control diet on different days in a randomized order (Figure 

1A). Importantly, the test and control diets used in this paradigm were both novel, which 

ensures that differences in food intake reflect true dietary preferences and not neophobia 

(Corey, 1978). 

Contrary to published results, we found that there was no difference in the amount of 

control versus T-def or L-def food consumed by wild-type mice in the first three hours of feeding 

(Figure 1B, C). We also tested food lacking both threonine and leucine (TL-def), reasoning that 

this doubly deficient diet may trigger a stronger response, but again there was no difference in 

the amount of food consumed after three hours (Figure 1D). We further tested lysine-deficient 

food (K-def), based on recent evidence suggesting that dietary lysine may be sensed by a 

specialized mechanism (Jordi et al., 2013; Torii and Niijima, 2001), but there was no difference 

between consumption of K-def and control food at three hours (Figure 1E). Overnight, we found 
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that mice did consume less of the T-def, L-def and TL-def diets compared to control, indicating 

that animals could detect these differences on a timescale of 21 hours (Figure 1B-D). In 

addition, we showed that mice could rapidly detect and avoid diets that lacked all amino acids 

(Figure 1F). However we found no evidence for the rapid sensing of deficiency for single EAAs 

that has been proposed to occur as quickly as 40 minutes after the onset of feeding (Hao et al., 

2005). 

Experimental sources of variation in dietary EAA sensing 

We sought to clarify the source of the discrepancy between our findings and previous 

results in the field. We first confirmed by chemical analysis that our test diets truly lacked the 

designated amino acid (data not shown). Next, we noticed that some earlier studies failed to 

control for dietary novelty in their feeding paradigm (Maurin et al., 2014; Maurin et al., 2005), 

which could result in some effects simply resulting from neophobia. Consistent with this, we 

found that comparison of a familiar control and novel test diet could give the appearance of 

rapid dietary selection in some trials, even in cases where the composition of the two diets was 

identical (Figure S1). 

We next investigated whether we could modify our feeding paradigm in order to enhance 

the mouse’s ability to rapidly sense the EAA-deficient diet. Several previous studies used a run-

in period in which mice were fed an EAA-basal diet that contained a 50% reduction in overall 

amino acid levels (Hao et al., 2005; Koehnle et al., 2003). To test whether pre-feeding with this 

basal diet was important, we acclimated mice to a leucine-basal (L-basal) diet, then measured 

their intake of novel control and L-def food on subsequent weeks using the paradigm described 

above (Figure 1A). We found that pre-feeding the basal diet failed to enhance EAA sensing at 

three hours, and, surprisingly, prevented the identification and rejection of EAA deficient food 

that occurred overnight (Figure 1G). Thus, the use of a run-in period with a low-EAA diet does 

not appear to enhance the rapid sensing of EAA deficiency. 
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Figure 1. Mice do not sense dietary EAA deficiency within the first three hours of feeding. 
(A) Feeding paradigm controlling for dietary novelty used in (B-G). Consumption of the novel 
control and test diets was quantified as a percentage of food consumed overnight on the 
previous night. (B) Wild-type (n=5) and Gcn2 -/- (n=5) mice did not consume a significantly 
different amount of T-def than novel control in the first three hours of feeding. Overnight, mice 
consumed significantly less T-def food than novel control (p=0.005), and Gcn2 -/- consumed 
more food overall than wild-type (p=0.04), but there was no interaction between diet and 
genotype. (C) Wild-type mice (n=7) did not consume a significantly different amount of L-def 
food than novel control in the first three hours of feeding. Overnight, the mice consumed 
significantly less L-def food than novel control (p=0.007). (D) Wild-type mice (n=9) did not 
consume a significantly different amount of TL-def food than novel control in the first three hours 
of feeding. Overnight, the mice consumed significantly less TL-def food than novel control 
(p=0.0008). (E) Wild-type mice (n=5) did not consume a significantly different amount of K-def 
food compared to novel control in the first three hours of feeding or overnight. (F) Wild-type 
(n=7) and Gcn2 -/- (n=5) mice consumed significantly less AA-dev food than novel control in the 
first three hours of feeding (p=0.0009) and overnight (p<0.0001), with no significant effects of 
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genotype or interaction between diet and genotype. (G) Wild-type (n=6) and Gcn2 -/- (n=6) mice 
pre-fed L-basal food did not consume a significantly different amount of L-def food compared to 
novel control in the first three hours of feeding or overnight. (H) Behavioral paradigm for fasting 
and refeeding experiment in (I). (I) Wild-type (n=14) and Gcn2 -/- (n=6) mice did not consume a 
significantly different amount of TL-def food compared to novel control in the first three hours of 
feeding following a 27-hour fast. Overnight, the mice consumed significantly less TL-def food 
than novel control (p<0.0001), with no significant effects of genotype or interaction between diet 
and genotype. 
 

We wondered whether the ability of mice to detect EAA-deficient food would be 

enhanced if they ate more rapidly, since faster consumption of EAA-deficient food may result in 

a greater imbalance of amino acids in the circulation. To test this, we fasted mice overnight and 

then fed them either control or TL-def food in a paradigm that controlled for dietary novelty 

(Figure 1H). In this protocol, mice consumed considerably more control food in the first three 

hours of feeding than in our previous assays (1.3±0.2 g vs 0.70±0.04 g, p<0.0001). However, 

there was no difference in the intake of TL-def food compared to control (Figure 1I). Overnight, 

mice did consume more control food than TL-def, but the relative amount of each diet was 

indistinguishable from experiments using ad libitum fed mice. Thus fasting does not enable 

animals to reject EAA-deficient diets more quickly or more completely. 

The amino acid sensor GCN2 plays no essential role in dietary amino acid sensing 

The protein kinase GCN2 has been proposed to mediate dietary amino acid sensing 

through a mechanism in which imbalances in the EAA content of the blood activate GCN2 in 

neurons of the piriform cortex, resulting in changes in neural activity and feeding behavior (Hao 

et al., 2005; Maurin et al., 2005; Rudell et al., 2011). We therefore obtained knockout mice 

lacking GCN2 and measured their response in several of the feeding assays described above. 

We detected no difference between wild-type and Gcn2-/- animals in any feeding assay tested, 

including consumption of T-def diet (Figure 1B), AA-def diet (Figure 1F), L-def diet after basal 

diet pre-feeding (Figure 1G), or TL-def diet after overnight fasting (Figure 1I). We confirmed the 

genotype of our Gcn2-/- animals by allele-specific qPCR and sequencing of the knockout locus 
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(Figure S2) as well as western blotting for GCN2 protein in the brain and liver (Figure S3). 

Thus, we find no evidence that GCN2 is required for dietary amino acid sensing. 

GCN2 is proposed to detect the amino acid content of food by sensing rapid, post-

ingestive changes in the level of amino acids in the blood. We therefore next determined how 

the consumption of EAA-deficient food alters the EAA composition of the blood, by feeding mice 

amino acid deficient diets and then collecting blood for amino acid analysis. Consumption of T-

def, L-def, and K-def food resulted in a progressive decrease in the concentration of the 

deficient amino acid in the blood (Figure 2A). This decrease was significant compared to 

control after three hours but not after one hour of feeding (Figure 2A). By contrast, the 

concentrations of other amino acids remained near 100% of control values, except that the 

concentrations of isoleucine and valine increased during L-def consumption (Figure 2B). This 

rise in isoleucine and valine concentrations has been previously reported, although the 

mechanism is not fully understood (Clark et al., 1966; Harper et al., 1984). Thus, plasma 

imbalance of amino acids develops over several hours of eating an imbalanced diet, but the 

changes in the first hour are small. 

