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ABSTRACT 

 

Interactions between the BDNF (Val66Met) variant and stress as a model of 

susceptibility to Anorexia Nervosa 

Moneek Madra 

Anorexia nervosa (AN) is a complex disease involving interactions between genetic, 

environmental, and psychological factors.  In order to identify new treatments for AN, we 

created a novel mouse model of AN.  We elicited aphagic behavior in mice by combining risk 

factors of AN – adolescent females, predisposition to anxiety, the brain-derived neurotrophic 

factor (BDNF)-Val66Met variant, social stress and caloric restriction.  We demonstrated that 

abnormal feeding behavior in our model was associated with increases in central AVP tone.  

In further investigation of this aphagic behavior we characterized the involvement of 

maternal and paternal factors in our model.  We observed that adolescent handling reversed 

the AVP mediated molecular phenotype, but did not change neuroendocrine or neuronal 

stress markers.  We have identified the role of multiple factors in the development of 

abnormal feeding behaviors and focused mechanistic investigations on central AVP 

components.  By doing so, we have identified the AVP receptor, AVPR1A as a potential target 

for therapeutic interventions.  
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CHAPTER 1: Background Overview 

Mental disorders arise from a complex interactions between a person’s genes and 

environment.  The peak age of onset of many psychiatric illnesses occurs in adolescence – 

with the highest rates of lifetime anxiety and suicide1-3.  The adolescent period is 

characterized by extensive remodeling of neuronal circuits, which includes neurogenesis, as 

well as strengthening or pruning of synaptic connections4.    As these processes are often 

regulated in an activity-dependent manner, they are influenced by the external environment.  

It has been proposed that brain structures that undergo the most extensive remodeling 

during adolescence are most sensitive to stressors during this period, and that the resulting 

changes to neuronal circuits determines subsequent vulnerability or resistance to 

psychiatric disease5.  My research is focused on anorexia nervosa (AN), a devastating illness 

associated with a peak onset in adolescence and a strong association with pre-existing 

anxiety and/or depression6.   In this dissertation, I will describe my progress in developing 

a mouse model to study how genetic factors interact with social stressors to increase 

susceptibility to AN.  

Part I:  Brain Derived Neurotrophic Factor (BDNF) 

 Studies in animal models provide evidence that BDNF plays an important role in 

activity-dependent circuit refinement during critical periods of development7, and that it can 

also influence feeding8-10, anxiety- and depression-like endpoints11, 12.  These observations 

are consistent with the possibility that BDNF represents a molecular link between the 

psychiatric and feeding-related symptoms of AN. 



 

2 
 

Structure & Function 

BDNF is a member of the neurotrophin family and was initially purified from the 

mammalian brain based on its ability to promote neuronal survival in vitro13.  BDNF was 

subsequently implicated in several additional developmental processes, including neuronal 

differentiation, synaptogenesis and synaptic plasticity14.  BDNF increases pre-synaptic firing 

and post-synaptic response of neurons, thus modulating both basal synaptic transmission as 

well as activity-dependent plasticity15.  The tissue with the highest BDNF levels is the 

hippocampus (HPC), followed by the amygdala (AMG), cortex and hypothalamus (HYP)16.  

Outside the brain, BDNF can be detected at lower levels in the thymus, liver, spleen, heart 

and lung16.  

 

Figure 1.1. Rodent and human BDNF gene alignment. (A) Rodent Bdnf gene structure.  

Rodent Bdnf has eight (I-VIII) 5’ exons with a common protein-coding sequence, exon IX. (B) Human BDNF 

gene structure. Human BDNF is similar to the rodent form, but has additional exons (Vh and VIIIh), is longer, 

and has a more complex exon IX 5’UTR. Hatched lines show alternative splicing sites. (Figure originally 

published in Koppel et al., 2009). 

The BDNF locus at chromosome 11p13 contains eleven exons with nine tissue and 

brain region specific promotors, producing 24 different transcripts that are all translated to 

the same mature protein16.  The human BDNF genes contains two more exons than the 

A

B

C untranslated 
sequence

169 kb

84 kb 17 kb

5‘ exons

alternative
poly(A) sites

I II III IV V VI VII VIIIVh VIIIh IX

a

b

c d

I II III IV V VI VII VIII IX

A
T
G

T
A
G

A
T
G

T
A
G

1
x
 

2
x
 

3
x
 

W
T

n
o
 
D
N
A

A
4

C
3

E
1

E
4

BAC
standard

transgenic
founders 

P1/P2

C3 WT +  - 

BDNF coding 
sequence

EGFP reporter
gene

D

E
P1

P2
P3

P1/P3

C3 WT +  - 



 

3 
 

rodent homolog, but its high rate of conservation at the protein level is suggestive of poor 

evolutionary tolerance for divergence (Figure 1.1)14, 17.  Bdnf transcription is regulated at 

distinct promoter elements by multiple factors, including estrogens, promoter-specific 

methylation, and the c-AMP response element-binding protein (CREB)15, 18, 19.   

                                 

Figure 1.2. Organization of the BDNF protein. Pre-proBDNF is a 32kDa protein, which is 

processed into the 28kDa proBDNF. proBDNF can be further processed to the 14 kDa mature BDNF. 

The BDNF-Val66Met polymorphism is found in the pro-BDNF region (black arrow).  (Adapted from 

Rosas-Vargas et al., 2011) 

BDNF is synthesized as a pre-proBDNF protein which is then cleaved into a 32kD 

proBDNF protein.  The pro-domain of BDNF controls its trafficking and localization20.  

ProBDNF then undergoes proteolytic cleavage intracellularly by furin or pro-convertases or 

extracellularly by metalloproteinases and plasmin; both types of cleavage produce the same 

14kD mature BDNF protein (mBDNF) (Figure 1.2)14.  The proBDNF and mBDNF proteins are 

folded in the trans-Golgi, where they are packaged into secretory granules and sorted to the 

constitutive or regulated pathway20. The constitutive pathway is responsible for the tonic 

release of BDNF from neurons, whereas the regulated pathway is involved in activity-

dependent BDNF release (Figure 1.3)21. 
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Figure 1.3. BDNF processing. BDNF is synthesized as a pre-proprotein (grey), which is cleaved 

into proBDNF (purple) in the endoplasmic reticulum (ER).  ProBDNF can be further processed into 

mBDNF intercellularly or extracellularly. Both isoforms can be shuttled through the constitutive or 

regulated pathways. (Figure adapted from and originally published in Cunha et al., 2010)  

Receptors and Signaling 

The proBDNF and mBDNF have different receptor binding properties, and thus they 

modulate distinct biological activities.  ProBDNF preferentially binds to the p75 

neurotrophin receptor (p75NTR), while mBDNF has a higher affinity for the tyrosine kinase 

receptor B (TrkB)21.  Binding of the p75NTR receptor leads to the activation of the c-Jun N-

terminal kinase (JNK) or nuclear factor κ B (NF-κB) signaling cascades.  The JNK pathway is 

apoptotic and the NF-κB signaling promotes cell survival.  Much attention has been paid to 

the cell death pathways mediated by p75NTR because of their importance in refinement of 

circuits during development and their association with proBDNF, a biological active isoform 

which negatively regulates dendritic complexity14, 20, 22.   



 

5 
 

TrkB is the most abundant and widespread receptor in the developing and adult 

brain14.  Binding of BDNF to this receptor results in the dimerization of TrkB, which activates 

an internal kinase domain.  This domain then autophosphorylates specific tyrosine residues 

to activate three main signaling pathways: phospholipase Cγ (PLCγ), phosphatidylinositol 3-

kinase (PI3K), and Ras/extracellular signal-regulated kinase (ERK) (Figure 1.4). These 

pathways promote positive actions such as development and differentiation of neurons, cell 

survival, long term potentiation, and synaptic plasticity7, 14, 21.   As BDNF proteins are involved 

in both pro-synaptogenic and pro-apoptotic pathways during development, alterations in 

the absolute or relative levels of these processing products due to genetic and/or 

environmental factors could lead to lasting impacts on circuits in the brain. 

 

Figure 1.4. BDNF signaling pathways. proBDNF preferentially binds to the p75 neurotrophin 

receptor (p75NTR) to elicit the c-Jun N-terminal kinase (JNK) or nuclear factor κB (NF-κB) signaling 

cascades.  mBDNF binds to the tyrosine kinase receptor B (TrkB) initiating the phospholipase Cγ 

(PLCγ), phosphatidylinositol 3-kinase (PI3K), or Ras/extracellular signal-regulated kinase (ERK) 
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signaling cascades. tumor necrosis factor receptor associated factor (TRAF4/6); receptor interacting 

protein 2 (RIP2); calcium-calmodulin dependent kinase (CaMKII); src homology domain containing 

(Shc); growth factor receptor-bound protein 2 (Grb2); son of sevenless (SOS); Grb-associated binder 

1 (Gab1); insulin receptor substrates 1/2 (IRS1/2); cAMP-calcium response element binding protein 

(CREB); GTP binding protein (Ras); Ras associated factor (Raf); MAP/Erk kinase (MEK); mammalian 

target of rapamycin (mTOR). (Figure originally published in Cunha et al., 2009)  

Relationship between BDNF and psychiatric symptoms in humans and animal 

models 

Studies in rodent models provide compelling evidence that decreased endogenous 

BDNF reduces neurogenesis and synaptic plasticity in the HPC, which in turn through the N-

methyl-D-aspartate (NMDA) receptor activity reduces the dendritic complexity and number 

of synapses7, 23.  This hypothesis is supported by observations in humans that reduced BDNF 

signaling is associated with reductions in brain volume24, 25.  Low serum and cerebrospinal 

fluid (CSF) levels of BDNF have been reported in depressed patients26-28.  Conversely, 

administration of antidepressants (selective serotonin reuptake inhibitors, SSRIs) increase 

BDNF levels and signaling through TrkB26.  These observations are consistent with the idea 

that deficits in BDNF-mediated synaptic plasticity can contribute to the development of 

affective disorders29.  

Relationship between BDNF and feeding-related behavior in humans and animal 

models 

Genetic loss-of-function studies in mouse models provided the first evidence that 

BDNF also plays an important role in circuits regulating energy homeostasis and feeding 

behavior.   Mice that are homozygous for a null mutation of Bdnf do not survive postnatally, 
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due to cardiovascular abnormalities stemming from neuronal degeneration in several 

sensory ganglia30, 31.  Bdnf+/- heterozygotes are hyperphagic and obese, in part due to 

serotonergic (5-HT) dysfunction32.  Conversely, chronic intracerebroventricular (i.c.v.) 

injections of BDNF in mice cause reductions in food intake and body weight gain9.  

Anorexigenic actions of BDNF are likely mediated by the TrkB receptor, as mouse models 

with hypomorphic TrkB alleles (24% of normal activity) exhibit hyperphagia-induced 

obesity33.  BDNF→TrkB signals that regulate the intake of chow diet are likely mediated by 

the ventromedial nucleus (VMH)34 and/or the paraventricular nucleus of the hypothalamus 

(PVH)35. In addition, BDNF→TrkB signals in the ventral tegmental area have been implicated 

in regulating reward-based consumption of a high fat diet36. In humans, loss of function 

mutations in TRKB have are also associated with morbid obesity37.  In addition, deletions on 

chromosome 11 that extend to the BDNF locus in Wilms’ tumor, aniridia, genitourinary 

anomalies, and mental retardation (WAGR) syndrome patients are always associated with 

obesity38.  Thus, observations in mice and man support the idea that BDNF signaling through 

TrkB is anorexigenic. 

BDNF-Val66Met Polymorphism 

 The BDNF-Val66Met polymorphism has been extensively studied due to its 

association with wide range of psychiatric disorders, including anxiety-related affective and 

eating disorders39. This variant is carried by 20-30% of Caucasian populations and up to 72% 

of certain Asian subpopulations40. The polymorphism is caused by a nucleotide substitution 

of adenine for guanine at position 196, resulting in the replacement of the 66th amino acid 

Valine (Val) with Methionine (Met) within the prodomain (Figure 1.2)17. This substitution 
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causes a structural change in the protein converting a β-sheet to an α-helical conformation41.  

This structural change decreases binding to sortilin, a vacuolar protein sorting/targeting 

protein 10 (Vps10), which is involved in the activity-dependent release of BDNF7.  Thus, the 

regulated release of BDNF-Met from cultured neurons was reduced by approximately 30%, 

while constitutive release was unaffected42.  Moreover, BDNF-Met-GFP fusion proteins were 

not properly trafficked to secretory granules or synapses25, which could underlie the 

decrease in dendritic arborization and lower hippocampal volumes seen in BDNFMet 

carriers42.  These phenotypes are consistent with impaired BDNF→TrkB signaling.  

The proBDNF protein, which contains site of the Val66Met polymorphism, is thought 

to mediate interactions with sortilin, growth cone formation, synapse elimination, apoptosis 

and process retraction via p75NTR signals22, 41, 43.   In some non-hippocampal neurons (i.e. 

olfactory neurons) BDNF-Met also results in rescue of silent arbors, consistent with a deficit 

in p75NTR-mediated pruning44.   Depending on the brain region, developmental time period 

and type of environmental stressor, the Val66Met variant could thus act to decrease or 

increase synaptic connections.  This variability could contribute to apparent inconsistencies 

in gene association studies involving the Val66Met variant and psychiatric disorders39. 

Relationship between the BDNF-Val66Met variant and psychiatric symptoms  

In humans, the BDNF-Val66Met polymorphism has been linked to a wide range of 

mental disorders including schizophrenia, bipolar disease, general anxiety disorders, 

obsessive compulsive disorder (OCD), depression, and eating disorders such as Anorexia 

Nervosa (AN)45-50.  More specifically, this variant is associated with specific symptoms in 

many psychiatric diseases, including impaired episodic memory and altered contextual fear 
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expression during adolescence, as well as increased stress responsiveness25, 51-53.  The 

severity of psychiatric symptoms is often increased in patients that were exposed to early 

life stressors54-56.  Not only has the BDNF-Val66Met variant been associated with increased 

risk of these disorders, but it has been implicated in the efficacy of treatment strategies.  The 

polymorphism is associated with reduced therapeutic effectiveness of clozapine in 

schizophrenia and fluoxetine in depression57,58.   

 Because of the significant associations of this variant on clinically-relevant 

psychiatric endpoints, several groups have used brain imaging techniques to study brain 

regions that express the highest levels of BDNF – the hippocampus (HPC) and the amygdala 

(AMG).  The volumes of the both of these structures are reduced by as much as 11% in people 

with the Val66Met variant24, 25, 52, 59.  This decrease is amplified in Val66Met carriers with a 

history of childhood adversity60.  There has also been evidence for reduced plasticity in the 

motor cortex61.   It has also been reported that the Val66Met variant is linked to decreased 

activity in the HPC and increased activity in the AMG, and decreased functional connectivity 

between the prefrontal cortex (PFC) and the AMG23, 24, 52, 62. 

 To gain insights into the mechanism by which the Val66Met variant increases the 

likelihood of psychiatric symptoms, two groups developed mouse knock-in models in which 

endogenous mouse Bdnf gene is replaced by the human Val and Met variants42, 44. Mice that 

segregate for at least one copy of the Val66Met allele exhibit many of the symptoms reported 

in humans – hyperactivity of the neuroendocrine stress response system, increased anxiety-

like behavior in response to stress, and deficits in fear learning and conditioning63-65.  Similar 

to observations in humans, these phenotypes are amplified by stress42 and are not alleviated 
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by fluoxetine treatment42.  The overarching goal of my research project is to understanding 

how the BDNF-Val66Met interacts with stress to impact susceptibility to and severity of 

psychiatric symptoms.  

Part II: Mammalian Stress System 

Though often considered as a negative factor, the mammalian stress system is 

essential for survival and adaptation because it enables an organism to acutely respond to 

environmental threats. Dysfunctions in the stress axis can lead to psychiatric illness. Impacts 

of stressors on physiological and psychological endpoints are modulated by many factors, 

including the time of onset, duration of stress, and underlying genetic susceptibility66.   

Mammalian Stress Response 

 Stress is an organism’s response to any challenge that overwhelms or has the 

potential to overwhelm mechanisms to maintain homeostais67.  The main functions of the 

stress response system are to destabilize the potential stressor and then restore 

homeostasis68. Stressors or perceived stressors are first processed via the limbic system 

following an exogenous stimulus69. This stimulus is sensed first by the sensory thalamus and 

processed in the prefrontal cortex (PFC), and then relayed to the amygdala (AMG).  The AMG 

is a central component of the limbic system and relays information to both the endocrine 

system and the autonomic nervous system. Once signals reach the basal lateral amygdala 

(BLA), they are conveyed to the central nucleus of the amygdala (CeA) where the sensory 

input is compared against stored fear memories to determine the appropriate defense 

reaction. If fear or stress is triggered, the signal is propagated either to the brainstem 

serotonin and catecholamine neurons or to the paraventricular nucleus of the hypothalamus 
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(PVH) via the bed nucleus of the stria terminalis (BNST), where physiologic and motor 

responses are elicited69-73. 