We next measured directly whether the proposed EAA-sensor GCN2 was activated in 

response to EAA-deficient food. To do this we measured by western blotting the 

phosphorylation of the GCN2 substrate eIF2a (pSer-51) in the APC and the mediobasal 

hypothalamus (MBH), a second brain region where GCN2 has been proposed to act as an 

amino acid sensor (Anthony et al., 2004; Hao et al., 2005; Maurin et al., 2014; Maurin et al., 

2005). We detected no significant diet-dependent differences in eIF2a phosphorylation in either 

brain region after one or twelve hours of feeding on control or T-def chow (Figure 2C). Note that 

eIF2a phosphorylation was reduced but not eliminated in Gcn2 -/- mice because this protein is 

also phosphorylated by the kinases PERK, PKR, and HRI. In the liver, there was a trend 

towards increased eIF2a phosphorylation in response to T-def food in wild-type but not Gcn2 -/- 

mice, supporting prior reports that GCN2 is rapidly activated in the liver in response to EAA  
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Figure 2. Consumption of threonine-deficient food does not activate GCN2 in the brain 
(A) Plasma concentrations of threonine, leucine, and lysine of mice fed threonine-, leucine-, and 
lysine-deficient food, respectively, vs control food (n=3 mice per data point). In each case, 
plasma concentrations were not significantly different between control and deficient food at one 
hour but gained significance at three hours of feeding (T-def, p=0.0003; L-def, p=0.004; K-def, 
p=0.009). (B) Plasma concentrations for all amino acids measured in the same experiment as 
(A), expressed as a percentage of concentration during control feeding. (C) (Left) Wild-type and 
Gcn2 -/- mice were fed control or T-def food for one hour or 12 hours. Food intake in grams by 
each mouse is listed above the top panel. Protein extracts made from APC, MBH, and liver from 
these mice were analyzed by western blot for p-eIF2a (Ser-51), total eIF2a, and B-actin loading 
control. (Right) Quantification of p-eIF2a / eIF2a in the APC, MBH, and liver after one or 12 
hours consumption of control or T-def food.  In the APC, p-eIF2a / eIF2a was significantly lower 
in Gcn2 -/- mice than wild-type controls at one hour (p=0.02) and 12 hours (p=0.0007). In the 
MBH, Gcn2 -/- mice had significantly higher p-eIF2a / eIF2a ratios than wild-type at one hour 
(p=0.03) and 12 hours (p=0.01). There was no significant effect of diet or interaction between 
diet and genotype in the APC or MBH. There were no significant differences in the liver, but a 
trend toward a higher p-eIF2a / eIF2a ratio in wild-type mice fed T-def food compared to control 
at one hour. 
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deficiency (Anthony et al., 2004; Maurin et al., 2005). We also found that fasting had no effect 

on GCN2 activation and confirmed that GCN2 was expressed in each of the anatomic areas 

tested here (Figure S3). Overall, the fact that GCN2 is not detectably activated in the brain after 

one or twelve hours of consumption of T-def food indicates that it cannot serve as either a rapid 

or delayed sensor for dietary EAA deficiency. 

Deficiency of lysine can be detected in choice assays without prior EAA deprivation 

Given our inability to replicate previous work, we sought to identify an alternative feeding 

protocol in which we could detect evidence for rapid sensing of dietary EAA deficiency. We 

reasoned that an assay in which animals were presented with a choice between a control diet 

and an EAA deficient diet might be a more sensitive measure of dietary amino acid sensing, 

since mice may consume mildly aversive food due to hunger if given no alternative. In a 

previous study using a choice assay, rats were shown to select control food over food deficient 

in a single EAA within the first day of testing (Leung et al., 1968b).  

In a choice assay controlling for dietary novelty (Figure 3A), wild-type mice had no preference 

for control over T-def chow (Figure 3B). When given a choice between control and doubly-

deficient TL-def chow, mice again had no preference for control, and in fact consumed more TL-

def food (Figure 3C). However, mice did show a strong preference for control over AA-def food, 

consuming in most cases an undetectable amount of AA-def food in three hours (0.47±0.07 g vs 

0±0 g) and overnight (3.4±0.1 g vs 0.03± 0.03 g) (Figure 3D). Thus this choice assay can 

robustly detect preference between two diets, but mice do not identify and reject T-def or L-def 

diets on a timescale of up to 21 hours when given a choice. 

One reason why mice may fail to reject EAA-deficient food in this assay is that the 

simultaneous consumption of control food may prevent the post-ingestive development of EAA 

imbalance in the blood, which has been proposed to be required for dietary EAA sensing. To 

eliminate this confound, we repeated this experiment by giving mice a choice between AA-free  
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Figure 3. Rapid detection of lysine- but not threonine- or leucine-deficient diets in a 
choice assay. (A) Dietary choice paradigm in (B-F). (B) Wild-type mice (n=5) showed no 
significant preference for T-def or novel control food presented as a choice after three hours of 
feeding and overnight. (C) Wild-type mice (n=9) consumed more TL-def food than control after 
three hours of feeding (p=0.03) but showed no preference overnight. (D) Wild-type mice (n=7) 
consumed less AA-dev food than control after three hours of feeding (p=0.0007) and overnight 
(p<0.0001). (E) Wild-type mice (n=5) consumed significantly less AA-dev than TL-def food after 
three hours of feeding (p=0.0115) and overnight (p<0.0001). (F) Wild-type (n=12) and Gcn2 -/- 
(n=5) mice consumed significantly less K-def food than control after three hours feeding 
(p=0.03) and overnight (p<0.0001), with no significant effect of genotype or interaction between 
diet and genotype. 
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and TL-def diets. In a similar assay, rats were reported to choose an AA-free diet over a T-def 

diet (Leung et al., 1968b), a counterintuitive finding that has been cited as evidence for the 

robustness of dietary EAA sensing (Gietzen and Aja, 2012).  However, we found that mice 

strongly chose TL-def food over AA-free food, both after three hours of feeding and overnight 

(Figure 3E). 

Given that lysine has been reported to have unique post-ingestive effects (Jordi et al., 

2013; Torii and Niijima, 2001), we next examined intake of K-def food in this same choice 

paradigm. Surprisingly, we found that mice consumed significantly more control food than K-def, 

both after three hours of feeding and overnight (Figure 3F). This effect was independent of 

GCN2 (wild-type 38±6 % vs 8±3 %; Gcn2 -/- 30±10 % vs 20±10 %; diet, p=0.031; genotype, 

p=0.51; interaction, p=0.56) (Figure 3F and Figure S4). Therefore, when given a choice mice 

can rapidly identify and reject food that lacks lysine, even though in the absence of choice they 

consume lysine-deficient food at levels comparable to a control diet (Figure 1E). 

EAA deprivation enables rapid rejection of threonine- and leucine-deficient food 

As we had failed to find evidence for rapid detection of threonine or leucine deficiency, 

we considered the possibility that accurate identification of diets lacking these amino acids may 

require development of a physiologic deficit. In other words, animals might only reject threonine 

or leucine deficient food when they have a specific physiologic need for that amino acid. To test 

this, we fed mice TL-def food for two days to induce threonine/leucine deficiency, then gave 

them a choice between novel control and TL-def diets (Figure 4A). Strikingly, we found that 

mice showed a strong preference for control diet over TL-def diet in the first three hours of 

feeding, and this rapid choice did not require GCN2 (wild-type 0.39±0.16 g vs 0.01±0.01 g; 

Gcn2 -/- 0.24±0.07 g vs 0.06±0.04 g; diet, p=0.01; genotype, p=0.54; interaction, p=0.31). This 

choice was maintained overnight, and, in fact, mice did not consume a detectable amount of TL-

def food after the first three hours of feeding. We repeated this experiment by depriving wild-
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type mice of threonine for two days and then testing T-def and control diets in a choice assay 

(Figure 4B). All mice robustly chose control over T-def food in the first three hours and 

overnight. Thus, mice do have the ability to rapidly sense dietary threonine and leucine 

deficiency, but this is only revealed in choice assays following prolonged EAA deprivation. 

We next asked whether this phenomenon reflected a general need state for protein or 

was specific for the individual depleted EAA. To test this we first deprived mice of leucine for 

two days, then allowed them to choose between novel control food and T-def food. In the first 

three hours of feeding, mice were unable to distinguish control and T-def food (Figure 4C). 

However, mice robustly selected the control diet over T-def overnight (Figure 4C), which they 

failed to do in the same choice assay without prior EAA deprivation (Figure 3B). Thus 

deprivation of one EAA can partially sensitize animals to diets lacking another. 

To extend this finding, we depleted mice of all amino acids by feeding them AA-free food for two 

days, then tested their ability to distinguish control from TL-def food (Figure 4D). Mice ate more 

TL-def food than control in the first three hours, which was very similar to the result in the same 

choice assay without prior amino acid deprivation (Figure 4D, compare to Figure 3C). 

However, mice were able to correctly choose the control over EAA deficient diet overnight, 

which they failed to do in the same experiment without prior amino acid deprivation (Figure 3C). 