 

Figure 1.5. Limbic system fear response. An environmental stimulus is sensed by the 

thalamus (TH) and then processed in the prefrontal cortex (PFC) where it is relayed to the amygdala 

(AMG).  Signals are first processed in the basal lateral amygdala (BLA) from which they are sent to the 

central nucleus of the amygdala (CeN).  From here the stress response is triggered through the 

brainstem (BSTM) or the paraventricular nucleus of the hypothalamus (PVH).  Blue arrows indicate 

propagation of sensory stimulus.  Summary from: Stein et al., 2008, Rattiner et al., 2005, Martinez et 

al., 2007, Kandel et al., 2000, Graeff et al., 2007).  

There are two major stress response systems in mammals - the sympatho-

adrenomedullary and hypothalamic-pituitary-adrenal (HPA) axes. Landmark studies in the 

early 20th century characterized the most immediate response to a stressor - the “flight or 

fight” response mediated via the autonomic nervous system.  The autonomic stress response 

is initiated by a stressor which activates preganglionic sympathetic neurons located in the 
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spinal cord.  These neurons project to the pre/paravertebral ganglia, which in turn project 

to end organs or chromaffin cells of the adrenal medulla.  When the autonomic stress 

response is activated, there is increased adrenaline or noradrenaline, heart rate, 

vasoconstriction, and energy mobilization.  The major brain regions involved in the 

autonomic nervous system response are the brainstem, hypothalamus and the 

circumventricular organs74.  

 In parallel to effects on the autonomic nervous system, stress exposure activates 

hypophysiotropic neurons in the PVH that secrete the principle peptide modulators of this 

system, the hormones corticotrophin-releasing hormone (CRH) and arginine vasopressin 

(AVP), into the hypophyseal portal system.  These hormones then synergistically stimulate 

the release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary. ACTH acts 

on the adrenal cortex to initiate glucocorticoid (GC) release, cortisol in humans or 

corticosterone (CORT) in rodents.  These circulating GCs promote the mobilization of energy 

stores and enhance the sympathetically-mediated effects, demonstrating the 

complementary actions of these two systems.  GCs are released within ten minutes of the 

stressor, a response not as acute as the autonomic system yet better suited to relay longer-

lasting signals of psychogenic stressors or in anticipation of a stressful event.  The response 

of the HPA axis to stress is regulated through negative feedback initiated by the GCs (Figure 

1.6)68, 74.   
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Figure 1.6. Hypothalamus-Pituitary-Adrenal (HPA) axis. Higher brain structures relay 

the stress signal to the paraventricular nucleus of the hypothalamus (PVH).  The PVH then produces 

corticotrophin releasing hormone (CRH) and vasopressin (AVP) which bind to their respective 

receptors on the anterior pituitary (PIT).  Adrenocorticotrophic hormone (ACTH) is produced in the 

pituitary and released into circulation where it stimulates the release of cortisol (CORT) in the adrenal 

cortex.  Negative feedback is mediated via glucocorticoid receptors in the amygdala (AMG), 

hippocampus (HPC), PVH and anterior pituitary. Blue arrows indicate propagation of fear response, 

green arrows indicate the HPA axis signals, red lines demonstrated negative feedback of the HPA axis. 

Prefrontal cortex (PFC), thalamus (TH), basal lateral amygdala (BLA), central nucleus of the amygdala 

(CeN), brainstem (BSTM). (Adapted from Moisiadis & Matthews, 2014) 

 CRH is a 41-amino acid peptide that is continuously secreted from parvocellular 

neurons in the PVH into the portal system with diurnal fluctuations under baseline 

conditions.  A pulse of CRH is also released within seconds of exposure to a stressor.  CRH 

binding to the corticotrophin-releasing hormone receptor 1 (CRHR1) on the anterior 

pituitary stimulates corticotrophs to secrete ACTH. Corticotrophin-releasing hormone 
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receptor 2 (CRHR2), also expressed in the pituitary, does not stimulate ACTH release but 

modulates other central stress pathways75.  Some CRH neurons in the PVH project to other 

brain regions, relaying stress-related signals to the neuronal response system.   

 CRH and its receptors have been implicated in stress axis dysfunction and psychiatric 

symptoms in humans and animals models.  High serum levels and expression of CRH have 

been observed in conjunction with depressive or anxiety-related symptoms in patients with 

psychiatric disorders.  In mouse models, loss of Crhr1 and Crhr2 function are associated with 

impaired stress responses and an increase in anxiety-like behaviors76, 77.  In addition to 

psychiatric endpoints, CRH can suppress food intake via effects on CRHR278, 79; however, 

expression of CRH and its receptors are not directly regulated by metabolic status79.   

AVP is synthesized in three different hypothalamic neuron populations, two of which 

are in the PVH.  The PVH is innervated by four major brain regions; the subfornical organ 

(SFO) which relays humoral information regarding the osmotic composition of the blood, 

and the limbic system (HPC, PFC, and AMG), nucleus of the solitary tract (NTS), and other 

hypothalamic regions which are all involved in the stress response80.    AVP from the 

magnocellular neurons of the PVH and supraoptic nucleus of the hypothalamus (SON) is 

packaged into vesicles for release in the posterior pituitary, where it regulates water 

reabsorption and vasoconstriction. As described above, parvocellular neurons in the PVH 

project to the median eminence and release AVP into the hypophyseal portal system, from 

which it diffuses to the anterior pituitary to modulate ACTH release80.  Some parvocellular 

CRH neurons do not project to the median eminence, but project to other sites in the CNS, 

including the olfactory bulb, PFC, entorhinal cortex, amygdala, bed nucleus of stria terminalis 
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(BNST), hippocampus, lateral septum, hypothalamus, autonomic brainstem nuclei, and 

spinal cord81. Beyond the hypothalamus, AVP is also expressed in the following brain 

regions: suprachiasmatic nucleus, medial amygdala, BNST, diagonal band, dorsal medial 

hypothalamus, locus ceruleus, nucleus of the solitary tract (NTS), and dorsal horn82.   

AVP mediates diverse functions in the body, including neuroendocrine responses to 

stress, social behavior, cognition, emotionality, circadian rhythmicity, and water balance83.  

These processes are mediated by AVP binding to four receptors – AVPR1A, AVPR1B, AVPR2 

and Oxytocin receptor (OXTR). AVPR1A is abundant in the CNS and has been implicated in 

vasoconstriction, social behaviors and chronic stress84-87.  In mouse models, loss of Avpr1a 

function causes impaired social interactions, but reduced anxiety-like behaviors88.  It is 

widely-believed that AVP’s synergistic effects with CRH to promote ACTH release from the 

anterior pituitary are mediated via signals through AVPR1B89,83.   Within the CNS, AVPR1B is 

expressed in the HPC, caudate putamen, cortex, thalamus, olfactory bulb, and cerebellum90.  

AVPR2 is only expressed in the kidney and mediates the antidiuretic effects of AVP91.   

Because AVP and Oxytocin (OXT) are structurally similar, AVP can also bind the oxytocin 

receptor (OXTR), which is structurally similar to AVPR1A90.   Although structurally similar, 

AVP and OXY are reported to have opposite effects on central stress responses, with OXT 

being anxiolytic and AVP being anxiogenic92. 

 While mounting a robust response to stress is critical to survival89, excessive 

activation of the stress response systems can result in disturbances in physiology and 

behavior.  Chronic stress in humans has been associated with depression, greater risk of 

infections, allergies and autoimmune conditions, obesity, bone demineralization, and 
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coronary heart disease93,66.   Moreover, dysfunction of the neuroendocrine stress axis is 

associated with mood disorders, anxiety, OCD, PTSD, alcoholism and schizophrenia89.    

 Activation and negative feedback to the HPA axis are mediated via GC binding to 

glucocorticoid receptors (GR) and mineralcorticoid receptors (MR).  MRs are implicated in 

the anticipation of the stress response and circadian corticosterone secretion, and they bind 

GCs with high affinity.  GRs bind GCs with lower affinity and are thus typically bound only 

under conditions of high levels of GCs.  GRs mediate the stress response and are often 

implicated in the delayed GC inhibition of the stress axis74.   Long lasting changes in gene 

transcription can be initiated through these receptors, but it is the fast acting non-genomic 

signals that attenuate the HPA axis.  Negative feedback is mediated through GRs in the HPC 

and PVH (Figure 1.6).  Excessive long-term GC secretion can downregulate GR and MR 

expression resulting in impaired HPA-axis functioning, a condition associated with mood 

disorders, anxiety, OCD, PTSD, alcoholism and schizophrenia94,74,89. 

Consequences of stress axis dysfunction during development 

 Exposure to stress during development impacts the maturation of the hippocampus 

(HPC), amygdala (AMG) and prefrontal cortex (PFC), and thus exerts lasting effects on the 

function of the limbic system and susceptibility to psychiatric disorders.  Depending on the 

developmental time period of exposure to stress, distinct processes are impacted, resulting 

in different physiological and psychiatric outcomes.   

 Studies in animals demonstrated that GCs play an important role in promoting brain 

maturation through remodeling of axons and dendrites, and also affect cell survival.  

Prenatally stressed animals exhibit elevated circulating GCs and increased CRH expression 
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in the AMG95, 96.  These changes in the neuroendocrine and neural stress response systems 

lead to the degeneration of HPC neurons, resulting in learning impairments and increases in 

anxiety-like and depression-like behaviors97-99.  In humans, maternal exposure to 

psychological or nutritional (i.e. famine) stress is associated with lower birth weight, 

elevated basal HPA axis activity throughout childhood, and increased risk of psychiatric 

disorders100-106.   Children with depressed mothers exhibit a heightened HPA axis99,107.  It is 

likely that alterations in neurological and cognitive development underlie their 

predisposition to psychiatric disorders99.   

 Stress at any age can be detrimental, but the most severe outcomes are from early life 

stressors (ELS).  Adverse early life experiences have consequences for later mental health 

through perturbations in circuits regulating stress responses and emotional behavior108.  

Exposure to stress during the rodent lactation period (roughly corresponding to the last 

trimester/early infancy in humans) imparts lasting effects on HPA axis function. Both 

maternal and peer interactions early in life are necessary to form normal adult behavior109.  

A common experimental paradigm to study ELS is the maternal separation (MS) model, in 

which pups are separated from their mothers for discrete periods of time.  MS animals 

exhibit stress axis alterations and increased CRH binding sites in the PFC, AMG, HYPO, and 

HPC.  The earlier the age of the pups and the longer the separation time are correlated with 

more severe depression-like and anxiety-like behaviors in adulthood110,111.  In humans, 

infants with ELS progress into children with higher basal cortisol.  This childhood increase 

in cortisol reduces AMG to PFC connectivity in adolescence which is inversely correlated 

with anxiety107.   
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 Adolescent stressors are critical to the pathological progression to mental illness, 

since psychiatric symptoms often emerge during this period.  Adolescence is a period of great 

physical, psychological and social transition112.  After puberty there is extensive functional 

remodeling of the PFC, HPC, and AMG, critical components of the limbic system and the 

source of negative feedback to the HPA axis. This plasticity makes individuals more 

vulnerable to perturbations due to elevated GC exposure99,113.  In rodent studies adolescent 

stress reduced synaptic density in the PFC, which was not markedly improved by treatment 

with SSRIs or NMDA blockers114.  Studies in rodents have reported prolonged increases in 

basal anxiety associated with adolescent stress115.  Social experiences in adolescence can 

alter cell survival, synaptic plasticity, neurotransmission, connectivity between brain 

regions and behavioral phenotypes116.  Social isolation at this time leads to increased 

anxiety- and depression-like behaviors, poor performance on learning and spatial memory 

tasks, and hyperactivity in a novel environment117,118.  In humans, GR and MR mRNA levels 

are highest in adolescence119.   

 Since most brain regions are fully developed in adulthood, adverse consequences of 

exposure to stressors during this age are largely related to damage or dysfunction to existing 

circuits.  Chronic GCs can lead to dendritic atrophy in the HPC, however these changes take 

longer to manifest in adults than in children and can be reversed when the stressor is 

removed120.   

BDNF and stress interactions 

Both nature and nurture sculpt the brain’s response to stressful stimuli121.  BDNF is a 

key modulator of stress-induced neural atrophy, cell loss and inhibition of neurogenesis in 
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the HPC and PFC65.  Acute exposure to GCs and chronic exposure to social isolation lead to 

reduced BDNF expression in the HPC via GR and MR 122-124.  Chronic restraint stress is also 

reported to cause GR down-regulation, which in turn weakens BDNF’s effect on transmitter 

release125.  Genetically-induced reductions in BDNF (in Bdnf+/- heterozygotes) lead to 

increased susceptibility to anxiety- and depression-like symptoms in response to chronic or 

acute exposure to stress/GCs65,126.  Most relevant for my thesis work, reduced activity-

dependent BDNF release caused by the Val66Met polymorphism is also linked to increased 

depression- and anxiety-like behaviors in mice and humans42, 55, 56, 127.   

 As the BDNF-Val66Met variant is associated with impaired activity-dependent BDNF 

release, carriers of this allele would be predicted to be more sensitive to stress, which causes 

further reductions in BDNF in critical brain regions. It should be noted that baseline GC levels 

are normal in hBDNF-Val66Met, and that increased CORT and anxiety-like behaviors are only 

apparent after stress exposure58,42.  The exacerbation of psychiatric symptoms following 

stress exposure has also been documented in human carriers of the polymorphism.  Met 

carriers exposed to stress are more likely to have a new depressive episode following a 

severe life event, have reduced HPC and AMG volume and demonstrate higher HPA axis 

reactivity128,51,129,56.   

Part III: Overview of Anorexia Nervosa 

 Eating disorders comprise 12.8% of total mental illness in the US adolescent 

population130. They are characterized as “fear of fatness and a pathologic preoccupation with 

weight and shape.” Under-diagnosis and lack effective treatment options, often results in 
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poor long-term outcomes in individuals with eating disorders131. The most severe cases of 

eating disorders are those seen in persons with Anorexia Nervosa132.  

Definition & Classification 

In 1689 Richard Morton described the first documented case of Anorexia Nervosa 

(AN); an 18-year old woman, wasted away, ammenorheic, no signs of fever, cough, or 

shortness of breath, but probable mental illness.  He described the condition as a nervous 

atrophy, or consumption133.  Almost 325 years later the symptomatology of this devastating 

disease has not changed.  Current DSM-5 diagnostic criteria for AN include: “persistent 

restriction of energy intake leading to significantly low body weight in the context of age, sex, 

developmental trajectory”, “intense fear of gaining weight”, and disturbance in self body 

image134.   There are two types of AN, restricting and binge eating/purging, they differ in both 

symptoms and hypothesized underlying neurobiological mechanisms. This overview will 

focus on the restrictive type only, where extreme weight loss results from severe caloric 

restriction and/or excessive exercising135.  

Epidemiology 

AN occurs in 0.3 to 3% of the population, with a higher lifetime prevalence in females 

than males132, 136.  It has the highest mortality rate of any mental illness137, 138. As many as 

95% of patients are female adolescents, with incidence rates peaking from 15 to 19 years of 

age139,140.  The natural course of the disease is typically 5-6 years137, 138.  There is a strong 

genetic component to eating disorders. Relatives of patients having a 7 to 12 times greater 

risk of developing eating disorders and AN, and twin studies have produced estimates of 33-

84% heritability141-143.  The precise etiology of AN is still unknown, but genetic 
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predispositions, environmental and sociocultural influences and psychological traits are all 

suspected to play a role6.  

The BDNF-Val66Met polymorphism in humans has been associated with eating 

disorders50.  A meta-analysis for the BDNF-Val66Met polymorphism and eating disorders, 

revealed that the Met allele (homo or heterozygous) increases eating disorder risk up to 33%.  

The Met allele has a strong association with AN in particular49.  This polymorphism also 

modifies behaviors associated with AN including restrictive eating and lower body mass 

index144,145. Eating disorder patients, including AN, experienced more severe life events, 

resulting in stress, before disease onset. Severe HPA axis abnormalities are reported in AN 

patients, however since malnutrition results in HPA axis dysfunction it is yet to be 

determined if they are the cause of consequence89.  My thesis work is focused on studying 

interactions between this gene variant and social stress that increase susceptibility to AN. 