Together these data suggest that deprivation of a single EAA, including threonine or leucine, 

allows mice to rapidly (<3 hours) distinguish control food from food lacking that specific EAA, 

whereas a general state of protein deprivation allows mice to identify EAA-deficient diets on a 

timescale of three hours to overnight (Figure 4E). The mechanism for this sensing is unknown 

and does not require the proposed amino acid sensor GCN2. 
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Figure 4. Mice attain the ability to rapidly identify threonine- or leucine-deficient diets 
following EAA deprivation.  (A) Wild-type (n=7) and Gcn2 -/- (n=8) mice deprived of threonine 
and leucine for two days consumed less novel TL-def food than novel control after three hours 
of feeding (p=0.01) and overnight (p<0.0001), with no significant effect of genotype or 
interaction between diet and genotype. (B) Wild-type mice (n=7) deprived of threonine for two 
days consumed significantly less T-def food than control in the first three hours of feeding 
(p=0.0002) and overnight (p<0.0001). (C) Wild-type mice (n=9) deprived of leucine for two days 
showed no significant preference for T-def or control food after three hours of feeding. However, 
they consumed significantly more control food than T-def food overnight (p=0.02). (D) Wild-type 
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mice (n=4) deprived of all amino acids for two days consumed more TL-def food than control 
after three hours of feeding (p=0.04). Overnight, this trend reversed, and mice consumed 
significantly more control than TL-def food (p=0.0257). (E) Summary of behavioral data related 
to dietary EAA sensing. 

 

DISCUSSION 

How animals assemble a nutritionally complete diet from food sources of varying 

composition remains poorly understood. One possibility is that animals possess innate appetites 

for individual nutrients, and these appetites are controlled by physiologic need. This concept has 

been demonstrated most convincingly for salt appetite, which is the potent motivational drive to 

find and consume salty solutions that develops in animals subjected to sodium deprivation 

(Richter, 1936). Reasoning by analogy, it is conceivable that animals could possess, for each 

essential nutrient, a distinct, genetically hardwired neural system that monitors the nutrient 

composition of food and compares this to the needs of the body. However it has been difficult to  

obtain definitive evidence for the existence of such specific appetites, even for the basic 

macronutrients such as protein, carbohydrates, and fatty acids (Berthoud and Seeley, 2000). 

EAAs are one of the few nutrients for which an innate dietary selection system is thought 

to exist. It has been reported that rodents can identify and reject diets that lack a single EAA 

during the course of a single meal. This rapid sensing has been proposed to involve neither 

taste nor smell (Koehnle et al., 2003; Leung et al., 1972), but rather an unprecedented 

mechanism in which cortical neurons sense changes in the concentration of EAAs in the blood 

and then use this information to redirect feeding behavior (Hao et al., 2005; Koehnle et al., 

2004; Maurin et al., 2005). This cortical EAA sensing is proposed to be mediated by GCN2, a 

protein kinase that is activated by uncharged tRNAs that accumulate during amino acid 

deficiency (Hao et al., 2005; Maurin et al., 2005). 

Here we have reexamined the behavioral response to dietary EAA deficiency in mice, 

and we find no evidence to support the prevailing model for dietary EAA sensing (Figure 4E). 
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We find that naïve animals cannot rapidly identify and reject diets lacking one or more of the 

most widely-studied EAAs; that GCN2 is not activated in the brain following consumption of 

EAA-deficient food; and that GCN2 knockout animals show no defect in their consumption of 

EAA-deficient diets compared to wild-type animals.  However, we show that animals can 

robustly and rapidly reject diets lacking a specific EAA if they have a physiologic need for that 

EAA. We propose that this need-based mechanism is the primary innate mechanism that 

animals possess to select among diets based on their EAA content, and we describe assays to 

study this phenomenon in mice. 

Rapid sensing of threonine- and leucine-deficient diets requires prior amino acid 

deprivation 

Most prior studies of rapid EAA sensing used diets deficient in threonine or leucine. We 

have attempted to replicate these experiments and find that nutritionally replete mice cannot 

detect dietary deficiency of either amino acid within the first three hours of feeding. We show 

that this finding is robust to a series of changes in the behavioral paradigm designed to enhance 

the ability of animals to rapidly sense EAAs or enable them to choose one diet over another. 

While we cannot exclude the possibility that experimental conditions exist in which normal mice 

can rapidly identify and reject these diets, our data clearly show that this phenomenon is not 

nearly as robust or universal as is implied by the existing literature. 

While our data fail to support rapid EAA sensing in the paradigms previously described, 

we have identified conditions in which mice are able to robustly identify diets that lack either 

threonine or leucine. This assay requires that mice are deprived of one or more amino acids for 

two days prior to testing, and then are given a choice between a complete diet and a diet 

lacking a single EAA. Under these conditions, mice rapidly (<3 hours) reject diets lacking an 

EAA that they have already been deprived of, and more slowly (3-21 hours) reject diets lacking 

different EAA(s). A straightforward explanation for this phenomenon is that mice possess a 
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mechanism for sensing and rejecting EAA-deficient food, but that this mechanism requires the 

development of a physiologic deficit. This dependence on need state is analogous in some 

respects to salt appetite, in which animals preferentially consume salty solutions only following 

prior sodium deprivation (Richter, 1936). This state-dependent mechanism is more adaptive 

than current models of EAA sensing, since it requires only that animals rapidly reject food 

lacking an EAA when they are deficient for that specific EAA. 

A challenge in studying interoceptive nutrient sensing is the fact that animals can 

develop learned associations between sensory cues (taste, smell) and the post-ingestive 

consequences of consuming various foods (e.g. conditioned taste aversion). We have taken 

steps to limit such sensory cues by ensuring that the EAA-deficient and control foods used in 

these experiments were identical in composition other than the missing EAA. In many 

experiments we have taken the additional step of using test food from different batches, to avoid 

learned associations based on cryptic differences between batches of otherwise identical food. 

Prior literature has argued that animals cannot taste or smell the absence of a single amino acid 

in food (Koehnle et al., 2003; Leung et al., 1972), and the concentration of individual amino 

acids in our control diets were near the limits of detection reported for individual substances in 

human studies (Kirimura et al., 1969; Schiffman et al., 1979). While we cannot rule out the 

possibility that learned associations play some role in the rapid sensing of these diets following 

EAA deprivation (Figure 4A, B), this mechanism cannot explain dietary selection in the absence 

of deprivation (Figure 3F) or following deprivation of a different EAA (Figure 4C).  

Lysine-deficient food is rapidly selected against without prior experience 

Lysine is an EAA that has not been investigated in prior studies of rapid EAA sensing. 

However, we find that nutritionally replete mice can detect and avoid food lacking lysine within 

three hours in choice experiments, in contrast to threonine and leucine. This finding was 

surprising given that lysine deficiency develops more slowly than other EAAs due to the unusual 
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catabolism of this amino acid (Blemings et al., 1998; Yang et al., 1968). However, multiple 

organisms have been shown to select control diets over lysine deficient diets in longer term 

experiments (Hrupka et al., 1999; Murphy and King, 1989; Newman and Sands, 1983), and our 

observation of rapid lysine sensing is in agreement with a recent report suggesting that rodents 

possess specialized sensing mechanisms for lysine, arginine, and glutamate (Jordi et al., 2013). 

GCN2 plays no role in dietary EAA sensing 

Previous work showed that knockout mice lacking the protein kinase GCN2 globally or 

specifically in the brain exhibit a defect in dietary EAA sensing (Hao et al., 2005; Maurin et al., 

2005).  However, using these same GCN2 knockout mice, we can find no requirement for 

GCN2 in any behavioral assay tested. Furthermore, we observe no change in the 

phosphorylation of GCN2’s substrate eIF2a in the brain after either acute or overnight exposure 

to EAA deficient food. While we cannot fully explain the differences between our observations 

and previous reports, we note that the effect size of the GCN2-dependent EAA sensing 

described in previous studies was relatively small (~20-30% difference in acute food intake 

between genotypes). Our data suggest that these small effects are not reproducible. In addition, 

some of the behavioral assays used in prior work failed to account for dietary novelty, which we 

show can result in the appearance of spurious amino acid sensing. By contrast, the choice 

assays we report here show much larger magnitude effects. We believe that these larger effects 

represent the major behavioral response to dietary EAA deficiency, and that this response does 

not require GCN2. 