Clinical Presentation 

Though AN can occur as early as childhood, adolescence is the major period of 

susceptibility140.  Adolescence is a well-defined period of vulnerability to psychiatric illness 

due to the plasticity of circuits during this time. Increases in body weight, circulating gonadal 

hormones, and sociocultural pressures that accompany puberty likely act to increase 

susceptibility to AN6, 146.  Adolescent girls are more likely to diet and participate in 

unhealthful dietary behaviors than boys and 50% of young girls report dieting in the past 

year147, 148.  This increased dieting behavior is particularly harmful since intentional and 

unintentional weight loss often precedes AN149, 150.  Clinical presentation of AN often 

originates with self-imposed malnutrition resulting in a BMI of less than 17.5 or falling below 
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the 10th BMI for age percentile138.  Definitive diagnosis of disease is based on DSM-5 criteria 

following psychiatric exam134.   

Medical Comorbidities 

Beyond the overt weight loss and food restriction, AN results in an array of associated 

pathologies contributing to the severity of disease and in some instances death.  These 

include complications in the cardiovascular, gastrointestinal, electrolyte, endocrine, renal 

and hematologic systems.  The severity of any individual course of AN is often a consequence 

of the multiplicity and seriousness of these comorbidities. Many of these symptoms are 

consequences of malnutrition, yet they are often the primary cause of death, particularly 

cardiovascular anomalies6, 131, 151.  The adolescent timing and severe malnutrition have 

serious implications for brain development.  Prolonged hypercortisolemia as seen in AN can 

cause reduced brain tissue volume and in some cases impaired neuropsychological 

functioning.  Starvation-induced hormone deficits have been linked to disturbed 

development and reduced gray matter volumes in the amygdala and hippocampus152.  

Psychiatric illness can be either premorbid or comorbid with the AN often causing the 

greatest barriers in treatment6, 131, 153. 

Psychiatric Comorbidities 

Depression, anxiety, obsessive compulsive disorder (OCD), post traumatic stress 

disorder, personality disorders and substance abuse disorders are the most common 

psychiatric illnesses that are co-morbid with AN6.  Two thirds of women with AN have at 

least one anxiety disorder and at least 50% have depression154-157. The clustering of these 

syndromes is not surprising, as AN, anxiety disorders and affective disorders share genetic 
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and environmental risk factors154. AN patients compared to patients of other psychiatric 

diseases and healthy controls have increased reporting of negative early life events158.  This 

early life stress has been implicated in altered neurobiology resulting in susceptibility to 

many psychiatric illnesses146.  It has been proposed that this susceptibility could be to the 

habitual behaviors, such as though in OCD. In this case the rewarding persistent behavior is 

dieting, and the dopamine-striatal reward system has been implicated in AN through fMRI 

studies141, 159.  This still elusive etiology and complicated constellation of psychiatric 

comorbidities have made AN extremely difficult to treat. 

Treatment 

Of admitted AN patients 30% have poor treatment success, mostly due to poor 

psychopharmaceutical effectiveness138. Pharmacotherapy for AN is primarily comprised of 

antidepressant (selective serotonin reuptake inhibitors (SSRIs) and tricyclic antidepressants 

(TCAs)), atypical antipsychotic, and anti-anxiety medications. Though SSRIs are effective in 

treatment of depression and anxiety when not associated with AN, they are not effective in 

AN patients and have no effect on feeding endpoints138, 160-164.  Currently the most effect 

treatment strategies are cognitive behavioral therapy (CBT), interpersonal psychotheraphy, 

psychodynamic therapy, and family based therapy137, 138, 163.   Shifting the focus of the 

research of psychiatric illness from behavioral outcomes to neurobiological approaches will 

allow for discovery of new targeted therapeutics. 

Animal models of Anorexia Nervosa 

The major instrument through which neurobiological approaches to psychiatric 

illnesses can be elucidated is effective animal model systems. Several AN mouse models exist, 
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though none appropriately mimic the key features of human disease.  In AN stress models, 

stressors such as cold swimming, tail pinching, and direct brain stimulation are used to 

reduced food intake165, 166.  These interventions cause stress-induced changes in HPA-axis 

reactivity in animals, similar to those seen in human eating disorder populations111.  These 

models can elucidate stress-mediated food intake suppression mechanisms, but fail to model 

the long-term stress impacts. Since these stressors are known to cause long-term harm to 

the animals, models based on chronic stressors were created.  These include novelty 

environment and physical isolation models167, 168.  In the novelty environment model, 

animals temporarily reduced food intake due to the novel environment related stress168.  

Separation models induce depression-like conditions resulting in reduced food intake and 

cognitive function167.   

AN diet restriction models, expose animals to a severe caloric restriction, reducing 

food intake by more than 50%169.  These models are important to observe implications of 

neuroendocrine changes that occur during starvation and how these effect treatment and re-

feeding strategies170, 171.  The major drawback of this model is the lack of voluntary food 

restriction.     

The most common genetic model of AN is the Anx/Anx mouse.  These mice have poor 

appetite caused by hypothalamic dysfunction and die 20-30 days after birth172.  The extreme 

phenotype of this mouse has made it an unappealing genetic model, though the following 

genetic knockout models have been considered: dopamine deficient mice, M3 muscarinic 

receptor knockout mice, melanin concentrating hormone (MCH) knockout mice, 

corticotrophin releasing hormone receptor 2 (Crhr2) knockout mice and central 
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cannabinoid receptor 1 (CB1) knockout mice.  These models have been useful in 

understanding the impacts on feeding behavior of the pathways elicited by these genes, but 

do not model the adolescent self-induced aphagia of AN173, 174.   

The most successful animal model of AN to date has been the activity-based anorexia 

(ABA) model.  These animals display self-induced caloric restriction by choosing an exercise 

reward over a food reward.  Animals on restricted food schedule are introduced to running 

wheels and eventually increase running while reducing food intake until they starve to 

death175. The extensive exercise complemented by the reduced food intake causes extreme 

weight loss in these animals175.  This model implicates the effects of the reward system in AN, 

but does not provide insights into what initially provokes the aphagic behavior. Though the 

ABA model has been the best model to date, like the others it does not provide the adequate 

modeling of the human disease.   A more accurate and thorough model should “include 

adolescent onset of the disease, predominance in females, decreased food intake, decreased 

body weight, increased activity, and abnormal neuroendrocrine function”174. 

Part IV: Aims & Hypotheses 

 To date, an accurate animal model of AN that encompasses the various dimensions of 

the disease does not exist.  The first goal of this thesis was to study the interaction of a variant 

associated with AN in humans, the BDNF-Val66Met polymorphism, and early life stress in 

order to elucidate the etiology of this disease.  Neurodevelopmental approaches were 

employed for the study of disease focusing on implications of known genetic and 

environmental factors associated with AN instead of symptomology.  We hypothesized that 
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interaction of the BDNF-Val66Met polymorphism and early life stress would elicit abnormal 

feeding behaviors, mimicking human AN, in our mice.   

In Chapter 2, this newly developed AN model is phenotypically and molecularly 

characterized.  In observations of this model it was found that  stressors from parental effects 

could be modifying our observed phenotype.   

In Chapter 3, it was hypothesized that maternal, and potentially paternal, effects 

could impart long-term consequences on the observed AN-like feeding behavior.  We 

investigated the roles of both maternal and paternal factors in our AN model. 

In Chapter 4, we investigate the amelioration of our feeding phenotype though 

adolescent handling.  We use neuroendocrine components associated with handling in our 

model, to assess the underlying mechanism of our aphagic behavior. 

Finally in Chapter 5, potential mechanisms underlying aphagic behavior in our AN 

model and future experiments leading to better understanding of the etiology of AN and 

potential therapeutic targets are discussed. 
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CHAPTER 2: “A BDNF (Val66Met) variant and stress interact to modulate 

AVPR1A tone and feeding behavior” 

 

Part I: Introduction 

 

Genetic and environmental factors have been implicated in anorexia nervosa (AN) 

pathology. BDNF-Val66Met has been associated with the onset, progression and severity of 

eating disorders, including AN, in human populations49, 50, 145.  Early life stress underlies 

many mental illnesses and often a severe acute stressor provokes AN initiation89.  When 

these factors combine the effects are exacerbated, especially during the sensitive 

developmental period of adolescence.  Since early life stress is known to enhance the 

negative effects of the BDNF-Val66Met, we embarked on a project utilizing these factors to 

create an animal model of AN.  This chapter consists of a manuscript in submission that 

describes the creation of this model, characterization of the AN phenotype, and potential 

underlying mechanism.  The goal of this study is to better understand the etiology of AN and 

define potential markers to be used in future therapeutics. 
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Part II: Manuscript 

(Author Contributions: I, M Madra, performed experiments, analyzed data and 

together with LM Zelster wrote the manuscript, R Hassouna generated data towards Figures 

2.4 (part a), 2.5 (part a), 2.6 (part d, e) and provided comments on the manuscript, and LM 

Zeltser designed the experiments)  

A BDNF (Val66Met) variant and stress interact to modulate AVPR1A tone and feeding 

behavior 

In Submission 

Moneek Madra, Rim Hassouna and Lori M. Zeltser 

Abstract 

There is an urgent need to identify new treatments for anorexia nervosa (AN) because 

medications that improve patients’ psychiatric symptoms do not impact the eating behaviors 

that drive AN’s high mortality rate. We elicited anorexia-like behavior in mice by combining 

factors that are associated with increased risk of AN – adolescent females, genetic 

predisposition to anxiety imposed by the Brain-derived growth factor (BDNF)-Val66Met gene 

variant, social stress and caloric restriction. We discovered that Val66Met carriers exposed 

to social stress exhibited elevated levels of arginine-vasopressin (AVP) in the serum and 

increased expression of its receptor Avpr1a in the amygdala, before the onset of abnormal 

feeding behavior. Daily handling reversed increases in AVP tone and prevented aphagic 

behavior in our model. This study characterized a gene x environment interaction that could 
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be the underlying driver of abnormal eating behavior in certain AN patients, and also 

identified AVPR1A as a possible target for therapeutic intervention.  

Introduction 

Affective, anxiety and eating disorders share genetic, biological and psychosocial risk 

factors, consistent with common pathways to disease154. There is considerable overlap in 

symptoms, as affective disorders are often accompanied by changes in eating habits or body 

weight, and eating disorders are usually preceded by depression and/or anxiety and involve 

obsessive behaviors156, 157, 176.  Thus, psychotropic medications are the first line of treatment 

for eating disorder patients. While some of these compounds can ameliorate psychiatric 

symptoms, they do not impact life-threatening eating behaviors or weight loss137, 138, 177.    

Brain derived neurotrophic factor (BDNF) plays an important role in the 

development of neuronal circuits regulating cognitive-, anxiety- and eating-related 

behaviors10, 25, 42.  The common BDNF-Val66Met gene variant, characterized by impaired 

BDNF release and function25, 42, 44, is associated with anxiety and eating disorders127, 145, 178. 

There is a growing appreciation that the BDNF-Val66Met variant plays a critical role in 

mediating the influence of early life stress on the severity of anxiety and depressive 

symptoms in adolescence54, 179. Although this variant and pre-existing anxiety are 

independently associated with increased severity of eating disorders 178, 180, 181, the 

relationship between genetic and environmental factors that promote abnormal eating 

behaviors has not been examined.  

Results 

Gene x environment interactions promote aphagic behavior 
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We first asked whether feeding-related behaviors in a mouse knock-in model of the 

hBDNF-Val66Met allele44 are similarly exacerbated by persistent exposure to social isolation 

stress from 5wks, an environmental condition reported to modulate stress axis responsivity, 

behavior, and body weight182, 183. We focused our initial efforts on characterizing phenotypes 

in females, due to the increased prevalence of affective, anxiety and eating disorders184. We 

studied four groups of mice: hBDNFVal/Val (without the susceptibility allele) maintained in 

group housing (control, C); hBDNFMet/? (i.e. homozygous or heterozygous for the Met allele) 

maintained in group housing (genetic susceptibility, G); hBDNFVal/Val singly-housed from 

5wks of age (environmental stressor, E); and hBDNFMet/? singly-housed from 5wks (genetic 

susceptibility and environmental stressor, GE) (Table S2.1).  

We measured food intake and body weight in 7-wk-old females that were allowed to 

acclimate to feeding from hoppers for one week. We observed that a subset of the 

experimental animals completely refrained from eating for extended periods of time. As 

daily food intake can fluctuate by 1.5g and there is variability in measurements using 

hoppers, we established a threshold of consumption of <0.5 g food over 24h to quantify the 

incidence of “aphagic episodes” (AE). 7.1% of hBDNFVal/Val females exposed to social isolation 

stress (E) exhibited AEs, while we did not observe any AEs in group-housed hBDNFVal/Val 

control (C) or hBDNFMet/? (G) females (Figure 2.1a, Table S2.1).  

Val66Met carriers exposed to social isolation stress (GE) exhibited a 3-fold increase 

in the prevalence of AEs compared to singly-housed hBDNFVal/Val (E), although this difference 

did not reach significance (Figure 2.1a, Table S2.1). Of those mice that did not eat for 24h, 

87.5% remained aphagic for a second 24h period and lost significant (>15%) body weight 
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(Figure 2.1d). AEs were typically followed by hyperphagia (Figure 2.1c, “single”) and a 

rebound to the initial body weight (Figure 2.1d). However, failure to resume eating in 25% 

(n=2/8) of aphagic mice was fatal (Figure 2.1c, “fatal”). In addition, we found that 14.3% of 

singly-housed hBDNFMet/? females (GE) exhibited at least one additional bout of aphagia in 

the period analyzed (Figure 2.1c, “multiple” and Figure 2.1c). As previously reported42, 64, all 

phenotypes assessed were the same in hBDNFMet/Met, hBDNFMet/Val and hBDNFMet/+ females. 

Thus, we combined data from both genotypes into one group (hBDNFMet/?) for statistical 

analyses. 

Dietary restriction increases the likelihood of abnormal feeding behavior  

As we found that interactions between genetic factors and adolescent social stress 

could increase the risk of abnormal eating behavior, we next considered whether direct 

manipulations of caloric intake could also impact feeding behaviors in Val66Met carriers. 

Dieting behavior in adolescents usually precedes and has been proposed to act as a trigger 

of eating disorders148.  Moreover, the Val66Met allele has been implicated in the effects of 

severe caloric restriction (CR) to promote unhealthy eating behaviors145. To explore this 

issue, we exposed singly-housed hBDNFVal/Val (ED) or hBDNFMet/? (GED) females to a mild 

dietary restriction (D) at 7wks (Table S2.2), by providing them with 70-80% of the caloric 

intake of ad libitum-fed controls for 11 days. We assessed both short-term (within one week) 

and long-term effects on feeding behaviors. As mice in our study do not necessarily eat all of 

their allotted food immediately, we could not evaluate the effects of dietary restriction in 

group-housed mice.  
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In the absence of genetic susceptibility factors, we observed a trend toward increased 

incidence of AEs in singly-housed hBDNFVal/Val females subjected to CR as compared to those 

fed ad libitum (0.18 AE/animal in ED vs. 0.07 AE/animal in E) (Figure 2.2a, Table S2.2), but 

this difference did not reach significance. Exposure to genetic, social and dietary risk factors 

was associated with a marked increase in the incidence of AEs compared to those groups 

exposed to any two risk factors (0.61 AE/animal in GED vs. 0.18 AE/animal in ED vs. 0.23 

AE/animal in GE, P<0.05) (Figure 2.2a, Table S2.2). Segregation for the Val66Met allele was 

also associated with an increase in the severity of AEs, as reflected in the frequency of 

multiple AEs, the average length of an aphagic episode (1.3d in GED vs. 1.0d in ED, P<0.05), 

and severity of weight loss (21.9% in GED vs. 17.2% in ED)(Figure 2.2b-e). Together, these 

data support the idea that dieting can interact with genetic and environmental risk factors 

to promote abnormal feeding behavior. 

Although there is a higher prevalence of some eating disorders in females132, we 

found that the frequency of AEs (AE/animal) in male Val66Met carriers that were exposed 

to adolescent social stress and CR (GED-M) is 13% lower than in females, although this 

difference did not reach significance (Figure S2.1). There are two factors that could 

contribute to the apparent discrepancy between our findings and observations in AN. While 

the proportion of men with AN in clinical and case registry studies is only 10%149, 

population-based studies estimate that the lifetime risk of AN is only three-fold lower in 

males132, raising the possibility that there are more subclinical cases of AN in males that go 

unreported. In addition, it is possible that the preponderance of AN in females is driven by 

gender differences in behavior – namely the propensity to diet – rather than physiology. 
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Depending on the metric considered, the prevalence of unhealthy dieting behaviors is 2-4 

fold higher in females150.  