Summary 

In summary, we have systematically examined the behavioral responses of mice to 

dietary EAA deficiency and have identified conditions under which EAA deficiency can be 

robustly detected. This work lays the foundation for studies on how individual nutrients in food 

shape food preferences in animals and in humans. Our description of these behaviors in the 
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mouse, a highly genetically tractable model system, will allow dissection of the molecular 

mechanisms as well as the neural circuits that mediate these responses. 

 

 

METHODS 

Animals 

Wild-type C57B/6J (JAX #000664) and Gcn2 -/- mice on a C57B/6J background (JAX 

#008240) (Munn et al., 2005) were maintained in a UCSF barrier facility with a 12:12 hour 

light:dark cycle. Males between 8 and 12 weeks old were used for all experiments. All studies 

were in accordance with UCSF IACUC protocols. 

Diets and feeding experiments 

Pelleted diets were manufactured by Research Diets, Inc. (New Brunswick, NJ). The 

amino acid profile of the control diet was based on optimal conditions for growth in rats (Baker 

and Boebel, 1981). For exact formulations of control and experimental diets, see Leib and 

Knight, 2015. See also Supplemental Methods. 

Amino acid analysis 

Diet and plasma amino acid analyses were performed by the UC Davis Proteomics Core 

by ion-exchange chromatography followed by ninhydrin derivatization. See also Supplemental 

Methods. 

Western blots 

For western analysis after one hour of feeding, Gcn2 -/- and wild-type C57B/6J mice 

were fasted overnight and re-fed either control, T-def, or K-def food for one hour during the light 

cycle on the following day. A separate cohort was sacrificed at the beginning of the light cycle, 
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after twelve hours of feeding. Cytoplasmic protein extracts were prepared from the APC, MBH, 

and liver, and p-eIF2a and total eIF2a were quantified using standard western blotting 

techniques. See also Supplemental Methods. 

Statistics 

All statistical analyses were carried out in GraphPad Prism 6. Food intake was analyzed 

by repeated measure two-way ANOVA for behavioral experiments with wild-type and Gcn2 -/- 

mice, and by paired t-test for behavioral experiments involving wild-type mice only. Plasma 

amino acid concentrations after one and three hours of feeding were analyzed by t-tests, 

corrected for multiple comparisons by the Holm-Sidak method. Western blot quantification data 

were analyzed by two-way ANOVA. Data are presented as average±SEM in the text and 

average+SEM in all figures, with data from individual mice depicted as gray lines where 

applicable. ****, p<0.0001; ***, p<0.001; **, p<0.01; *, p<0.05; n.s., not significant. 
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SUPPLEMENTAL MATERIALS 

Supplemental Methods 

Feeding experiments 

Animals were singly housed and acclimated to control or leucine basal diet for at least 

five days prior to experiments. During experiments and for at least two days prior, food was 

removed from the cage at Zeitgeber time (ZT) 9:00 and replaced with fresh food at ZT 12:00 

unless otherwise noted. Food pellets were weighed at ZT 12:00, 15:00, and the following day at 

ZT 9:00 with an Ohaus Scout Pro 400g balance to the nearest 0.1 g in order to calculate three-

hour and overnight food intake. Mice were used for up to three behavioral experiments 

separated by at least five days on a control diet. The experimenter was not blinded to genotype 

or diet. Some experiments were repeated in independent cohorts of mice, including choice 

between K-def and control food and choice between TL-def food and control following two days 

of threonine/leucine deprivation. 

Amino acid analysis 

All amino acid analysis was performed by the UC Davis Proteomics Core. For analysis 

of mouse chow, a single pellet of each diet tested (control, T-def, L-def, TL-def, and K-def) was 

crushed with a mortar and pestle, and approximately 10 mg was transferred to a fresh tube. 

Next, 400 µl of 0.1-N HCl was added and vortexed. 100 µl of 10% sulfosalicylic acid was added, 

and this was frozen overnight. The sample was then thawed, vortexed, centrifuged, and 100 µl 

of supernatant was transferred to a new tube. This was then diluted 1:10 in a dilution buffer 

containing S-2-aminoethyl-L-cysteine as an internal control. 50 µl of this dilution was analyzed 

on a Hitachi L-8800 Amino Acid Analyzer. All amino acids were quantified except asparagine, 

aspartate, glutamic acid, and glutamine, as the Hitachi L-8800 lacked the resolution to 

distinguish these amino acids from each other. 
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For plasma amino acid analysis, group-housed wild-type mice were acclimated to control 

food for at least five days. On the day of plasma collection and for at least two days prior, food 

was removed from ZT 9:00 to ZT 12:00. Plasma was collected at ZT 12:00 (0 hours of feeding) 

and after one and three hours of feeding on control, T-def, L-def, or K-def food. Blood was 

obtained by tail snipping and collected in tubes pre-loaded with EDTA to prevent coagulation 

(RAM Scientific, #07-7053). The collected blood was centrifuged at 8000 g for eight minutes, 

then the plasma transferred to a new tube, frozen, and sent to UC Davis for analysis. To isolate 

the free amino acids, proteins were precipitated from the plasma by adding 1/4 volume of 10% 

sulfosalicylic acid, vortexing, freezing overnight, then thawing and centrifuging. Samples were 

then diluted 1:2.5 in buffer containing S-2-aminoethyl-L-cysteine as an internal control, and 50 

µl of this dilution was analyzed on a Hitachi L-8900 Amino Acid Analyzer. All amino acids were 

quantified and reported in Figure 2B except cysteine, methionine, and tryptophan. 

DNA sequencing of Gcn2 -/- locus 

Genomic DNA from a Gcn2 -/- mouse was PCR-amplified with the following primers: 

 

oIMR8796:   5’-TCTCCCAGCGGAATCCGCACATCG-3’ 

oIMR8791:   5’-TGCCACTGTCAGAATCTGAAGCAGG-3’ 

 

The PCR product was gel purified and submitted for sequencing with primer oIMR8796 

(Elim Biopharmaceuticals, Inc.). 

qPCR genotyping of Gcn2 -/- mice 

Genomic DNA from wild-type and Gcn2 -/- mice was analyzed by quantitative PCR 

(BioRad CFX Connect Real-Time PCR Detection System) using TaqMan Gene Expression 

Master Mix (Life Technologies #4369016) and the following PrimeTime primers and hydrolysis 
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probes (IDT DNA). Probes were 5’ labeled with the specified dye, and all probes contained 

internal Zen and 3’ Iowa Black labels. 

 

Gcn2 -/- specific qPCR: 

Forward:    5’-GTGTTTGGCCAGCATTGTC-3’ 

Reverse:    5’-GGATCCACTAGCCATATGTAACTT-3’ 

Probe (FAM-labeled):  5’-TACATATGCTGTGCCTGTGGAGGC-3’ 

 

Wild-type-specific qPCR: 

Forward:   5’-CATATGGCTAGCAGTCATGGAG-3’ 

Reverse:    5’-GTGGATAATGGAGCTCGTTCTTA-3’ 

Probe (FAM-labeled):  5’-AGAGAGGGCTCAGTGGTTGAGAGA-3’ 

 

Control qPCR: 

Forward:    5’-GTGAAGGCTGATTCTTTGTGG-3’ 

Reverse:   5’-AGAAATGTCTCTGTCGCTCAAG-3’ 

Probe (HEX-labeled):  5’-AAAAGACCCCTACGCCCCAACTC-3’ 

 

As a DNA loading control, control qPCR was multiplexed in the same reaction as wild-

type- or Gcn2 -/- specific qPCR reactions. The amount of wild-type and Gcn2 - DNA was 

quantified relative to control by ΔCt and expressed in Figure S1 as the fold average for wild-type 

or Gcn2 -/- mice, respectively. 