Vulnerability to peri-pubertal caloric restriction  

Eating disorders often emerge during adolescence after a period of intentional or 

unintentional weight loss149, 150. Thus, we examined whether the timing of CR is critical. We 

compared food intake in females that were 7-9.5wks versus >9.5wks. The prevalence of AEs 

was markedly increased in the younger singly-housed hBDNFMet/? females with or without 

CR (GED and GE), although this difference only reached significance in the singly-housed 

Val66Met carriers under CR (GED) group (0.61 AE/animal in GED <9.5wks vs. 0.14 

AE/animal in GED >9.5wks, P<0.05)(Figure 2.3a & b). The lower incidence of AEs in GE and 

GED females older than 9.5wks was comparable to rates seen in young singly-housed 

hBDNFVal/Val females (0.07 AE/animal in E <9.5wks)(Figure 2.1a).  

Next, we compared the effect of exposing hBDNFMet/? females that were singly-housed 

from 5wks to an 11-day CR in the peri-pubertal period (7wks=GED) vs. adulthood (16wks of 

age= GEDA). We observed that initiating CR at 7wks was more than 3 times as likely to elicit 

an aphagic episode as compared to CR at 16wks (0.61 AE/animal in GED vs. 0.2 AE/animal 

in GEDA, P<0.05) (Figure 2.3c). Together, these findings support the idea that interactions 

between the hBDNFMet/? genotype and CR that increase the likelihood of abnormal feeding 

behaviors are most pronounced in the peri-pubertal period, similar to observations 

regarding anxiety-like behavior58. 
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Twice-daily feeding regimens are associated with changes in neuronal circuits 

regulating energy balance185, raising the possibility that psychological, rather than 

physiological responses to CR are acting in our model to promote abnormal feeding. To 

address this issue, we compared body weight and food intake phenotypes in singly-housed 

Val66Met carrier females that were subjected to a twice-daily feeding protocol at 7wks with 

100% (i.e. no restriction) or 75% of the intake of ad libitum-fed controls (GED100% and GED, 

respectively). We found that the incidence of AEs in GED100% females that had limited access 

to 100% of the daily caloric intake was 3-fold lower than was observed in GED females 

exposed to 25% CR (0.13 AE/animal in GED100% vs. 0.61 AE/animal in GED, P<0.05) (Figure 

2.3c), and similar to that of singly-housed Val66Met carriers that were not exposed to CR at 

all (0.24 AE/animal in GE)(Figure 2.3c). These observations support the idea that 

physiological cues associated with reduced caloric intake contribute to the risk of abnormal 

feeding behaviors in our model.   

Impacts of social stress on susceptibility to AN-like behavior are conveyed during 

adolescence 

Social stressors experienced during adolescence have been reported to synergize 

with genetic factors to influence discrete neurochemical and behavioral deficits observed in 

some affective disorders183. To explore whether early exposure to social isolation stress is 

critical to elicit abnormal feeding behaviors, we compared the response to CR in adult 

females in which single housing was initiated at >14wks vs. 5wks. We did not observe a 

single aphagic episode in singly-housed hBDNFVal/Val (EADA) or hBDNFMet/? (GEADA) females in 

response to CR when exposure to social isolation stress was started in adulthood (n=8-10 
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per group, Figure 2.3d). As the timing and nature of early life experiences dictate the 

penetrance and severity of anxiety and feeding endophenotypes observed in Val66Met 

carriers, they could underlie the modest and inconsistent effects reported for this variant in 

humans185 55.  Handling has been shown to reverse the effects of social isolation stress on 

some behavioral and neuronal endpoints186-188. In singly-housed Val66Met carrier females 

that were handled ~3min every day for the week preceding CR (GEHD), we did not observe 

a single aphagic episode (Figure 2.3d).  

As the BDNF-Val66Met polymorphism has been associated with increased 

hypothalamus-pituitary-adrenal (HPA) axis reactivity and anxiety-like behaviors in mice and 

humans42, 63, 127, 189, we examined whether social isolation stress might exacerbate these 

endophenotypes. Consistent with these reports, we observed increased anxiety-like 

behavior and a trend toward increased expression of the gene encoding corticotrophin 

releasing hormone (Crh) in the rostral third of the hypothalamus (which contains the 

paraventricular nucleus of the hypothalamus (PVH)) in 7-week-old Val66Met carriers (G) 

(Figure S2.2a-e). However, we did not find that social isolation further magnified these 

phenotypes (Figure S2.2a-e).  Moreover, we did not find a difference in baseline or restraint 

stress-induced serum corticosterone levels in 9.5-week-old, singly-housed hBDNFMet/?  

females exposed to CR that had exhibited an AE (GED-AE) from those that did not (GED-Ø) 

(Figure  S2.2f & g). Together, these observations support the idea that gene x environment 

interactions that promote abnormal feeding behavior in our model are not correlated with 

further exacerbations of anxiety-like behavior already imposed by theVal66Met genotype. 

Increased serum AVP and pituitary Avpr1a correlates with AN-like behavior  
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Elevated circulating levels of the neuropeptide arginine vasopressin (AVP) have been 

observed in patients with AN190, and the effect of peripheral injections of AVP to acutely 

suppress food intake is highly conserved across species191-194.  Therefore, we examined 

whether gene x environment interactions that promote abnormal feeding behavior in our 

model also impact AVP release into the circulation. We took advantage of the fact that only a 

subset of age- and exposure-matched GED females exhibited AEs by 9.5wks to identify 

changes in neuroendocrine and neuronal parameters that are signatures of aphagic behavior. 

We found that serum concentrations of AVP were 2.5-fold higher in females that exhibited 

AEs (GED-AE) than in those that did not (GED-Ø) (Figure 2.4a).   Elevated levels of circulating 

AVP were reflected in a 2.75-fold increase in Avp receptor 1A (Avpr1a) expression in the 

anterior pituitary of GED-AE mice (Figure 2.4b), while Avpr1b and Oxytocin receptor (Oxtr) 

expression were not different (Figure 2.4c and data not shown).  Conversely, these increases 

in pituitary AVPR1A tone were reversed by the daily handling paradigm (Figure 2.4).  Mice 

that were handled also exhibited reduced expression of pituitary Avpr1b (although this 

difference did not reach significance)(Figure 2.4c), consistent with reports that this 

paradigm attenuates stress responsiveness186-188, 195.  

Impact of social isolation to increase AVPR1A tone in the amygdala of Val66Met 

carriers precedes feeding phenotypes 

The close association between serum AVP levels and risk of AEs at 9.5wks, raises the 

possibility that gene x environment interactions that raise serum AVP could precede and 

contribute to the vulnerability of some GED mice to CR. To begin to explore this issue, we 

asked whether circulating levels of AVP and/or pituitary expression of Avpr expression are 
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higher in 7-week-old singly-housed hBDNFMet/? females (GE) compared to the other groups.  

We found that some GE females exhibited Avp levels that were roughly two-fold higher than 

in group-housed hBDNFVal/Val (C) and hBDNFMet/? (G) females (Figure 2.5a). However, we did 

not detect any differences in pituitary expression of Avpr1a or Avpr1b (Figure 2.5b & c). The 

similarity between the percent of singly-housed hBDNFMet/? females that exhibited AEs in 

response to CR (42%, n=15/36) and those with serum AVP levels that were two-fold higher 

than controls (38%, n=3/8) is consistent with the idea that elevated serum AVP is predictive 

of individuals that will have adverse responses to CR, although terminal analyses required 

for this study did not permit this determination. 

Since we did not observe any differences in Avpr expression in the pituitary in singly-

housed hBDNFMet/? females (GE) at 7wks, we next investigated central targets of AVP signals, 

which have also been implicated in mediating anorexigenic effects of peripheral AVP193.  To 

this end, we assessed Avp and Avpr expression in three brain regions that are sensitive to 

social stressors during adolescence because they undergo remodeling during this period - 

the amygdala, hippocampus and prefrontal cortex196.  We observed that exposing Val66Met 

carriers to social isolation stress was associated with 6-8-fold increases in Avp and Avpr1a 

expression in the amygdala (although the former did not reach significance), while Avpr1b 

was not expressed (Figure 2.6a & b).  In contrast, we did not detect any differences in the 

expression of genes encoding AVP receptors in the hippocampus (Avpr1a and Avpr1b) or 

prefrontal cortex (Avpr1a); Avp is not expressed in either region (Figure 2.6c-e). Our 

observation that increased AVPR1A tone in the amygdala of hBDNFMet/? females exposed to 

social stress correlates with susceptibility to pathological eating behavior is consistent with 
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a recent report that higher threat-related activity in the amygdala is predictive of later 

vulnerability to stress in humans197. 

Discussion 

 We hypothesize that interactions between the Val66Met genotype and exposure to 

adolescent social stress that amplify AVPR1A tone in the amygdala increase the likelihood of 

AN-like behavior triggered by dieting.  This model provides a unifying theory to explain 

findings from several different types of investigations in humans: 1) epidemiological 

observations that the BDNF-Val66Met genotype interacts with early life stress to increase 

the likelihood and severity of psychiatric symptoms54, 179; 2) imaging-based studies that 

reported increased amygdala reactivity is predictive of vulnerability to life stress197; and 3) 

genetic studies that found independent associations between AN and the BDNF-Val66Met 

genotype and an AVPR1A variant178, 198.  Because anti-depressants are reported to increase 

circulating levels of AVP199, 200, our theory could also explain why these compounds do not 

improve (and sometimes aggravate) eating behavior or body weight in AN patients137, 138. 

Our studies raise the possibility that developmental impacts on the AVP system could be 

exploited to develop novel serum biomarkers and therapeutic compounds to prevent and/or 

treat AN. 
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Figures 

 

Figure 2.1. hBDNFMet/? genotype interacts with early social stress to promote abnormal 

feeding behavior. (a) Number of aphagic episodes (AE) per animal per group from 7 to 9.5 

wks of age in group-housed hBDNFVal/Val (C) and hBDNFMet/? (G) females; singly-housed 

hBDNFVal/Val (E) and hBDNFMet/? (GE) females (C, 0 AE/animal, n=10, 2 cohorts; G, 0 

AE/animal, n=13, 3 cohorts; E, 0.07+/-0.07 AE/animal, n=14, 3 cohorts; GE, 0.23+/-0.08 

AE/animal n=34, 9 cohorts). *P<0.05, ANOVA. (b) Percentage of multiple AEs in E and GE 

groups (E, 0%, n=1; GE, 14.3%, n=7). (c) Daily food intake in four representative GE females 

demonstrating different temporal patterns of AEs. Time 0d starts at 7wks of age. (d) Body 

weight changes within respective groups, each line represents one animal. Time 0d starts at 

7wks of age. (CTL, n=10; G, n=13; E, n=14; GE, n=34). Error bars denote s.e.m. 
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Figure 2.2. Peri-pubertal caloric restriction synergizes with genetic and 

environmental factors to increase the incidence and severity of abnormal feeding 

behavior. (a) Number of aphagic episodes (AE) per animal per group from 7 to 9.5wks of 

age in singly-housed hBDNFVal/Val (E) and hBDNFMet/? (GE) females; or calorically-restricted 

singly-housed hBDNFVal/Val (ED) and hBDNFMet/? (GED) females (E, 0.07±0.07 AE/animal, 

n=14, 4 cohorts; GE, 0.23±0.08 AE/animal, n=34, 9 cohorts; ED, 0.18±0.95 AE/animal, n=17, 

6 cohorts; GED, 0.61±0.14 AE/animal, n=36, 6 cohorts). *P<0.05, ANOVA (b) Percentage of 

multiple AEs in ED and GED groups (ED, 0%, n=2; GED, 33.3%, n=15). P<0.05, Fisher’s exact, 

2-tail. (c) Duration of AEs in ED and GED groups (ED, 1 day, n=2; GED, 1.3±0.1 days, n=15). 

*P<0.05, Student’s t. (d) Body weight changes within respective groups, each line represents 

one animal. Time 0d starts at 7wks. (ED, n=17; GED, n=36). (e) Body weight change in ED 
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and GED groups in response to mild caloric restriction (ED, 17.2±1.5g, n=2; GED 22.5±6.3g, 

n=7) P<0.05, Student’s t. Error bars denote s.e.m. 

 

Figure 2.3. Impacts of caloric restriction, social isolation and daily handling are 

conveyed in the peri-pubertal period. (a) Number of aphagic episodes (AE) per animal 

per group in singly-housed hBDNFMet/?  females (GE) from 7-9.5wks of age compared to those 

observed after 9.5wks (GE: 7-9.5, 0.23±0.08 AE/animal; >9.5, 0.09±0.09 AE/animal, n=34, 9 
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cohort). (b) Number of AEs per animal per group in singly-housed hBDNFMet/?  females under 

caloric restriction (CR) (GED) from 7-9.5wks of age compared to those observed after 9.5wks 

(GED: 7-9.5, 0.61±0.14 AE/animal; >9.5, 0.14±0.06 AE/animal, n=36, 6 cohorts).  *P<0.05, 

Student’s t. (c) Number of AEs per animal per group in GE, GED, singly-housed hBDNFMet/? 

females exposed to CR during adulthood (GEDA), and singly-housed hBDNFMet/?  females fed 

100% of their daily caloric intake twice daily at 7wks (GED100%) (GE, 0.23±0.08 AE/animal, 

n=34, 9 cohorts; GED, 0.61±0.14 AE/animal, n=36, 6 cohorts; GEDA, 0.20±0.14 AE/animal, 

n=15, 5 cohorts; GED100%, 0.13±0.09 AE/animal, n=15, 2 cohorts). (d) Number of AEs per 

animal per group in GED, ED, hBDNFMet/? and hBDNFVal/Val females that were first exposed to 

single housing and CR during adulthood (GEADA, EADA), and singly- housed hBDNFMet/? 

females exposed to daily handling for a week prior to CR (GEHD) (GED, 0.61±0.14 AE/animal, 

n=36, 6 cohorts; GEADA, 0 AE/animal, n=10, 2 cohorts; GEHD, 0 AE/animal, n=10, 2 cohorts; 

ED, 0.18±0.95 AE/animal, n=17, 6 cohorts; EADA, 0 AE/animal, n=10, 2 cohorts). *P<0.05, 

ANOVA. Error bars denote s.e.m. 
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Figure 2.4. High levels of circulating AVP are preferentially observed in mice that 

exhibited aphagic episodes, but not mice that were handled daily. (a) Serum 

concentration of vasopressin at 9.5wks in singly-housed hBDNFMet/? females under CR that 

experienced an AE from 7-9.5wks (GED-AE), singly-housed hBDNFMet/? females under CR that 

did not have an AE (GED-Ø) and singly-housed hBDNFMet/? females under CR and exposed to 

daily handling from 6wks (GEDH) (GED-Ø, 2.31±0.25 ng/mL, n=12, 5 cohorts; GED-AE, 

5.21±0.19 ng/mL, n=6, 5 cohorts; GEDH, 3.45±0.21 ng/mL, n=5, 1 cohort).  (b) Vasopressin 

receptor 1a (Avpr1a) expression levels in the pituitary (PIT) in GED-Ø, GED-AE, and GEDH 

females. (GED-Ø, 2.17±1.14 AU, n=12, 5 cohorts; GED-AE, 4.38±1.67 AU, n=4, 4 cohorts; GEDH, 

0.78±0.16 AU, n=5, 1 cohort). (c) Avpr1b expression levels in the pituitary in GED-Ø, GED-AE, 

and GEDH females (GED-Ø, 2.30±0.45 AU, n=12, 5 cohorts; GED-AE, 2.40±0.81 AU, n=4, 4 

cohorts; GEDH, 1.34±0.35 AU, n=5, 1 cohort). *P<0.05, ANOVA. Error bars denote s.e.m. 
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Figure 2.5. Increased circulating serum AVP in a subset of Val66Met females exposed 

to social stress. (a) Serum concentration of vasopressin at 7wks in group-housed 

hBDNFVal/Val (C) and hBDNFMet/? (G) females; and singly-housed hBDNFVal/Val (E) and 

hBDNFMet/? (GE) females (C, 2.81±0.52 ng/mL, n=6, 2 cohorts; G, 4.04±0.51 ng/mL, n=5, 2 

cohorts; E, 4.00±0.57 ng/mL, n=6, 1 cohort; GE, 6.90±0.75 ng/mL, n=8, 1 cohort). (b) 

Vasopressin receptor 1 a (Avpr1a) expression in the pituitary (PIT) in C, G, E, and GE females 

(C, 1.03±0.13 AU, n=4, 2 cohorts; G, 0.38±0.72 AU, n=7, 1 cohort; E, 0.46±0.31 AU, n=6, 1 

cohort; GE, 0.40±0.09 AU, n=7, 1 cohort). (c) Avpr1b expression in the pituitary in C, G, E, and 

GE females (C, 1.08±0.23 AU, n=4, 2 cohorts; G, 0.89±0.25 AU, n=7, 1 cohort; E, 0.75±0.30 AU, 

n=6, 1 cohort; GE, 1.50±0.44 AU, n=8, 1 cohort).*P<0.05, ANOVA. Error bars denote s.e.m. 
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Figure 2.6. Increased Avpr1a expression in the amygdala of Val66Met carriers exposed 

to social stress before the onset of AEs. (a) Vasopressin (Avp) expression levels in the 

amygdala (AMG) at 7wks in group-housed hBDNFVal/Val (C) and hBDNFMet/? (G) females; or 

singly-housed hBDNFVal/Val (E) and hBDNFMet/? females (GE) (C, 1.03±0.13 AU, n=4, 2 cohorts; 

G, 0.38±0.72 AU, n=7, 1 cohort; E, 0.46±0.31 AU, n=6, 1 cohort ; GE, 0.40±0.09 AU, n=7, 1 

cohort). (b) Vasopressin receptor 1a (Avpr1a) expression in the amygdala in C, G, E and GE 

females (C, 3.73±2.05 AU, n=4, 2 cohorts ; G, 6.09±2.84 AU, n=7, 1 cohort ; E, 2.18±1.41 AU, 

n=6, 1 cohort ; GE, 16.66±4.82 AU, n=8, 1 cohort). (c) Avpr1a expression in the prefrontal 

cortex (PFC) in C, G, E and GE females (C, 1.79±0.85 AU, n=4, 2 cohorts ; G, 1.86±0.34 AU, n=7, 

1 cohort ; E, 1.61±1.38 AU, n=6, 1 cohort ; GE, 1.48±0.31 AU, n=8, 1 cohort). (d) Avpr1a 

expression in the hippocampus (HPC) in C, G, E and GE females (C, 1.99±1.09 AU, n=4, 2 

cohorts ; G, 0.55±0.09 AU, n=7, 1 cohort ; E, 0.81±0.45 AU, n=6, 1 cohort ; GE, 0.29±0.08 AU, 

n=7, 1 cohort). (e) Avpr1b expression in the HPC in C, G, E and GE females (C, 1.82±1.23 AU, 
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n=4, 2 cohorts ; G, 1.88±0.69 AU, n=6, 1 cohort ; E, 1.55±0.12 AU, n=6, 1 cohort ; GE, 2.10±0.50 

AU, n=8, 1 cohort). *P<0.05, ANOVA. Error bars denote s.e.m. 

Methods  

Animals. All mice were generated from intercrosses of hBDNFVal/Met mice44, kindly provided 

by Joseph Gogos (Columbia University). Animals were housed in temperature controlled 

rooms at 21°C and subject to a 12h light-dark cycle. Mice had ad libitum access to standard 

chow diet (Lab Diet: PicoLab Rodent Diet 5053) and water, unless otherwise indicated. 

Animals randomly assigned to be in the environmental stressor group were singly-housed 

from 5wks of age. Hoppers were given to all singly-housed animals to monitor food intake at 

6wks of age. Animals randomly assigned to be in the dietary stressor groups were provided 

with 70-80% of the intake of ad libitum-fed controls for 10-11 consecutive days starting at 

7wks of age, unless otherwise indicated. Food intake and weight was assessed 3 times per 

week starting at 7wks of age. Animals were excluded if they were singly-housed prior to 

5wks of age or displayed abnormal feeding behaviors prior to experimental start (7wks old). 

Animals exposed to handling enrichment were held daily for ~3min and then returned to 

their home cage. Experimenters were not blinded to the experimental groups of animals. All 

procedures were performed within the guidelines of the Institutional Animal Care and Use 

Committee at the Columbia University Health Sciences Division.  

Genotyping. Initially, genotyping of the hBDNF locus was performed using PCR on DNA 

extracted from tail tips as described44. To overcome technical difficulties sometimes 

encountered with this protocol, we developed a new primer set BDNF-F: 5’-
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TCCACCAGGTGAGAAGAGTGA-3’, and BDNF-R: 5’-GAGGCTCCAAAGGCACTTGA-3’, followed 

by restriction-enzyme analysis with BsaA1, which cleaves the Val allele. 

Locomotor Activity. Central versus peripheral locomotor activity was assessed through a 

photobeam-based activity monitoring system incorporated in the Indirect Calorimetry 

System combined with Feeding Monitor and TSE ActiMot system. Animals were allowed to 

acclimate for at least 24 h to the room in which the apparatus was located. Anxiety-related 

behavior was assessed for the first 24 h in the system in all groups except GED animals, 

where activity was assessed for the first 24h following the initiation of CR.  

Corticosterone. Baseline serum for corticosterone was collected from tail bleeds on 

minimally stressed animals at 10am in unheparinized tubes and allowed to clot before 

centrifugation, decanting, and storage at -20°C until use. Serum was analyzed for 

corticosterone content via RIA (MP Biomedicals) in the laboratory of S. Wardlaw (Columbia 

University, New York, NY, USA). 

Gene Expression.  Expression analyses were performed on the 1/3-rostral part of the 

hypothalamus containing the PVH, prefrontal cortex, hippocampus, amygdala and pituitary 

using real-time RT-PCR. Hypothalami and pituitary were quickly dissected, snap frozen in 

liquid nitrogen and stored at -80°C until the mRNAs were extracted using RNeasy Plus 

Universal Mini Kit (Qiagen, Austin, TX, USA) according to the manufacturer’s guidelines. 

cDNAs were obtained from reverse transcription of total RNA using the transcriptor fisrt-

strand cDNA synthesis kit (Roche). Expression of Avp (forward, 

GGGCATCTGCTGCAGCGACGAGAG; reverse, AGCGCGGGTGAGGCGGAAAAA), Avpr1a (forward, 

TCCCGTGCCAAGATCCGCACA; reverse, GGTGGAAGGGTTTTCGGAATCGGT), and Avpr1b 
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(forward, TCTGTGTGGGACGAGAATGC; reverse GCGGTGACTCAGGGAACGT) were quantified 

on a LightCycler (Roche) using the Light Cycler 480 SYBR Green I master (Roche). Beta actin 

(forward, AAGGAAGGCTGGAAAAGAGC; reverse, AAATCGTGCGTGACATCAA) was used as 

housekeeping gene. Relative quantification was calculated using the 2-

Ct is the cycle threshold at which the amplified PCR product was detected and 2-

represents the fold change in gene expression normalized to beta actin and relative to the 

control group.   

Serum Analysis. All blood samples were collected between 10:00 AM and noon via orbital 

sinus puncture on avertin-anesthetized animals. Blood was kept on ice before being 

centrifuged, plasma was decanted and stored at -80°C before further analysis. AVP serum 

concentration was quantified using a specific Enzyme Immunoassay (EIA) (arg-Vasopressin 

EIA kit, ADI-900-017, Enzo Life Sciences, Framingdale, NY, USA) according to the 

manufacturer’s protocol.  

Statistics. The sample sizes in our study were chosen based on common practice in animal 

behavior experiments (10-15 animals per group). Sample sizes in GE and GED groups were 

initially powered to permit separate analyses of homozygotes (hBDNFMet/Met) and 

heterozygotes (hBDNFVal/Met). After we determined that data for both genotypes could be 

combined, the final samples sizes were larger for these two groups (n=34 & 36). We 

compared the average number of aphagic episode/animal in each group, as opposed to the 

percent of animals with AEs in each group, because it provided a parametric value for 

statistical analyses. Statistical comparisons were performed between groups using 2-tailed, 

unpaired Student’s t test or 1-way ANOVA with Fisher’s PLSD post hoc analysis. A P value of 



 

49 
 

0.05 or less was considered to be statistically significant. Data are presented as group mean 

± s.e.m. 
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Supplementary Materials 

Group n Genetic (G) Environmental 

(E) 
Animals with AE 

(%) 
Statistical analysis to GE 

CTL 10 BDNF
-Val/Val Group housing 0 Fisher’s exact, 2-tail, 

p=0.18 

G 13 BDNF
-Met/? Group housing 0 Fisher’s exact, 2-tail, 

p=0.17 

E 14 BDNF
-Val/Val Single housing 7.1 Fisher’s exact, 2-tail, 

p=0.41 

GE 34 BDNF
-Met/? Single housing 20.6 N/A 

 

Supplementary Table 2.1. Experimental groups I. Shaded boxes indicate manipulated 

factors different from control (CTL) in peri-pubertal female mice. 

Group n Genetic (G) Environmental 
(E) 

Dieting (D) Animals 
with AE (%) 

Statistical 
Analysis to 

GED 

CTL 10 BDNF
-Val/Val Group Housing Ad libitum Fed 0 Fisher’s exact, 

2-tail, p=0.019 

ED 17 BDNF
-Val/Val Single Housing Caloric Restriction 11.8 Fisher’s exact, 

2-tail, p=0.019 

GED 36 BDNF
-Met/? Single Housing Caloric Restriction 41.7 N/A 

 

Supplementary Table 2.2. Experimental groups II. Shaded boxes indicate manipulated 

factors different from control (CTL) in female peri-pubertal mice. 
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Supplementary Figure 2.1. Incidence of abnormal feeding behaviors in BDNF-

Val66Met males exposed to social isolation and caloric restriction. Number of aphagic 

episodes per animal per group triggered by caloric restriction in singly-housed hBDNFMet/? 

females (GED) and males (GED-M) (GED, 0.61 ± 0.14 AE/animal, n=36, 6 cohorts; GED-M, 

0.43 ± 0.13 AE/animal, n=21, 3 cohorts). P<0.05, Student’s t. Error bars denote s.e.m.  
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Supplementary Figure 2.2. Anxiety-like behavior is increased in BDNF-Val66Met 

carriers, but is not exacerbated by exposure to social stress. (a) Total activity at 6-7wks 

in group-housed, hBDNFVal/Val (C) and hBDNFMet/? (G) females, or singly-housed hBDNFVal/Val 

(E) and hBDNFMet/? (GE) females (C, 123198.3±19943.4 counts, n=3; G, 126131.7±18237.1 

counts n=7; E, 155612.7±12822.76 counts, n=3; GE, 114137.8±8068.6 counts, n=14, 3 

distinct cohorts). (b) Normalized central activity counts in C, G, E and GE females at 6-7wks 

after exposure to a novel environment (C, 0.58±0.28 counts, n=3; G, 0.39±0.31 counts, n=7; 

E, 0.59±0.02 counts, n=3; GE, 0.48±0.04 counts, n=14, 3 distinct cohorts) (c) Expression of 

Corticosterone releasing hormone (Crh) in the rostral 1/3 of the hypothalamus (R. HYP) 
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(which contains the PVH) at 7wks in C, G, and GE females (C, 2.0±1.0 AU, n=4, 1 cohort; G, 

5.5±1.7 AU, n=7, 1 cohort; GE, 5.3±2.4 AU, n=8, 1 cohort). (d) Crh receptor 1 (Crhr1) 

expression in the R. HYP at 7wks in C, G, and GE females (C, 1.3±0.4 AU, n=4, 1 cohort; G, 

1.9±0.5 AU, n=7, 1 cohort; GE, 2.4±0.7 AU, n=8, 1 cohort). (e) Crhr2 expression in the R. HYP 

at 7wks in C, G, and GE females (C, 1.0±0.1 AU, n=4, 1 cohort; G, 1.3±0.4 AU, n=7, 1 cohort; GE, 

1.6±0.3 AU, n=8, 1 cohort). *P<0.05, ANOVA. (f) Baseline corticosterone levels at 9.5wks in 

singly-housed hBDNFMet/? females under CR that did not have an AE (GED-Ø) compared to 

singly-housed hBDNFMet/? females under CR that had an AE (GED-AE) (GED-Ø, 5.9±1.6 ng/dL, 

n=6, 2 cohorts; GED-AE, 4.88±0.7 ng/dL, n=6, 2 cohorts). (g) The absolute increase in 

corticosterone levels (restraint-baseline) at 9.5wks in GED-Ø and GED-AE females. (GED-Ø, 

32.5±3.9 ng/dL, n=6, 2 cohorts; GED-AE, 31.7±7.2 ng/dL, n=6, 2 cohorts). *P<0.05, Student’s 

t. Activity data were obtained from the TSE ActiMot system. Error bars denote s.e.m. 
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CHAPTER 3: Parental behavior influences susceptibility to anorexic 

behavior in BDNF (Val66Met) carriers 

 

Part I: Background 

 In all animals one of the first postnatal environmental impacts on development is 

mediated by parental interaction.  Extensive research on maternal and paternal care during 

the lactation period in rodents and early life neglect and abuse in children demonstrates that 

early social interactions and environmental conditions impart long-term effects on behavior.   

 Maternal effects are non-genetic vectors of inheritance in which the maternal 

phenotype induces rapid alterations in offspring, independent of the offspring genotype.  

Maternal effects on offspring can be transmitted via direct or indirect mechanisms.  Direct 

effects are physiological effects on the offspring, such as consequences of gestational 

stress201.  Indirect maternal influences involve changes to behavior, which can be imparted 

through quality of care, neglect of offspring, and abuse202.   

 In humans, deficits in maternal care have been associated with increased risk of 

psychiatric and metabolic diseases203, 204.  Children exposed to poor maternal care have 

increased risk of personality disorders and depression and higher salivary cortisol, 

consistent with HPA axis hyperactivity205-209.  In cases of neglect or abuse the outcomes are 

more severe, with marked developmental delays and increased likelihood of a personality 

disorder diagnosis as adolescents or adults210.  Early life stress is also associated with 

reduced brain volumes and functional connectivity in the prefrontal cortex (PFC), 
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hippocampus (HPC), and amygdala (AMG)202,211, consistent with the idea that development 

deficits in these structures contribute to psychiatric symptoms.   

 The mechanisms responsible for behavioral outcomes associated with poor maternal 

care have been investigated in rodent models.  The most common rodent models involve 

maternal separation (MS) or disruptions of mother-pup interactions.  MS offspring exhibit 

increased anxiety-like behaviors and memory impairments212, 213.  MS-induced increases in 

glucocorticoids (GCs) during development leads to lasting reductions in glucocorticoid 

receptor (Gr) expression in the HPC, an important source of negative feedback to the 

hypothalamus-pituitary-adrenal (HPA) axis111, 202, 211.   Chronic elevations in GCs during 

lactation also reduce levels of Brain Derived Neurotrophic Factor (BDNF) in the HPC, PFC, 

and AMG; resulting deficits in plasticity of these regions likely contributes to the behavioral 

pathologies seen in offspring214.   

Segregation for the BDNF-Val66Met gene variant, which is associated with impaired 

activity-dependent BDNF release, further sensitizes individuals to the impacts of early life 

stress (ELS)215.  Children that carry the BDNF-Met polymorphism who were raised by 

mothers with anxiety are at greater risk for developing psychiatric symptoms216.  In rodent 

models, the combination of MS and post-weaning social isolation exacerbates deficits in GR 

regulation and increases anxiety-like behaviors111, 217.  One of the most intriguing features of 

low maternal care is that effects are trans-generational, with female offspring of poor 

mothers also exhibiting low maternal care218.  This phenomenon results from transmission 

of epigenetic marks, which regulate the activity of genes without actually altering the genes 

themselves, through the female germline202, 218. Epigenetic changes induced by poor 
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maternal care include increased DNA methylation of promoter elements in genes encoding 

GR (Nr3c1), estrogen receptor alpha (Esr1), and Bdnf 214, 219, 220.  

 The contribution of paternal effects on long-term offspring behaviors is often 

overlooked.  Paternal effects in animal models can occur through genetic and epigenetic 

transmission, direct care of offspring, and indirect effects mediated by influences on mother-

infant interactions. Paternal stress influences HPA-axis responsiveness in offspring through 

changes to the micro RNA (miRNA) content of sperm221. Reduced paternal care is associated 

with reduced Esr1 expression in the hypothalamus and AMG222 and less social recognition, 

altered play, impaired pair bonding, and increased anxiety202.  In this chapter I will outline 

experiments that implicate indirect paternal effects on maternal behavior in effects on 

susceptibility to abnormal feeding behavior. 

Part II: Current Data 

(Author Contributions: I, M Madra, performed experiments, analyzed data and LM Zeltser 

designed the experiments)  

Note:  The experiments in this chapter are still in progress. Plans for the completion of this 

study will be discussed. 