Western blots 

For western analysis after one hour of feeding, mice were fasted overnight, then re-fed 

either control, T-def, or K-def food for one hour. For western analysis after twelve hours of 
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feeding, food was removed from the cage from ZT 9:00 to 12:00, then mice were fed either 

control or T-def food until ZT 24:00. After feeding, mice were sacrificed by cervical dislocation, 

their brains rapidly dissected, and the APC, MBH, and liver collected. A cytoplasmic protein 

extract was then prepared by a modification of the Dignam and Roeder protocol (Dignam et al., 

1983). Dissected tissue was incubated in hypotonic lysis buffer (10 mM HEPES pH 7.9, 60 mM 

KCl, 2 mM MgCl2, 0.6% NP-40, and 10% glycerol) on ice for ten minutes, then disrupted with a 

pestle and centrifuged at 1600 g at 4ºC for five minutes. The supernatant was collected and 

total protein concentration determined by BCA assay (Pierce #23225). 30 mg of total protein 

was separated on a tris-glycine gradient gel (Bio-Rad #456-9036) according to manufacturer’s 

protocol, then bands for p-EIF2A, total EIF2A, or GCN2 visualized by standard western blotting 

techniques using the following antibodies: p-EIF2A (Cell Signaling #9921 or #3398, 1:1000 in 

2% BSA in TBS-T), total EIF2A (Cell Signaling #9722, 1:1000 in 3% milk in TBS-T), or GCN2 

(Abcam #137543, 1:1000 in 3% milk in TBS-T). HRP activity was killed with 1% sodium azide in 

TBS-T for one hour, then blots were re-probed for beta-actin (Cell Signaling #7074, 1:1000 in 

3% milk in TBS-T). Band densitometry was performed in ImageJ. p-EIF2A / total EIF2A ratios 

were calculated by first normalizing p-EIF2A and EIF2A band intensities to beta-actin loading 

controls, then dividing normalized p-EIF2A values by normalized total EIF2A values. Data are 

presented as fold p-EIF2A / EIF2A relative to the average for wild-type mice fed control food. 
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Figure S1. Apparent rapid sensing of EAA deficiency may reflect neophobia.  Related to 
Figure 1. (A) Feeding paradigm used in (B-E). (B) Wild-type (n=6) and Gcn2 -/- (n=3) mice did 
not consume a significantly different amount of T-def food compared to control in the first three 
hours of feeding, with no significant effects of genotype or interaction between diet and 
genotype. Overnight, mice consumed less T-def food than control (p<0.0001), but genotype and 
interaction between diet and genotype had no significant effect. (C) Wild-type mice (n=11) did 
not consume a significantly different amount of L-def food compared to control in the first three 
hours of feeding. Overnight, the mice consumed less L-def than control (p<0.0001). (D) Wild-
type (n=16) and Gcn2 -/- (n=8) mice consumed significantly less TL-def food than control in the 
first three hours of feeding (p=0.0049) and overnight (p<0.0001), with a significant effect for 
genotype in the first three hours of feeding (p=0.0135) but not overnight, and no significant 
interaction between genotype and diet at either time point. (E) Wild-type (n=31) and Gcn2 -/- 
(n=8) mice consumed significantly less novel control food than familiar control food in the first 
three hours of feeding (p=0.021), and Gcn2 -/- mice consumed less than wild-type mice 
(p=0.0349), but there was no significant interaction between diet and genotype. Overnight, there 
were no significant effects of diet, genotype, or interaction between diet and genotype. 
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Figure S2. Gcn2 -/- mice are homozygous for a GCN2 loss-of-function allele. Related to 
Figure 1. Gcn2 -/- mice are reportedly homozygous for a targeted mutation in which a single 
loxP site replaces exon 12 of Gcn2, a necessary part of GCN2's ATPase domain. (A) To confirm 
their genotype, the genomic region flanking the loxP insertion was PCR-amplified and 
sequenced. The sequencing chromatogram clearly shows the junctions of the genomic DNA 
sequence with the loxP insertion. The position of the Gcn2 -/- specific forward genotyping qPCR 
primer used in (B) is also depicted. (B) Two qPCR primer sets were designed to distinguish the 
wild-type and Gcn2 -/- alleles. The probe and reverse primer in the wild-type-specific probe and 
primer set bind within exon 12, whereas the forward primer of the Gcn2 -/- specific probe and 
primer set spans the junction between the loxP insertion and genomic DNA in the Gcn2 -/- 
mouse. Genomic DNA from six wild-type and six Gcn2 -/- mice was analyzed using these 
primers. Wild-type-specific qPCR detected less than 10,000-fold less DNA in Gcn2 -/- mice 
compared to wild-type controls, far less than the two-fold difference expected if the Gcn2 -/- 
mice were only heterozygous for the mutation (dotted line). Similarly, Gcn2 -/- specific qPCR 
detected close to 10,000-fold less DNA in wild-type mice than Gcn2 -/- mice. 
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Figure S3. Additional controls for western blots. Related to Figure 2. (A) Wild-type mice 
were given ad libitum access to food, fasted overnight, or fasted and then re-fed for one hour. 
Protein extracts made from APC, MBH, and liver from these mice were analyzed by western 
blot for p-EIF2A (Ser-51), total EIF2A, and beta-actin loading control. (B) Fasting had no 
significant effect on EIF2A phosphorylation in the APC, MBH, or liver. Re-fed mice had 
significantly reduced EIF2A phosphorylation in the APC compared to ad libitum fed mice 
(p=0.0268), but not in the MBH or liver. (C) Western blots for GCN2 from wild-type and Gcn2 -/- 
APC, MBH, and liver extracts demonstrate that GCN2 is expressed in each of these tissues. 
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Figure S4. Consumption of lysine-deficient food does not activate GCN2 in the brain. 
Related to Figure 3. (A) Wild-type and Gcn2 -/- mice were fed control or K-def food for one hour 
or 12 hours. Food intake in grams by each mouse is listed above the top panel. Protein extracts 
made from APC, MBH, and liver from these mice were analyzed by western blot for p-EIF2A 
(Ser-51), total EIF2A, and beta-actin loading control. (B) After one hour of feeding, basal level p-
EIF2A / EIF2A in the APC was significantly lower in Gcn2 -/- mice than wild-type controls 
(p<0.0001), with no effect of diet or interaction between diet and genotype. There were no 
significant effects of diet or genotype in the MBH or liver. (C) After twelve hours of feeding, 2-
way ANOVA revealed a significant interaction between diet and genotype (p=0.0130), where 
lysine seemed to reduce EIF2A phosphorylation in wild-type but increase EIF2A 
phosphorylation in Gcn2 -/- mice. In the MBH and liver, Gcn2 -/- mice had significantly lower 
phosphorylation of EIF2A than wild-type mice (p=0.0119 and 0.0023).  
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Chapter 3: Mouse genetic tools linking Fos and Erk2 to the 
ribosome 

David E. Leib and Zachary A. Knight 

SUMMARY 

A central goal in neuroscience is to identify the specific neural populations that control 

behavior and physiology. Neural populations activated by experimental stimuli can be visualized 

by staining for markers of neural activity, such as Fos, but this does not reveal the molecular 

identity of the activated population. Here we describe two mouse genetic tools designed to 

profile gene expression in active neurons, based Fos expression or phosphorylation of Erk1/2 

on T202/Y204 (p-Erk1/2) and translating ribosome affinity purification (TRAP). In the first tool, a 

Fos protein tagged with HA and a single-domain GFP antibody binds to GFP-tagged ribosomes. 

In the second tool, Erk2 is fused to the ribosome and becomes phosphorylated in active 

neurons, allowing for phosphorylation-specific ribosome capture. Both of these approaches 

successfully enrich for genetic markers of neural activity as well as a positive control gene Avp 

that marks two hypothalamic populations activated by dehydration. However, even after 

optimization of the genetic tools and immunoprecipitation conditions, the enrichment is lower 

than expected and insufficient to identify novel cell types. This is in part due to low-level but 

widespread background of Fos and p-Erk1/2, a problem exacerbated in the Fos profiling 

approach because Fos is stabilized by dimerizing to the ribosome. Overall, the genetic tools 

described here may be useful in certain limited situations, but it will be important to continue to 

develop tools to identify functionally defined neural populations. 
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INTRODUCTION 

The mammalian brain contains thousands of distinct neural cell types defined by 

location, morphology, electrophysiology, gene expression, and function (Lichtman and Denk, 

2011; Masland, 2004). In model organisms, it is now possible to manipulate genetically defined 

neural cell types for cell-type-specific visualization, mapping of synaptic connectivity, functional 

manipulation, and real-time monitoring of neural activity (Luo et al., 2008, 2018). However, 

systematic tools to identify genetic markers for neural cell types are still lacking, and 

researchers are often forced to test numerous candidates to identify a suitable marker. 