Abstract 

By combining factors commonly associated with increased risk of anorexia nervosa 

(AN)- females, adolescent age, genetic propensity to anxiety, social stressors and dietary 

stressors – we developed a novel mouse model to study susceptibility to AN.  We discovered 

that both maternal and paternal effects contribute to susceptibility to anorexic behavior in 
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females that segregate for the Brain-derived growth factor (BDNF)-Val66Met gene variant.  

The presence of a Val66Met carrier, whether it was the dam or the sire, was associated with 

reduced maternal care and survival of offspring, and increased risk of AN-like behavior in 

adolescence.  Consistent with established rodent models of exposure to early life stress, co-

habitation with a Val66Met carrier parent led to hyper-responsiveness of the hypothalamus-

pituitary-adrenal (HPA) axis.  

Introduction 

Anorexia Nervosa (AN) is often co-morbid with other mental illnesses154, 157, 180, and 

pre-existing anxiety disorders are associated with more severe eating disorder 

pathologies180, 181.  Moreover, overlapping sets of genes have been reported to confer 

susceptibility to eating disorders, anxiety and depression223, 224.  Associations between 

maternal depression and AN patients have been reported in several independent cohorts225-

228, raising the possibility that maternal factors might also influence the risk of AN 

independent of genetic transmission.  However, it is hard to parse effects due to genetic 

transmission of increased risk of both affective disorders and AN from secondary effects due 

to developmental exposure to altered hormones and/or behavior in depressed mothers.  

We developed a novel mouse model to study susceptibility to anorexic behavior by 

combining several factors that are consistently associated with increased risk of AN – 

adolescent females149, 229, genetic propensity for anxiety230, childhood stress156, 157 and 

dieting231 (outlined in Chapter 2).  We begin with mice that carry at least one copy of the 

human BDNF-Val66Met allele (hereafter referred to as hBDNFMet/?), which has been 

associated with increased likelihood and severity of AN in some cohorts178, as well as 
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increased anxiety-like behaviors mice and humans42, 232. hBDNFMet/? females are singly-

housed during adolescence, an environmental condition that has been reported to modulate 

psychiatric endpoints182, 183. Dieting behavior is strongly associated with AN233.  Although 

dieting is usually deliberate, there is some evidence to support the idea that AN may be 

precipitated by unintentional weight loss, such as that associated with mourning, some 

medications or surgery150. To approximate dieting, we restrict caloric intake by 20-30% for 

11 days. As they incorporate genetic (hBDNFMet) x environmental (social isolation stress 

(SIS)) x dietary (25% caloric restriction (CR)) risk factors for AN, hBDNFMet/?  females that 

were singly-housed from a young age and subjected to caloric restriction in the peri-pubertal 

period will hereafter be called the GED group.  Approximately 40% of GED females exhibit at 

least one “aphagic episode” (AE), defined as self-imposed consumption of <0.5g food over a 

period of >24 hours, which is usually accompanied by significant weight loss.   

In the process of trying to adapt this paradigm to wild-type C57Bl6/J mice (the same 

background strain as the hBDNF-Val66Met line), we discovered that maternal segregation 

for the hBDNF-Val66Met allele is an important component of the model.  This manuscript 

outlines efforts to parse maternal genetic and behavioral contributions to susceptibility to 

AN.  These studies provide evidence that diminished parental behavior of hBDNFVal/Met 

heterozygotes during the lactation period confers susceptibility to anorexic behavior in our 

model.   

Results  

Epigenetic factors increase risk of AN-like behavior 
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We found that genetic factors significantly increase the risk of aphagic behavior in 

response to caloric restriction during adolescence; however, the hBDNF-Val66Met allele is 

not necessary to observe AEs (Figure 3.1 and Table 3.1).  As the ability to adapt this paradigm 

to wild-type mice would promote AN research by reducing the barriers to entry for other 

labs, we subjected C57Bl6/J females (the same background as the hBDNFVal/Met strain) to SIS 

from 5 weeks and 25% CR from 7 weeks of age.  In 14 females from 3 independent litters, 

we did not observe a single AE (BDNF+/+ in Table 3.1).   The major difference between 

hBDNFVal/Val and hBDNF+/+ females is that the former were generated from an intercross 

between maternal and paternal carriers of the Val66Met allele (mpED), while the latter were 

produced by a wild-type (+/+) breeding pair (ED) (Table 3.1).   These observations raise the 

possibility that epigenetic changes caused by exposures during the lactation period increase 

susceptibility to subsequent social and dietary stressors. 

Val66Met carriers demonstrate low maternal care 

Since segregation for a single Val66Met allele is sufficient to produce anxiety-like 

behaviors42, 64, we explored whether reduced maternal behavior might underlie increased 

susceptibility to aphagic behavior in mpED vs. ED females (Figure 3.1).  To begin to explore 

whether the Val66Met allele impacts maternal care, we compared the frequency and survival 

rate of litters born to hBDNF-Val66Met carriers vs. +/+ dams that were housed in the same 

rack over a 4 month period. While both sets of dams gave birth to an average of 3 litters each, 

hBDNF-Val66Met carriers often failed to maintain their pups to weaning. In fact, hBDNF-

Val66Met carriers “lost” 30% of their first litters (i.e. none survived to weaning)(n=3/10); 

this figure was reduced to 19% in subsequent litters (n=5/16)(Figure 3.2a).  To examine 
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whether the failure to maintain litters might correlate with reduced maternal care, we 

recorded the amount of time a dam took to retrieve each pup to the nest when the litter was 

dispersed on postnatal day 1-2234, 235. (Note: only second and third litters were analyzed).   

We found that hBDNF-Val66Met carriers took more than 3 times longer to retrieve each pup 

– a hallmark of impaired maternal behavior (Figure 3.2b)236.   

Behavior of Val66Met carriers influences susceptibility to aphagic behavior in female 

offspring 

Next we began to parse genetic and epigenetic contributions to the increased risk of 

AEs in female offspring of hBDNFMet/? intercrosses that were exposed to SIS and CR in 

adolescence (mpGED).  Initially we assessed feeding and body weight-related phenotypes in 

GED females that were generated from two sets of reciprocal crosses: hBDNFMet/? females x 

wild-type (hBDNF+/+) males (mGED) and hBDNF+/+ females x hBDNFMet/? males (pGED) 

(Table 3.2).  Similar to our previous observations as well as published reports, there were 

no differences in the prevalence of AEs in GED offspring of Val66Met homozygotes or 

heterozygotes42, 64, 237; thus, data from both parental genotypes were combined as hBDNFMet/?.   

Segregation of the hBDNFMet allele by only one parent resulted in a decreased risk of AEs as 

compared to offspring of two hBDNFVal/Met heterozygotes (30% in mGED vs. 31.8% in pGED 

vs. 41.7% in GED, Table 3.2).  However, the prevalence of AEs was similar whether the 

Val66Met allele was transmitted maternally or paternally (Figure 3.3a).   While the risk of 

AEs was higher in GED female offspring when both parents carried the Val66Met allele 

(mpGED) vs. only the dam (mGED) or the sire (pGED), the severity of AEs (as defined by the 

duration and degree of weight loss) was similar in all groups (Figure 3.3c-e).  In addition, the 
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average age of AE onset was later in mGED and pGED than mpGED females (day 7 in mpGED 

vs. day 11 in mGED vs. day 10 in pGED, Figure 3.3b). 

As reduced incidence of AEs in mGED and pGED vs. mpGED females supports the idea 

that there is a significant epigenetic influence of both maternal and paternal hBDNFMet/? 

genotypes, we realized that there was a possible confound in our studies due to the presence 

of the sire in the cage during the lactation period.   After the Columbia IACUC instituted a 

policy that two dams could not be kept with their litters in the same cage, we noticed that 

very few hBDNFMet/? dams were able to maintain litters to weaning (~50%).  We found that 

by allowing the sire to remain in the breeding cage throughout the lactation period, survival 

rates were improved (although significantly lower than wild-type litters, as shown in Figure 

3.2a).  Thus, all studies of mpGED, mGED and pGED groups involved possible contributions 

from the sire – either through direct interactions with the pups or indirectly through impacts 

on maternal behavior.  To eliminate this confound, we repeated the reciprocal hBDNFMet/? x 

hBDNF+/+ crosses and removed the males from the cage after conception (Table 3.2).  

Removing the sire resulted in a dramatic reduction in the incidence of AEs in GED females 

whether the Val66Met allele was transmitted maternally (mGED’) or paternally (pGED’) (0 

AE/animal in mGED’ vs. 0.30 AE/animal in mGED, p<0.05, 0.10 AE/animal in pGED’ vs. 0.32 

AE/animals in pGED, p=0.09)(Figure 3.3a).  Together, these observations support the idea 

that parental behaviors exert a strong impact on susceptibility of hBDNFMet/? offspring to 

anorexic behavior. 
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Epigenetic influences on the hypothalamus-pituitary-adrenal (HPA) axis  

Increased responsiveness of the HPA axis has been reported in humans and mice that 

segregate for the Val66Met allele51, 65 and in rodent models of reduced maternal care238.  We 

explored whether these observations are mechanistically linked.  To this end, we examined 

baseline serum corticosterone (CORT) levels in GED females at 9.5 weeks with maternal and 

paternal (mpGED), maternal only (mGED) or paternal only (pGED) transmission of the 

hBDNFMet allele, as well as corresponding groups with the sires removed shortly after 

conception (mGED’ or pGED’).  Baseline CORT levels were similar in mpGED and pGED 

females (Figure 3.4a).  mGED females exhibited a trend toward reduced serum CORT at 

baseline, and a significant decrease in CORT 45 minutes after release from a 15-minute 

period of restraint stress (Figure 3.4a, b). Removing the sires from the breeding cage resulted 

in significantly lower baselines of serum CORT in both mGED’ and pGED’ groups (2.47 ug/dL 

in mGED’ vs. 8.81ug/dL in mpGED, p<0.05, 2.97 ug/dL in pGED’ vs. 8.81ug/dL in mpGED, 

p<0.05, note: ANOVA on entire data set on graph is NS) (Figure 3.4a).  Serum CORT levels 45 

minutes after release from restraint stress were significantly lower in mGED animals 

compared to both wild-type and mpGED groups  (28.8 ug/dL in mGED’ vs. 62.7ug/dL in 

mpGED, p<0.05, 28.8 ug/dL in mGED’ vs. 45.6 ug/dL in WT, p<0.05) (Figure 3.4b).   

Discussion based on available information 

These results demonstrate that both maternal and paternal epigenetic factors 

contribute to the aphagic behavior observed in our model.  Segregation for the Val66Met 

variant impacts maternal behavior in a way that reduces care. The association of parental 

factors in our AN model is consistent with observations in patient populations.  AN patients 
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more often have mothers who have experienced mental illness themselves and have 

reported more stressful early life experiences89, 239.  There are conflicting reports regarding 

associations of paternal care and AN; fathers of AN patients have been associated with less 

care and more controlling behaviors240, 241, along with associations of adequate care and 

more paternal protection242.  It is important to note that these results are based on inpatient 

self-report questionnaires, which could be bias since patients are often brought to treatment 

by parents. The role of paternal factors in our model is surprising as males in most rodent 

species are not known to provide parental care222.  If true, the impacts of paternal care in our 

model most likely result from interference to mother-pup interactions. Going forward, if we 

find that epigenetic marks associated with rearing by a Val66Met carrier sire (and a +/+ 

dam) are similar to those associated with exposure to reduced maternal care, it would 

support the idea that neuroendocrine and behavioral impacts are conveyed by a common 

mechanism. 

Consistent with published models of reduced maternal care111, we observed that pups 

reared by at least one Val66Met carrier had increased HPA axis reactivity.  We found that 

baseline CORT levels decrease as parental stressors are removed, with the mpGED group 

having the highest levels, followed by mGED and the lowest in mGED’.  The inability of 9.5 

week old mpGED animals to suppress CORT levels with 45 minutes of release from restraint, 

while mGED animals do, supports the idea that dysregulation of the neuroendocrine stress 

axis is programmed by epigenetic influences imparted during lactation. Our findings are 

reminiscent of reports that AN patients have higher salivary cortisol243.  However, we cannot 
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conclude that alterations to the neuroendocrine stress response axis are responsible for the 

increased susceptibility to anorexic behavior in mice or humans.  

Continuing and future experiments 

 Several experiments are still underway or planned to complete this study.  The 

unanticipated contribution of paternal factors to the phenotypes seen in our mGED and 

pGED groups requires us to generate an additional experimental group from hBDNFVal/Met 

intercrosses with sires removed (mpGED’).  I anticipate that mpGED’ animals will exhibit 

fewer AEs than mpGED animals.  If this is the case, the data would provide further evidence 

that paternal factors influence susceptibility to AN-like behavior (Figures 3.3 & 3.4).  

Comparisons between feeding and body weight phenotypes in mpGED’ vs. mGED’ vs. pGED’ 

females will be used to determine the extent to which segregation for the Val66Met in one 

parent recapitulates the phenotype resulting from two Val66Met carrier parents.  Note that 

the mGED’ group is much smaller than the other experimental groups (n=6), so it premature 

to draw conclusions. 

Cross-fostering experiments have been initiated to distinguish maternal effects from 

gestation versus lactation.  The low maternal care displayed by hBDNFVal/Met dams has 

prevented acceptance of any pups by these dams in cross fostering paradigms.  As we move 

forward, we plan to cross-foster some hBDNFVal/Met litters to wild-type dams to see if risk of 

aphagic behavior is reduced.   

The implication of paternal factors will require us to determine if the paternal 

influence is direct, through interactions with the pups, or indirect, through alterations to 

maternal care.  To assess this contribution, we will need repeat maternal care experiments, 
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litter survival and pup retrieval, on all groups where the sire is removed from the cage, 

mpGED’. mGED’, and pGED’ (Figure 3.2). I anticipate that hBDNFVal/Met dams with the sires 

removed from the cages will perform better in the pup retrieval assay, but not equivalent to 

wild-type mothers due to their BDNF-Val66Met conferred anxiety.  The baseline CORT 

measurements in groups with sires removed, mGED’ and pGED’, have a low sample size 

(n=3), preventing statistical analysis.  Future experiments should increase the number of 

animals in these groups (Figure 3.4).  The increased sample size is not anticipated to alter 

the results, but instead improve statistical analysis.   

We will also examine whether the HPA axis reactivity and/or risk of AEs is correlated 

with changes in AVP tone in the mGED and pGED groups.  If the reduction in AE prevalence 

seen in the mGED, pGED, mGED’, and pGED’ groups is associated with changes in serum AVP 

or Avpr1a expression in the anterior pituitary or amygdala, it would support the idea that 

they are causally linked.  If this is the case, we would examine whether expression levels of 

genes influenced by maternal care (i.e. Esr1, Esr2, Oxtr and Gr in the HPC, AMG and 

hypothalamus111, 218, 244, 245), correlate with changes in Avp or Avpr1a expression.  
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Group n Maternal Genotype Paternal Genotype AE Prevalence (%) 

mpGED 36 hBDNFVal/Met hBDNFVal/Met 41.7 

mpED 17 hBDNFVal/Met hBDNFVal/Met 11.8 

ED 14 BDNF+/+ BDNF+/+ 0 

 

Table 3.1. Breeding strategies I. Maternal and paternal genotypes in breeding paradigms. 

Animals with aphagic episode (AE) indicated by number of AE/n and expressed as a 

percentage.  Shaded boxes indicate manipulated factors different from original study.       

Group n 
Maternal 
Genotype 

Paternal 
Genotype 

Male Cage 
Status 

AE Prevalence 
(%) 

GED 36 hBDNFVal/Met hBDNFVal/Met In 41.7 

mGED 20 hBDNFMet/? BDNF+/+ In 30.0 

pGED 22 BDNF+/+ hBDNFMet/? In 31.8 

mGED’ 6 hBDNFMet/? BDNF+/+ Out 0 

pGED’ 19 BDNF+/+ hBDNFMet/? Out 10.5 

 

Table 3.2. Breeding strategies II. Maternal and paternal genotypes in breeding paradigms. 

Animals with aphagic episode (AE) indicated by number of AE/n and expressed as a 

percentage.  Shaded boxes indicate manipulated factors different from original study.       
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Figures 

 

 

Figure 3.1. Social stress and caloric restriction do not lead to aphagic behavior in 

female offspring of wild-type crosses.  Number of aphagic episodes (AE) per animal per 

group from 7 to 9.5 weeks of age in singly-housed hBDNFMet/? (mpGED) and 

hBDNFVal/Val(mpED) females under caloric restriction (CR) from hBDNFVal/Met crosses and 

BDNF+/+ females under social isolation and CR (ED).  (mpGED, 0.61 +/- 0.14 AE/animal, n=36, 

6 cohorts; mpED, 0.18 +/- 0.09 AE/animal, n=17, 6 cohorts; ED, 0 AE/animal, n=14, 3 

cohorts) *P<0.05, ANOVA. 