A useful starting point in identifying functional neural populations is to study neurons 

activated by an experimental stimulus. Neuroscientists are able to visualize activated neurons in 

brain sections by staining for various markers of neural activity that appear downstream of 

calcium influx and other second messengers (Flavell and Greenberg, 2008). The most widely 

used activity markers are immediate early genes, such as Fos and Arc, although other markers 

are also used in certain situations. For example, phosphorylation of Erk1/2 on T202/Y204 (p-

Erk1/2) appears very rapidly in response to neural activity–within 5 minutes–and has enabled 

visualization of neural activity in a tighter time window than immediate early genes (Ji et al., 

1999; Randlett et al., 2015). 

One marker of neural activity, phosphorylation of ribosomal protein S6 (p-S6), has the 

advantage of being coupled to the ribosome, permitting the unbiased identification of genetic 

markers for activated populations using an approach based on translating ribosome affinity 

purification (TRAP) (Knight et al., 2012). In this approach, termed phosphoTRAP, ribosomes 

containing p-S6 are captured by phospho-specific immunoprecipitation (IP) and the associated 

mRNA sequenced. PhosphoTRAP has been used to study gene expression in neurons that 

respond to warm challenge, olfactory cues, salt challenge, fasting, and scheduled feeding (Jiang 

et al., 2015; Knight et al., 2012; Tan et al., 2016; von der Weid et al., 2015), clearly 
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demonstrating the utility of this kind of activity-based molecular profiling. An advantage of 

phosphoTRAP and TRAP in general is that they avoid the dissociation and sorting of mature 

neurons, which is difficult and can alter gene expression (Heiman et al., 2008; Sanz et al., 

2009). However, the timecourse of S6 phosphorylation is slow and background levels of p-S6 

are prohibitively high in some brain areas. Because of these limitations, we sought to modify 

TRAP to allow molecular identification of neurons based on Fos or p-Erk1/2. 

Here we describe two mouse genetic approaches to profile gene expression in activated 

neurons defined by Fos expression or p-Erk1/2. We show that these techniques enrich for 

ribosomes from activated neurons, but that low enrichment prevents the use of these 

techniques to identify novel neural populations. 

RESULTS 

Strategy to profile gene expression in Fos-expressing neurons 

Fos is a commonly used and well validated marker of neural activity, and we therefore 

set out to develop a method to profile gene expression in neurons expressing Fos protein. Our 

idea was to tag Fos with HA and a single-domain antibody against GFP, called a nanobody 

(Muyldermans, 2013), and to tag the ribosome with GFP (Figure 1A). When we stimulate these 

mice with an experimental challenge, Fos-HA-nanobody is expressed in active neurons and 

binds to GFP-tagged ribosomes but is absent in inactive neurons. This allows a brain region of 

interest to be dissected and ribosomes from active neurons within that region to be 

immunoprecipitated using an HA antibody. Finally, the RNA can be sequenced and transcripts 

identified that are enriched in the immunoprecipitated RNA compared to input RNA from the 

dissected tissue. Some of these transcripts will be activity-dependent genes, and some will be 

unique genetic markers for neural populations activated by the experimental stimulus. 
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Figure 1. Strategy to profile gene expression in Fos-expressing neurons. (A) Schematic of 
profiling strategy. (B) Design of a Fos BAC transgene and a plasmid transgene. (C) Histology 
from BAC line 2 showing HA and GFP in the PVH after salt challenge or control (Staining was 
indistinguishable in lines 1-3). Scale bar, 200 µm. (D) IPs from hypothalamus from lines 1-3 
after salt challenge (n=1). IP/input for each gene was calculated by normalizing to 
housekeeping gene Rpl27a. See also Figure S1. 
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We first generated BAC transgenic mice containing the Fos locus modified to express 

Fos-HA-nanobody and plasmid transgenic mice that express a GFP-tagged ribosomal protein 

under control of an amplified synapsin promoter (syn-GFP-Rpl10a) (Figure 1B) (Liu et al., 

2008). We obtained three BAC lines and crossed them into a syn-GFP-Rpl10a line with brain-

wide GFP expression (Figure S1). Next, we tested whether salt challenge (i.p. injection of 

hypertonic saline), a well characterized stimulus that induces dehydration, induced Fos-HA-

nanobody in the paraventricular hypothalamus (PVH). As expected, we detected a dramatic 

increase in HA immunofluorescence in the PVH after salt challenge compared to control (Figure 

1C). We next used salt challenge to optimize HA immunoprecipitation conditions from the 

hypothalamus (Figure S1). Salt challenge is known to activate neurons in the PVH and 

supraoptic nucleus expressing vasopressin (Avp), so we selected conditions that maximized 

enrichment for Avp as well as the Fos-HA-nanobody construct. Finally, we used these 

conditions to compare enrichment between the three BAC transgenic lines in whole 

hypothalamus immunoprecipitation following salt challenge (Figure 1D). In all three lines, HA 

immunoprecipitation enriched for three activity dependent genes (Fos-HA-nanobody, 

endogenous Fos, and Fosb) and Avp, normalized to the housekeeping gene Rpl27a. However, 

a negative control gene Agrp was depleted and a second housekeeping gene Actb was not 

enriched. While these results were promising, the IP/input enrichments for endogenous Fos and 

Avp were relatively low, and we were concerned that this might reflect a lack of fidelity in the 

BAC transgenes. 

Generation and validation of a Fos knockin 

To overcome this problem, we generated a knockin to the Fos locus using 

CRISPR/Cas9 technology adding the same HA and nanobody tags (Figure 2A) (Platt et al., 

2014). We then crossed the knockin line to the syn-GFP-Rpl10a line and verified that salt 

challenge induced Fos-HA-nanobody in the PVH (Figure 2B), as well as additional brain areas  
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Figure 2. Fos knockin and stabilization of Fos by binding to the ribosome. (A) Generation 
of a Fos CRISPR knockin and long-range PCR confirming proper integration. (B) HA and GFP 
histology in knockin mice after salt challenge or control. Scale bar, 200 µm. (C) IPs from 
hypothalamus in knockin mice after salt challenge. IP/input for each gene was calculated by 
normalizing to housekeeping gene Rpl27a. Values are reported as mean ± SEM; *p<0.05. (D) 
Fos-HA-nanobody is retained in the cytoplasm by GFP-Rpl10a in salt-challenged mice. (E) 
GFP-RplL10a stabilizes Fos-HA-nanobody and increases background HA expression in the 
hypothalamus (left, scale bar 200 µm) and dentate gyrus (right, scale bar 100 µm) in 
unstimulated mice. See also Figure S2. 
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in the hypothalamus, extended amygdala, and hindbrain (Figure S2). Next, we performed HA 

immunoprecipitation from the hypothalamus after salt challenge or control i.p. injections and 

analyzed the captured RNA by qPCR (Figure 2C). Activity-dependent genes were enriched in 

both conditions, reflecting the presence of neurons in the control condition that are 

coincidentally activated and express Fos, while Avp was only enriched after salt challenge and 

not control. Compared to immunoprecipitations from the BAC transgene mice, endogenous Fos 

was more highly enriched, suggesting that the knockin line may be more faithful to endogenous 

Fos expression. 

However, multiple attempts to profile dehydration-activated neurons in microdissected 

brain regions all failed to produce molecular markers due to lower than expected enrichment 

(data not shown). In these experiments, Fos was generally less than 5-fold enriched and any 

potential marker genes did not stand out sufficiently from the distribution of IP enrichment 

values. In an attempt to further optimize immunoprecipitation conditions, we altered the 

concentration of recombinant GFP (rGFP) protein in the homogenization buffer, but this had 

only minor effects on enrichment and RNA yield (Figure S2). One factor contributing to low 

enrichment is background expression of Fos-HA-nanobody independent of experimental 

stimulus. We noted that the Fos fusion protein was retained in the cytoplasm in the presence of 

GFP-Rpl10a (Figure 2D) and hypothesized that this might stabilize the Fos fusion protein. In 

support of this, we observed higher background of Fos-HA-nanobody expression in 

unstimulated mice in the presence of GFP-Rpl10a (Figure 2E). We conclude that interaction 

with the ribosome likely stabilizes Fos and contributes to higher-than-expected background. 