 

Figure 3.2. hBDNFVal/Met mothers exhibit poor maternal care.  (a) Litters lost (%), no 

pups surviving to weaning, in 1st litters and subsequent litters (>2nd litter) in wildtype (+/+) 

versus hBDNFVal/Met (Met) mothers, dams. (1st litter: +/+, 0%, n=4 litters; Met, 42.9%, n= 7 
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litters; 2nd litter: +/+, 0%, n=7 litters; Met, 19.2%, n= 26 litters) NS, Mann-Whitney U and 

Chi-square.  (b) Total time for all pups to be returned to nest, standardized by pup number 

in wildtype (+/+) mothers versus mothers carrying one Met allele (Met/?). (+/+, 4.0 +/- 0.8s, 

n=4 litters; Met/?, 14.1 +/- 2.1s, n= 5 litters). P<0.05, Student’s t. 

 

 

 

Figure 3.3. Epigenetic factors contribute to abnormal feeding behavior of GED females. 

(a) Number of aphagic episodes (AE) per animal per group from 7 to 9.5 weeks of age in 

singly-housed hBDNFMet/? females under caloric restriction (CR) with both parents carrying 

the Met allele (mpGED), with maternally transmitted Met allele (mGED), paternally 

transmitted Met allele (pGED), maternally transmitted Met allele with sire removed (mGED’) 

and paternally transmitted Met allele with sire removed (pGED’) (mpGED, 0.61 +/- 0.14 

AE/animal, n=36, 6 cohorts; mGED, 0.30 +/- 0.11 AE/animal, n=20, 4 cohorts; mGED’, 0 

AE/animal, n=6, 2 cohorts; pGED, 0.32 +/- 0.10 AE/animal, n=22, 5 cohorts; pGED’ 0.11+/- 
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0.07 AE/animal, n=19, 6 cohorts). *P<0.05, ANOVA. (b) Time of AE in mpGED, mGED and 

pGED groups (mpGED, 7.6 +/- 1.5 days, n=15; mGED, 11.2 +/- 1.3 days, n=6; pGED, 10.2 +/- 

1.5 days n=68. NS, ANOVA. (c) Duration of AEs in mpGED, mGED and pGED groups (GED, 

1.19 days, n=15; mGED, 1.17 days, n=6; pGED, 1.67 days, n=6). NS, ANOVA (d) Body weight 

changes within respective groups, each line represents one animal. Time 0d starts at 7 weeks 

(mpGED, n=36; mGED, n=20; mGED’, n=6; pGED, n=16; pGED’, n=11). (e) Body weight 

change in GED, mGED and pGED groups in response to mild caloric restriction (GED, 22.5 +/- 

2.1g, n=7; mGED, 20.9 +/- 1.6g, n=2; pGED, 25.5 +/- 3.9g, n=4). NS, ANOVA. 

 

 

 

Figure 3.4. Epigenetic influences on the HPA axis in GED females.   (a) Baseline 

corticosterone levels in 9.5 week old singly-housed hBDNFMet/? females under caloric 

restriction (CR) with both parents carrying the Met allele (mpGED), with maternally 

transmitted Met allele (mGED), paternally transmitted Met allele (pGED), maternally 

transmitted Met allele with sire removed (mGED’) and paternally transmitted Met allele with 

sire removed (pGED’) (mpGED, 8.81 +/- 1.64ug/dL, n=21, 5 cohorts; mGED, 5.11 +/- 

1.78ug/dL, n=8, 2 cohorts; mGED’, 2.47 +/- 0.95ug/dL, n=3, 1 cohort; pGED, 8.89 +/- 
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1.48ug/dL, n=17, 3 cohorts; pGED’ 2.97+/- 0.88ug/dL, n=3, 1 cohort). NS, ANOVA. (b) 

Restraint stress test corticosterone levels at baseline (0 min), after 15 minutes 

immobilization restraint (15 min), and recovery (60 min) in 9.5 week old singly-housed 

hBDNFMet/? females under caloric restriction (CR) with both parents carrying the Met allele 

(mpGED) or with maternally transmitted Met allele (mGED) or wild-type (WT) animals. (0 

min: mpGED, 8.81 +/- 1.64ug/dL, n=21, 5 cohorts; mGED, 5.11 +/- 1.78ug/dL, n=8, 2 cohorts; 

WT, 8.73 +/- 4.15 ug/dL, n=3, 1 cohort; 15 min: mpGED, 41.60 +/- 2.91ug/dL, n=21, 5 

cohorts; mGED, 43.31 +/- 7.33ug/dL, n=8, 2 cohorts; WT, 36.13 +/- 2.07 ug/dL, n=3, 1 cohort; 

60 min: mpGED, 62.69 +/- 1.80ug/dL, n=21, 5 cohorts; mGED, 28.77 +/- 3.39ug/dL, n=8, 2 

cohorts; WT, 45.63 +/- 2.78 ug/dL, n=3, 1 cohort). *P<0.05 Student’s t, compared to WT, 

#P<0.05 compared to GED.  

Methods 

Animals. All mice were generated from intercrosses of hBDNFVal/Met mice44, kindly provided 

by Joseph Gogos (Columbia University). Where indicated hBDNFVal/Met mice were mated to 

+/+ animals.  One female and one male per cage were maintained from conception to 

weaning of the pups, unless in groups were indicated as removed. Animals were housed in 

temperature controlled rooms at 21°C and subject to a 12h light-dark cycle. Mice had ad 

libitum access to standard chow diet (Lab Diet: PicoLab Rodent Diet 5053) and water, unless 

otherwise indicated. Animals randomly assigned to be in the environmental stressor group 

were singly-housed from 5wks of age. Hoppers were given to all singly-housed animals to 

monitor food intake at 6wks of age. Animals randomly assigned to be in the dietary stressor 

groups were provided with 70-80% of the intake of ad libitum-fed controls for 10-11 
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consecutive days starting at 7wks of age, unless otherwise indicated. Food intake and weight 

was assessed 3 times per week starting at 7wks of age. Animals were excluded if they were 

singly-housed prior to 5wks of age or displayed abnormal feeding behaviors prior to 

experimental start (7wks old). Animals exposed to handling enrichment were held daily for 

~3min and then returned to their home cage. Experimenters were not blinded to the 

experimental groups of animals. All procedures were performed within the guidelines of the 

Institutional Animal Care and Use Committee at the Columbia University Health Sciences 

Division.  

Behavioral Analysis. Births were recorded every morning and mothers were assessed with 

minimal disruption.  The mother and father were briefly removed from the cage, and pups 

were placed in each corner of the cage distant from the nest.  The mother was returned to 

the cage and monitored for 10 minutes and assessed for total retrieval time for all pups to 

the nest. Retrieval was defined as the mother picking up the pup in her mouth and returning 

it to the nest. These procedures were adapted from 236 and 246.   

Restraint Stress Test.  Mice were restrained individually in a 50 mL falcon tubes with 

holes for air for 15 min. We collected tail blood samples at 0, 15 (end of restraint), and 

60 min (45 min after restraint) after the beginning of a restraint.  

Genotyping. Initially, genotyping of the hBDNF locus was performed using PCR on DNA 

extracted from tail tips as described 44. To overcome technical difficulties sometimes 

encountered with this protocol, we developed a new primer set BDNF-F: 5’-

TCCACCAGGTGAGAAGAGTGA-3’, and BDNF-R: 5’-GAGGCTCCAAAGGCACTTGA-3’, followed 

by restriction-enzyme analysis with BsaA1, which cleaves the Val allele. 
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Corticosterone. Baseline serum for corticosterone was collected from tail bleeds on 

minimally stressed animals at 10am in unheparinized tubes and allowed to clot before 

centrifugation, decanting, and storage at -20°C until use. Serum was analyzed for 

corticosterone content via RIA (MP Biomedicals) in the laboratory of S. Wardlaw (Columbia 

University, New York, NY, USA). 

Statistics. The sample sizes in our study were chosen based on common practice in animal 

behavior experiments (10-15 animals per group). We compared the average number of 

aphagic episode/animal in each group, as opposed to the percent of animals with AEs in 

each group, because it provided a parametric value for statistical analyses. Statistical 

comparisons were performed between groups using 2-tailed, unpaired Student’s t test or 1-

way ANOVA with Fisher’s PLSD post hoc analysis. A P value of 0.05 or less was considered 

to be statistically significant. Data are presented as group mean ± s.e.m. 
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CHAPTER 4: Susceptibility to aphagic behavior programmed by 

interactions between the BDNF (Val66Met) variant and stress is 

reversed by adolescent handling 

Part I: Background 

As developmental exposure to stress due to low maternal care or social isolation can 

cause enduring damage, the question of whether these effects can be reversed becomes 

exceedingly important.  In rodent models, “environmental enrichment” consisting of pup 

handling, group housing, and/or introduction of toys into the environment can mitigate 

adverse neuroendocrine and behavioral outcomes caused by early life stress (ELS)117.  

Handled mice are less fearful in novel environments and have decreased corticosterone 

response to stress247, 248.  Handling reverses the effects of social isolation syndrome by 

increasing negative feedback inhibition of the HPA-axis through GR238, 249. Similarly, the 

anxiety-like behaviors of Bdnf+/- heterozygotes can rescued by environmental 

enrichment215, 250.  Though many handling enrichment paradigms are performed post-

weaning, adolescent handling can also reverse the isolation phenotype, even when social 

isolation is preceded by low maternal care186, 187.  Genetics factors can influence the degree 

to which environmental enrichment can ameliorate phenotypes programmed by exposure 

to ELS.  For example, handling could reduce impacts of social isolation in a non-aggressive 

mouse strain, while it had no effect on an aggressive strain251.    

While it is well-documented that reduced maternal care in rodents programs hyper-

reactivity of the HPA-axis, and that this can be reversed by enrichment, the site where this 
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occurs has not been identified.  It is not likely that this effect is mediated at the level of the 

PVH, as CRH levels in the hypothalamus remain elevated following enrichment252.   The goal 

of these ongoing studies is to examine whether reduced susceptibility to anorexic behavior 

in mice that are handled daily is mediated via effects on the AVPR1A system, and if so, to 

identify the relevant brain region. 

Part II: Current Data 

(Author Contributions: I, M Madra, performed experiments and analyzed data, R Hassouna 

generated data towards Figures 4.2a & 4.3h-k, and LM Zeltser designed the experiments)  

Note:  The experiments in this chapter are still in progress. Plans for the completion of this 

study will be discussed. 

Abstract 

 We developed a mouse model to study gene x environment interactions that increase 

susceptibility to anorexia nervosa (AN).  hBDNF-Val66Met gene variant carriers that were 

exposed to social isolation stress during adolescence are sensitive to caloric restriction (CR).  

Risk of aphagic behavior correlated with increased expression of arginine vasopressin (Avp) 

and one of its receptors, Avpr1a, in the amygdala. We found that daily handling for one week 

prior to exposure to 25% CR is sufficient to prevent anorexic behaviors. While daily handling 

reduced Avp (and possibly Avpr1a) expression in the amygdala, it led to increased HPA axis 

responsiveness.  These observations support the idea that susceptibility to anorexic 

behavior is reduced via effects on the central AVP system and not on the neuroendocrine 

stress response.  In the long term, this line of research could explain why treatments that 
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improve anxiety-related or depressive symptoms in AN patients do not impact feeding- or 

body weight-related symptoms. 

Introduction 

 Anorexia nervosa (AN) is associated with pre-existing anxiety disorders180, 181.  Social 

deprivation in children is associated with long-term impacts on behavior202.  Rodents models 

involving reduced maternal care and/or post-weaning social isolation reproduce some of the 

adverse outcomes reported in children exposed to early life stress (ELS).  For example, social 

isolation can recapitulate anxiety- and schizophrenia- like behaviors in animals253, 254.  

Handling has been shown to reverse the consequences of social isolation stress on both 

behavioral and neuronal endpoints186-188. 

 We developed a novel mouse model to study susceptibility to AN by combining risk 

factors most commonly reported in epidemiological studies: adolescent females, genetic 

predisposition to anxiety, exposure to parental anxiety or depression, social stress and 

dieting (Chapter 2 & 3)149, 156, 157, 225-231. We built our model upon the susceptibility of carriers 

of the BDNF-Val66Met allele (hereafter referred to as hBDNFMet/?) to both anxiety and AN39, 

46.  hBDNFMet/? females were singly-housed from 5 weeks of age, a condition know to 

exacerbate psychiatric endpoints183.  Animals were then subjected to a mild (25%) caloric 

restriction (CR) to mimic dieting behavior that often precedes AN233.  Singly-housed 

hBDNFMet/? females under social isolation stress (SIS) and CR will be referred to as GED, as 

they incorporate genetic x environmental x dietary stressors.  Nearly 50% of GED females 

exhibited aphagic episodes (AEs), defined as self-imposed food restriction to less than 0.5g 

per day.   
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 In the course of our studies, we realized that GED mice that were exposed to more 

handling did not exhibit the aphagic behavior.  As adverse consequences of exposure to early 

life stress (ELS) can be mitigated by daily handling238, we began to explore whether handling 

acts through a similar mechanism to reduce susceptibility to anorexic behavior in GED 

females.  This chapter outlines work in progress designed to define the central pathway(s) 

through which handling prevents anorexic behavior.  Data collected thus far are consistent 

with the idea that impacts of handling on feeding behavior is mediated via reductions in 

AVPR1A signals in the amygdala, and not in  neuroendocrine or neuronal components of the 

stress axis.  If true, this receptor pathway could represent a novel therapeutic target for 

pathological feeding behavior in AN. 

Results 

Impacts of daily handling to prevent aphagic behavior are not mediated via effects on 

the HPA axis 

In rodent models, the consequences of low maternal care are amplified by social 

isolation, but can be reversed by handling238.   We previously reported that daily handling 

between 6-7 weeks of age prevented AEs in GED females (Supp. Figure S4.1)237.  We next 

explored whether the reduction in susceptibility to anorexic behavior correlated with 

impacts on either the neuroendocrine or neuronal stress response circuits.  We assessed the 

impact of daily handling on the neuroendocrine response to a 15-minute immobilization 

stress before (7 weeks, GE vs. GEH) and after (9.5 weeks, GED vs. GEDH) exposure to caloric 

restriction.   Mice exposed to daily handling from 6 to 7 weeks exhibited no change in 

baseline corticosterone (CORT) (7.8 ug/dL in GE vs. 14.7 ug/dL in GEH, p=0.13; 6.7 ug/dL in 
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GED vs. 4.6 ug/dL in GEDH p=0.23) (Figure 4.1 a & b), but did show an elevated stress 

response at the end of the restraint period (44.9 ug/dL in GE vs. 67.6 ug/dL in GEH, p<0.05; 

38.2 ug/dL in GED vs. 53.5 ug/dL in GEDH p<0.05) (Figure 4.1 c & d).  However, CORT levels 

45 minutes after release from restraint were similar in handled and non-handled groups at 

7 weeks (Figure 4.1e).  

Daily handling reverses the effects of gene x environment interactions that increase 

Avpr1a expression in the amygdala 

As daily handling reduces the incidence of AEs by increasing HPA axis responsiveness, 

we next examined whether it could act to prevent the increase in arginine vasopressin (Avp) 

and Avpr1a expression in the amygdala that are associated with vulnerability to CR237.  We 

found that handling reduced circulating levels of AVP (Figure 4.2a) and Avp expression in the 

amygdala (Figure 4.2b) at 7 weeks of age in hBDNFMet/? females exposed to adolescent SIS.  

However, Avpr1a expression in the amygdala was not significantly different, this was driven 

by a >6 fold outlier seen in the scatter plot of the data (Figure 3.2 c & d).  Without this outlier, 

the expression of Avpr1a in the amygdala would also be reduced by handling.   (Note: 

experiments are underway to repeat the qPCR in all samples to determine if the outlier is an 

artifact of experimental error or represents a true outlier.)  