Intersectional analysis of Fos-expressing excitatory or inhibitory neurons 

We reasoned that we might increase enrichment for marker genes by limiting our 

analysis to excitatory versus inhibitory neurons. We tested this hypothesis by crossing the Fos 

knockin line to either Vglut2-Cre or Vgat-Cre and Rosa26-LSL-GFP-Rpl10a reporter lines. Salt 
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challenge induced Fos-HA-nanobody expression in the PVH of mice with both genotypes 

(Figure 3A). However, Fos-HA-nanobody only colocalized with GFP-Rpl10a in the PVH in 

Vglut2-Cre mice, since PVH neurons are almost all excitatory. We next immunoprecipitated 

RNA from the hypothalamus in both genotypes following salt challenge or control i.p. injections 

(Figure 3B,C). As expected, Avp was enriched by immunoprecipitations from Vglut2-Cre but not 

Vgat-Cre mice after salt challenge (Figure 3C). Unfortunately, despite successfully limiting our 

analysis to Vglut2 versus Vgat populations, enrichment was not improved over the previous 

approach and was still too low to reliably identify uncharacterized populations. 

Strategy to profile gene expression based on p-Erk1/2 

Compared to Fos, p-Erk1/2 is induced much more rapidly in response to neural activity. 

To demonstrate this in our hands, we compared the timecourse of Fos, p-Erk1/2, and p-S6 

induction in the PVH in response to salt challenge (Figure S3). We detected both Fos and p-S6 

induction starting at 60 minutes post injection. In contrast we detected phospho-Erk1/2 by the 

first timepoint just 5 minutes post injection (Figure S3). This rapid timecourse makes p-Erk1/2 a 

particularly useful marker to study transient stimuli or to study neurons activated immediately 

following a stimulus. 

We therefore designed a second tool to profile gene expression from neurons containing 

p-Erk1/2. In this scheme, ribosomes in all neurons are tagged with Erk2 and GFP, and the Erk2 

fusion protein is phosphorylated in active neurons (Figure 4A). Ribosomes from activated 

neurons can then be captured by phospho-specific immunoprecipitation and the associated 

mRNA analyzed as before. To accomplish this, we generated transgenic mice in which an Erk2-

GFP-Rpl10a fusion protein is expressed under control of an amplified synapsin promoter (syn-

Erk2-GFP-Rpl10a) (Figure 4B). We selected a line with brain-wide expression (Figure S4) and 

showed that salt challenge induced p-Erk1/2 in the PVH and other brain regions in these mice 

(Figure 4C and Figure S4). 
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Figure 3. Restriction to excitatory or inhibitory neurons does not improve enrichment.  
(A) PVH histology after salt challenge in knockin mice crossed with either Vglut2- or Vgat-Cre 
and a Rosa26-LSL-GFP-Rpl10a reporter. Scale bars, 200 µm. (B) Illumina RNA-Seq data from 
hypothalamus IPs in Vglut2- (left) vs Vgat-Cre (right) mice after salt challenge or control (n=3). 
Mean IP/input was calculated from RPKM values for each gene. Avp is shown in blue and 
activity dependent genes are shown in red. (C) In the RNA-Seq data, Avp is only enriched in IPs 
from salt-challenge Vglut2-Cre mice (n=3). Values are reported as mean ± SEM; **p<0.01. 
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Figure 4. Strategy to profile gene expression based on p-Erk1/2. (A) Schematic of profiling 
strategy. (B) Transgene to express Erk2-GFP-Rpl10a in all neurons. (C) PVH histology in 
transgenic mice following salt challenge or control. Scale bar, 200 µm. (D) IPs from 
hypothalamus in transgenic mice after salt challenge or control (n=3). IP/input for each gene 
was calculated by normalizing to housekeeping gene Rpl27a. Values are reported as mean ± 
SEM; *p<0.05. (E) Illumina RNA-seq data from the same experiment. Mean IP/input was 
calculated from RPKM values for each gene. Avp is shown in blue and activity dependent genes 
are shown in red. See also Figure S3 and Figure S4. 
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Next, we optimized p-Erk1/2 immunoprecipitation conditions using salt challenge and 

hypothalamus immunoprecipitations (Figure S4). Using the optimal conditions, we found that 

activity-dependent genes were enriched by p-Erk1/2 immunoprecipitation after both salt 

challenge and control, whereas Avp was only enriched after salt challenge (Figure 4D). We 

then sequenced the same mRNA and found that Avp was among the genes most enriched in 

salt challenge versus control (Figure 4E). However, Avp was less than 5-fold enriched by both 

qPCR and sequencing, and this low level of enrichment would hinder identification of novel 

genetic markers using this tool. 

DISCUSSION 

Molecular identification of functional neural populations represents an important and 

challenging goal in neuroscience. Here, we have described two mouse genetic approaches 

designed to take advantage of two commonly used activity markers, Fos and p-Erk1/2, to profile 

gene expression in activated neurons. These approaches succeeded to some degree in 

enriching mRNA from activated neurons, but enrichment was too low to permit molecular 

identification of uncharacterized cell types due in part to background expression of Fos and p-

Erk1/2. In parallel to our work, other tools have now been developed with the same goal based 

on single-cell sequencing and/or targeted recombination in active populations (TRAP) (Allen et 

al., 2017; Cho et al., 2016; Lacar et al., 2016; Ye et al., 2016). It will be important to continue to 

improve on these technologies to identify the neural cell types that control behavior and 

physiology. 
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METHODS 

Animals 

Wild-type C57B/6J (JAX, #000664), Vglut-Cre (JAX, #016963), Vgat-Cre (JAX, 

#016962), and Rosa26-LSL-GFP-Rpl10a (JAX, #024750) mice were obtained from the Jackson 

Laboratory. All animals were maintained in a UCSF barrier facility with a 12:12 hour light:dark 

cycle, and all studies were in accordance with UCSF IACUC protocols. 

Generation of Fos-HA-nanobody BAC transgenic and knockin mice 

BAC transgenic Fos-HA-nanobody mice were generated by homologous recombination 

and galK selection (Warming et al., 2005). Briefly, an HA-nanobody-Flag sequence was 

synthesized (IDT DNA) and inserted into a BAC (Children’s Hospital Oakland Research 

Institute, RP24-233K8) immediately before the Fos stop codon. The loxP site on the BAC vector 

was then replaced with an ampicillin resistance gene. Finally, the circular Fos-HA-nanobody 

BAC was submitted for pronuclear injection in FVB/N zygotes (Cyagen Biosciences). Three 

founders were identified and backcrossed to C57B/6J. Founders and offspring were genotyped 

by qPCR for the nanobody sequence (F: 5’-CAAAGCCCACATTGACATTCG-3’, R: 

5’GTTATGAAGACTCCGTGAAGGG-3’, probe: 5’-6-

FAM/TGAACAGCC/ZEN/TGAAACCTGAGGACAC/3’-IABkFQ; IDT DNA). 

Knockin mice were created by homologous recombination at the endogenous Fos locus 

aided by targeted CRISPR endonuclease activity. To generate the targeting vector, Fos-HA-

nanobody along with a 1000-bp 5’ homology arm and a 5000-bp 3’ homology arm was captured 

from the BAC transgene into a plasmid by homologous recombination. To generate site-specific 

double stranded breaks using CRISPR, an sgRNA sequence (GCCUUCUCUGACUGCUCACA) 

was selected such that the guide sequence would be separated from the PAM site in the 

genomic DNA by the HA-nanobody insertion. This ensured that the targeting vector and 
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recombined Fos-HA-nanobody allele were protected from Cas9 nuclease activity. Cas9 protein 

(100 ng/μL), sgRNA (250 ng/μL) and targeting vector DNA (100 ng/μL) were mixed and injected 

into the pronucleus of fertilized FVB/N zygotes. 150 injected zygotes were implanted into 

oviducts of pseudopregnant CD1 female mice. 8 out of 12 pups genotyped were positive for the 

knock-in allele, and 5 of these also contained the targeting vector inserted randomly as a 

transgene. Founder pups and offspring were genotyped for the presence of the knock-in allele 

by qPCR for the nanobody sequence. Presence of the knock-in allele was also verified by long 

range PCR (expected amplicon size 1328 bp) using a forward PCR primer upstream of the 5′ 

homology arm (5’-ACACAACAGAGAAGGGACGC-3’) and a reverse PCR primer inside the HA 

sequence (5’-AACGTCGTAGGGGTATGCCA-3’). 

Generation of syn-GFP-Rpl10a and syn-Erk2-GFP-Rpl10a transgenic mice 

To generate the syn-GFP-Rpl10a transgene, a fragment containing an amplified 

synapsin promoter (Liu et al., 2008) followed by mouse Fkbp1a, GFP, and mouse Rpl10a was 

cloned into the EcoRI/NotI sites of pMetLuc (Clontech). The syn-Erk2-GFP-Rpl10a plasmid was 

generated using a similar approach, but the intron from pCI-neo (Promega) was added 

immediately after the promoter sequence and mouse Erk2 with a kinase dead mutation to a 

conserved lysine in the ATP binding site (Robbins et al., 1993) replaced Fkbp1a. Both plasmids 

were then linearized by AseI/DraIII and submitted for pronuclear injection in FVB/N zygotes 

(Cyagen Biosciences). Founders were identified by genotyping and transgenic lines selected 

with high levels of brain-wide GFP expression. These lines were maintained on a mixed 

C57B/6J and FVB/N background. 

Immunofluorescence 

Mice were transcardially perfused with PBS followed by formalin. Brains were postfixed 

overnight in formalin at 4°C and washed with PBS. Free floating sections (40 μm) were 

prepared with a cryostat, blocked (3% BSA, 2% NDS and 0.1% Triton-X in PBS for two hours), 
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and then incubated with primary antibody overnight at 4°C or over two nights for HA and Fos 

staining. Samples were washed three times with wash buffer (1xPBS + 0.1% Triton-X), 

incubated with secondary antibody for one hour at room temperature, washed again, and then 

mounted with DAPI Fluormount-G (Southern Biotech, #0100-20) and imaged by confocal 

microscopy. Primary antibodies used were anti-HA (Cell Signaling, bulk carrier-free order of 

#3724 at 1.5 µg/µl, 1:10,000), anti-GFP (Abcam, ab13970, 1:1000), anti-pErk1/2 (T202/Y204) 

(Cell Signaling, #4370, 1:500), anti-Fos (Santa Cruz Biotechnology, sc-52-G, 1:500), and anti-p-

S6 (S244/247) (Invitrogen, #44923G). Schematics of brain sections were adapted from The 

Mouse Brain in Stereotaxic Coordinates (Paxinos et al., 2001). 

Ribosome capture 

Ribosome capture protocols were modified from the previously published phosphoTRAP 

protocol (Knight et al., 2012). Briefly, mice were sacrificed by cervical dislocation, brains were 

removed, and whole hypothalami were dissected in cold dissection buffer. Tissue from 1-2 

hypothalami was used for each biological repeat. For HA immunoprecipitations, phosphatase 

inhibitors were omitted from buffers and rGFP (Abcam, ab84191, 1 µg/mL) was included in the 

homogenization buffer unless otherwise noted. Dissected tissue was first homogenized and 

cleared by centrifugation. Ribosomes were then immunoprecipitated using 5 µg of antibodies 

against HA (Cell Signaling, carrier-free bulk order of #3724) or p-Erk1/2 (T202/Y204) (Cell 

Signaling, #4370) that were previously conjugated to Protein A coated magnetic beads 

(ThermoFisher Scientific, #10002D), unless otherwise noted. For optimization of p-Erk1/2 

immunoprecipitation (Figure S4), four additional antibodies (Abcam, ab50011, 10 µl; Abcam, 

ab128177, 5 µg; Millipore, #05-1152, 5 µg; and Millipore, #05-481, 5 µg) were conjugated to 

Protein G coated magnetic beads (ThermoFisher Scientific, 10009D). For optimization of elution 

conditions (Figure S2), HA peptide (1 mg/mL, Fisher Scientific, 50275119) was incubated with 

the immunoprecipitated ribosomes and beads for 15 minutes at room temperature or 37°C. 
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Otherwise, lysis buffer from the RNAeasy Micro Kit (Qiagen) was incubated with the 

immunoprecipitated ribosomes and beads for 5 minutes on ice. Following RNA elution, an 

aliquot of input RNA taken prior to immunoprecipitation and total immunoprecipitated RNA were 

then purified using the RNAeasy Micro kit (QIAGEN). All RNA quality was checked using an 

RNA PicoChip on a Bioanalyzer (Agilent), and all RNA integrity values (RINs) were above 8 

except in p-Erk1/2 antibody optimization experiments with low yields (Figure S4). 

qPCR 

For qPCR analysis, cDNA was generated using the QuantiTect reverse transcription kit 

(Qiagen, #205311). qPCR was then performed using the iTaq Universal Probes Supermix (Bio-

Rad, #1725130) and hydrolysis probes and primer sets for each gene. For endogenous genes, 

the recommended pre-designed probes and primer sets were obtained from IDT DNA. For Fos 

in HA immunoprecipitations, a probe and primer set were designed to be specific for the WT 

allele (F: 5’-CTTCCTTTGTCTTCACCTACCC-3’, R: 5’-GCCTTCTCTGACTGCTCAC-3’, probe: 

5’-6-FAM/AAGCTGACT/ZEN/CCTTCCCAAGCTGTG-3’-IABkFQ; IDT DNA), and for the 

nanobody sequence the genotyping probe and primer set was used. 

RNA-Seq 

Amplified cDNA was prepared using the Ovation RNA-Seq System V2, and sequencing 

libraries were prepared using the Ovation Ultralow Library System V2 and sequenced on an 

Illumina HiSeq 4000 platform. RNA-seq reads from all input and immunoprecipitated samples 

were trimmed for adaptor and index sequences and aligned to annotated mRNAs in the mouse 

genome (UCSC, Mus musculus assembly mm9), and read count and RPKM values for each 

gene was calculated using ArrayStar software (DNAstar). IP/input enrichment ratio was then 

calculated from these RPKM values. For visualization of RNA-Seq data (Figure 3 and Figure 

4), cut-offs were applied to remove low expression genes (read count > 20 for all input and IP 
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samples), and p value for each gene was calculated as the unpaired t test between salt and 

control IP/input values. 

Quantification and statistical analysis 

Statistical parameters including sample sizes (n = number of biological replicates per 

group), the definition of center, and dispersion and precision measures are reported in the 

Figures and the Figure Legends. P values for all comparisons were performed using 2-way 

ANOVA followed by post hoc pair-wise comparisons using Holm-Šídák multiple comparisons 

test. Data were judged to be statistically significant when p<0.05. In figures, asterisks denote 

statistical significance *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All statistical analysis was 

performed using GraphPad PRISM 7 software. 
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SUPPLEMENTAL MATERIALS 

 

 

Figure S1. Fos profiling transgene validation and IP optimization. Related to Figure 1. (A) 
syn-GFP-Rpl10a expression in a whole sagittal section. Scale bar, 1mm. (B) HA IPs from BAC 
transgenic mice (n=1) following salt challenge testing different antibody concentrations (left) and 
elution methods (right). IP/input for the nanobody sequence and Avp was calculated by 
normalizing to housekeeping gene Rpl27a. 
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Figure S2. Additional brain regions activated by salt challenge and further IP 
optimization. Related to Figure 2. (A) HA and GFP histology after salt challenge or control. All 
scale bars 200 µm except for subfornical organ, 50 µm. (B) HA IPs from knockin mice (n=1) 
following salt challenge testing different concentrations of rGFP. IP/input for the nanobody 
sequence and Avp was calculated by normalizing to housekeeping gene Rpl27a. 
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Figure S3. Timecourse of Fos, p-Erk1/2, and p-S6 induction. Related to Figure 4. (A) Fos 
(top), p-Erk1/2 (middle), and DAPI (bottom) staining in wildtype PVH following salt challenge. 
Scale bar, 100 µm. (B) p-S6 (top) and DAPI (bottom) staining in wildtype PVH following salt 
challenge. Scale bar, 100 µm. 
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Figure S4. Validation of Erk2-GFP-Rpl10a transgene and p-Erk1/2 IP optimization. Related 
to Figure 4. (A) p-Erk1/2 staining after salt challenge or control. All scale bars 200 µm except for 
subfornical organ, 50 µm. (B) GFP in a whole sagittal section. Scale bar, 1 mm. (C) p-Erk1/2 IPs 
from transgenic mice (n=1) following salt challenge testing three different p-Erk1/2 antibodies. 
IP/input for the nanobody sequence and Avp was calculated by normalizing to housekeeping 
gene Rpl27a. 
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