We next investigated whether the expression of other genes impacted by early life 

stress (ELS) might be altered in the amygdala after daily handling214, 219, 220. Genes encoding 

the stress hormone corticotrophin releasing hormone (Crh) and its receptors (Crhr1 and 

Crhr2) and glucocorticoid receptor (Gr) were not significantly impacted by daily handling 

(Figure 4.3a –d).  Expression of genes impacted by the quality of maternal care in other brain 



 

78 
 

regions – estrogen receptor alpha (Esr1), estrogen receptor beta (Esr2), oxytocin receptor 

(Oxtr) - were also assessed in the amygdala.  While expression of Gr, Esr1 and Oxtr were not 

different in handled vs. non-handled groups, Esr2 expression was significantly increased by 

handling (Figure 4.3e-g).  Expression of genes involved in BDNF signaling – Bdnf, Bdnf exon 

IV (exon regulated by the activity dependent promoter), Ntrk2 (TrkB), and Ngfr (p75NTR) – 

were also examined and no changes were observed in the amygdala (Figure 4.3h-k).   

Discussion based on available information 

We found that daily handling can suppress the incidence of AEs in GED females.  GED 

females that were handled exhibited higher HPA axis responses during restraint at both 7 

and 9.5 weeks of age, but robust negative feedback restores the system to baseline levels 

within a short period of time.  These results are consistent with reports that exposure to 

enrichment paradigms, subsequent to ELS, have reduced corticosterone levels at baselines 

and better behavioral responses to stress117.   

Handling also reversed increases in serum AVP and expression levels of Avp and 

Avpr1a in the amygdala that are associated with susceptibility to anorexic behavior.  We then 

performed a screen of candidate genes associated with the neural stress response, maternal 

care and BDNF signaling to identify transcriptional changes that could underlie reduced 

Avp/Avpr1a expression in the amygdala.   The only gene that was differentially expressed in 

the amygdala of handled GED females was Esr2. 

Continuing and future experiments 

 Animals exposed to handling from 6-7 weeks of age exhibited resistance to AN-like 

behavior, which was associated with reductions in Avp and Avpr1a expression in the 
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amygdala. However, these behavior and neuronal changes were not likely to be mediated 

through the neural stress axis, as expression of the CRH system in handled animals was not 

impacted by handling. In models of postnatal maternal separation, handling has been 

reported to change behavioral responses through compensation other than alterations to 

the HPA-axis252.  This could also be the case in our model.   

To begin to understand how the aphagic phenotype is reversed, we hope to identify 

the circuit that is modulating the AVP system in the amygdala.  Within the amygdala, AVP is 

only produced in the medial amygdala (MeA), while the AVPR1A receptor is expressed in the 

central amygdala (CeA).  We first explored whether reduced MeA Avp due to handling might 

be explained by changes in other genes expressed in the amygdala. After screening a panel 

of candidate genes involved in neuronal stress, maternal care, and BDNF signaling, the only 

significant difference we observed in handled versus non-handled GED females was 

increased Esr2 (Figure 3.3).  Esr2 is also expressed in the MeA, where it is reported to 

mediate mood and social behaviors including aggression, anxiety and sexual behaviors255, 256.  

It is possible that Esr2 directly mediates Avp in the MeA, since Avp and Esr2 have been shown 

to colocalize in other brain regions (SON)39.  Avp expression is reduced by ERβ agonist and 

estradiol treatment and ERβ regulates transcript levels of Avp257, 258.  To explore this 

possibility, we will first perform two-color fluorescent in situ hybridization to determine if 

Esr1 and Avp colocalize in the MeA. If they are co-localized, we can determine whether 

central injections of 17β-estradiol can modulate Avp expression in the amygdala. 

 In parallel, we are also exploring the possibility that inputs from other brain regions 

are responsible for decreased Avp expression in the amygdala due to handling.  As the HPC 
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and PFC undergo extensive remodeling during the period of handling99 and project to the 

AMG, we compared the expression of the panel of candidate genes shown in Figure 3.3 in 

handled vs. non-handled GED females.  So far we have not identified any differences between 

the two groups.  While we cannot exclude a role for inputs from the PFC or HPC in the effects 

of handing in our system, we will focus our efforts on exploring other possible sources of 

signals to the MeA.  The most promising candidate brain region is the bed nucleus of the stria 

terminalis (BNST), which is a key site of integration of stress-related inputs from the limbic 

system and the CRH neurons in the PVH that mediate the neuroendocrine and neural stress 

responses259.  
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Figures 

 

Figure 4.1. Increased HPA responsiveness in singly-housed hBDNFMet/? females 

exposed to daily handling (a) Corticosterone levels at baseline (0 min) immobilization 

stress in 7 week old singly-housed hBDNFMet/? females (GE, 7.76 +/- 1.71 ug/dL, n=8, 1 

cohort; GEH, 14.75 +/- 3.88 ug/dL, n=8, 1 cohort). NS, Student’s t. (b) Corticosterone levels 

at baseline (0 min) in 9.5 week old singly-housed hBDNFMet/? females exposed to caloric 

restriction (CR) (GED) and handling (GEHD). (GED, 6.75 +/- 1.59 ug/dL, n=13, 3 cohorts; 

GEHD, 4.65 +/- 0.58 ug/dL, n=12, 2 cohorts). NS, Student’s t. (c) Corticosterone levels after 

15 minute immobilization stress in 7 week old singly-housed hBDNFMet/? females (GE, 44.92 

+/- 3.55ug/dL, n=8, 1 cohort; GEH, 67.57 +/- 4.50ug/dL, n=8, 1 cohort). *p<0.05, Student’s t. 

(d) Corticosterone levels after 15 minute immobilization stress in 9.5 week old singly-



 

82 
 

housed hBDNFMet/? females exposed to caloric restriction (CR) (GED) and handling (GEHD). 

(GED, 38.20 +/- 3.88ug/dL, n=13, 3 cohorts; GEHD, 53.51 +/- 4.03ug/dL, n=12, 2 cohorts). 

*p<0.05, Student’s t. (e) Restraint stress test corticosterone levels at baseline (0 min), after 

15 minutes immobilization restraint (15 min), and recovery (60 min) in GE and GEH animals. 

(0 min: GE, 7.76 +/- 1.71ug/dL, n=8, 1 cohort; GEH, 14.75 +/- 3.88ug/dL, n=8, 1 cohort; 15 

min: GE, 44.92 +/- 3.55ug/dL, n=8, 1 cohort; GEH, 67.57 +/- 4.50ug/dL, n=8, 1 cohort; 60 

min: GE, 38.44 +/- 4.15ug/dL, n=8, 1 cohort; GEH, 38.55 +/- 3.05ug/dL, n=8, 1 cohort). 

*P<0.05 Student’s t, as each time point.  

 

Figure 4.2. Impact of daily handling on the AVP system. (a) Serum concentration of 

vasopressin (AVP) at 7 weeks in singly-housed hBDNFMet/? females without (GE) and with 

handling (GEH). (GE, 6.9 +/- 0.7ng/mL, n=8, 1 cohort; GEH, 4.1 +/- 0.4ng/mL, n=8, 1 cohort). 

*P<0.05, Student’s t. (b) Vasopressin (Avp) expression in the amygdala in GE and GEH 

animals. (GE, 2.9 +/- 5.3ng/mL, n=8, 1 cohort; GEH, 1.3 +/- 2.0ng/mL, n=8, 1 cohort). *P<0.05, 

Student’s t. (c) Vasopressin (Avpr1a) expression in the amygdala in GE and GEH females. (GE, 

16.7 +/- 4.8ng/mL, n=8, 1 cohort; GEH, 12.9 +/- 6.5ng/mL, n=8, 1 cohort). NS, Student’s t. 

(d) Data from (c) in scatterplot. 
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Figure 4.3 Impact of daily handling on the expression profile of the amygdala. (a) 

Corticotrophin releasing hormone (Crh) expression in the amygdala in singly-housed 

hBDNFMet/? females without (GE) and with handling (GEH). (GE, 1.5 +/- 0.4ng/mL, n=7, 1 

cohort; GEH, 1.0 +/- 0.2ng/mL, n=7, 1 cohort). NS, Student’s t. (b) Corticotrophin releasing 

hormone receptor 1 (Crhr1) expression in the amygdala in GE and GEH females. (GE, 2.9 +/- 

0.7ng/mL, n=7, 1 cohort; GEH, 1.9 +/- 0.8ng/mL, n=7, 1 cohort). NS, Student’s t. (c) 

Corticotrophin releasing hormone receptor 2 (Crhr2) expression in the amygdala in GE and 

GEH females. (GE, 10.6 +/- 3.5ng/mL, n=7, 1 cohort; GEH, 10.9 +/- 4.6ng/mL, n=7, 1 cohort). 

NS, Student’s t. (d) Estrogen receptor α (ERα) expression in the amygdala in GE and GEH 

females. (GE, 1.1 +/- 0.1ng/mL, n=8, 1 cohort; GEH, 1.1 +/- 0.3ng/mL, n=8, 1 cohort). NS, 



 

84 
 

Student’s t. (e) Estrogen receptor β (ERβ) expression in the amygdala in GE and GEH females. 

(GE, 1.4 +/- 0.4ng/mL, n=8, 1 cohort; GEH, 2.5 +/- 0.9ng/mL, n=8, 1 cohort). *p<0.05, 

Student’s t. (f) Oxytocin receptor (OXTR) expression in the amygdala in GE and GEH females. 

(GE, 1.1 +/- 0.2ng/mL, n=8, 1 cohort; GEH, 4.1 +/- 0.4ng/mL, n=8, 1 cohort). NS, Student’s t. 

(g) Glucocorticoid receptor (GR) expression in the amygdala in GE and GEH females. (GE, 0.7 

+/- 0.05ng/mL, n=8, 1 cohort; GEH, 0.7 +/- 0.2ng/mL, n=8, 1 cohort). NS, Student’s t. (g) 

Brain derived neurotrophic factor (BDNF) expression in the amygdala in GE and GEH females. 

(GE, 0.9 +/- 0.5ng/mL, n=8, 1 cohort; GEH, 1.4 +/- 1.0ng/mL, n=8, 1 cohort). NS, Student’s t.  

Methods 

Animals. All mice were generated from intercrosses of hBDNFVal/Met mice44, kindly provided 

by Joseph Gogos (Columbia University). Where indicated hBDNFVal/Met mice were mated to 

+/+ animals.  One female and one male per cage were maintained from conception to 

weaning of the pups, unless in groups were indicated as removed. Animals were housed in 

temperature controlled rooms at 21°C and subject to a 12h light-dark cycle. Mice had ad 

libitum access to standard chow diet (Lab Diet: PicoLab Rodent Diet 5053) and water, unless 

otherwise indicated. Animals randomly assigned to be in the environmental stressor group 

were singly-housed from 5wks of age. Hoppers were given to all singly-housed animals to 

monitor food intake at 6wks of age. Animals randomly assigned to be in the dietary stressor 

groups were provided with 70-80% of the intake of ad libitum-fed controls for 10-11 

consecutive days starting at 7wks of age, unless otherwise indicated. Food intake and weight 

was assessed 3 times per week starting at 7wks of age. Animals were excluded if they were 

singly-housed prior to 5wks of age or displayed abnormal feeding behaviors prior to 



 

85 
 

experimental start (7wks old). Animals exposed to handling enrichment were held daily for 

~3min and then returned to their home cage. Experimenters were not blinded to the 

experimental groups of animals. All procedures were performed within the guidelines of the 

Institutional Animal Care and Use Committee at the Columbia University Health Sciences 

Division.  

Restraint Stress Test.  Mice were restrained individually in a 50 mL falcon tubes with holes 

for air for 15 min. We collected tail blood samples at 0, 15 (end of restraint), and 

60 min (45 min after restraint) after the beginning of a restraint.  

Genotyping. Initially, genotyping of the hBDNF locus was performed using PCR on DNA 

extracted from tail tips as described44. To overcome technical difficulties sometimes 

encountered with this protocol, we developed a new primer set BDNF-F: 5’-

TCCACCAGGTGAGAAGAGTGA-3’, and BDNF-R: 5’-GAGGCTCCAAAGGCACTTGA-3’, followed 

by restriction-enzyme analysis with BsaA1, which cleaves the Val allele. 

Corticosterone. Baseline serum for corticosterone was collected from tail bleeds on 

minimally stressed animals at 10am in unheparinized tubes and allowed to clot before 

centrifugation, decanting, and storage at -20°C until use. Serum was analyzed for 

corticosterone content via RIA (MP Biomedicals) in the laboratory of S. Wardlaw (Columbia 

University, New York, NY, USA). 

Gene Expression.  Expression analyses were performed on the 1/3-rostral part of the 

hypothalamus containing the PVH, prefrontal cortex, hippocampus, amygdala and pituitary 

using real-time RT-PCR. Hypothalamus and pituitary were quickly dissected, snap frozen in 

liquid nitrogen and stored at -80°C until the mRNAs were extracted using RNeasy Plus 
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Universal Mini Kit (Qiagen, Austin, TX, USA) according to the manufacturer’s guidelines. 

cDNAs were obtained from reverse transcription of total RNA using the transcriptor first-

strand cDNA synthesis kit (Roche). Expression of Avp (forward, 

GGGCATCTGCTGCAGCGACGAGAG; reverse, AGCGCGGGTGAGGCGGAAAAA), Avpr1a (forward, 

TCCCGTGCCAAGATCCGCACA; reverse, GGTGGAAGGGTTTTCGGAATCGGT), Avpr1b (forward, 

TCTGTGTGGGACGAGAATGC; reverse GCGGTGACTCAGGGAACGT), Crh (forward, 

ATCTCACCTTCCACCTTCTGCG; reverse CCCGATAATCTCCATCAGTTTCC), Crhr1 (forward, 

ACAATGGCTACCGGGAATGC; reverse GCACTTTGCTCTTCTTCTCTTCG), Crhr2 (forward, 

GTACAACACGACCCGGAATG; reverse CGCAGTGTGAGTAGTTGACC), ERα (forward, 

GTTGCCAGGCCTGTCGGCTG; reverse GCGGTCTTTCCGTATGCCGCC), ERβ (forward, 

GGCCATGATTCTCCTCAACT; reverse TCAGCTTCCGGCTACTCTCT), OXTR (forward, 

TGTCTGGTCACTGTGCACTC; reverse CTAGGCTTTTTGGAAGCGCC), GR (forward, 

ACTTCGCAGGCCGCTCAGTGTT; reverse TGGTCCCGTTGCTGTGGAGGAGC), Bdnf exon IV 

(forward, TATCGGCCACCAAAGACTCG; reverse GACCGGTCCCCAAGGTTCTA), Ntrk2 

(forward, AGCCAGACACATTTGTTCAGCA; reverse AGCACTCGGCAAGGAAAACT), Ngfr 

(forward, GAGTCGGGCTAATGTCCTGG; reverse CATCCCTCCACAAATGCCCT) and Bdnf 

(forward, CCCGGAGTAGGGATGGAGAA; reverse ATCATGGGCAGTGGAGTGTG) were 

quantified on a LightCycler (Roche) using the Light Cycler 480 SYBR Green I master (Roche). 

Beta actin (forward, AAGGAAGGCTGGAAAAGAGC; reverse, AAATCGTGCGTGACATCAA) was 

used as housekeeping gene. Relative quantification was calculated using the 2-

where Ct is the cycle threshold at which the amplified PCR product was detected and 2-

represents the fold change in gene expression normalized to beta actin and relative to the 

control group.   
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Serum Analysis. All blood samples were collected between 10:00 AM and noon via orbital 

sinus puncture on avertin-anesthetized animals. Blood was kept on ice before being 

centrifuged, plasma was decanted and stored at -80°C before further analysis. AVP serum 

concentration was quantified using a specific Enzyme Immunoassay (EIA) (arg-Vasopressin 

EIA kit, ADI-900-017, Enzo Life Sciences, Framingdale, NY, USA) according to the 

manufacturer’s protocol.  

Statistics. The sample sizes in our study were chosen based on common practice in animal 

behavior experiments (10-15 animals per group). We compared the average number of 

aphagic episode/animal in each group, as opposed to the percent of animals with AEs in each 

group, because it provided a parametric value for statistical analyses. Statistical comparisons 

were performed between groups using 2-tailed, unpaired Student’s t test or 1-way ANOVA 

with Fisher’s PLSD post hoc analysis. A P value of 0.05 or less was considered to be 

statistically significant. Data are presented as group mean ± s.e.m. 

Supplemental Information 

 

 

Figure S4.1. Abnormal feeding behaviors in singly-housed hBDNFMet/? females under 

caloric restriction, were reversed by adolescent handling. Number of aphagic episodes 
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(AE) per animal per group from 7 to 9.5 wks of age in singly-housed hBDNFMet/? females 

under caloric restriction (CR) with no handling (GED) and with handling (GEHD) (GED, 0.61 

+/- 0.14 AE/animal, n=36, 6 cohorts; GEHD, 0 AE/animal, n=10, 2 cohorts). *P<0.05, 

Student’s t.  
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CHAPTER 5:  Concluding Remarks and Future Directions 

Part I:  Relevance of the AN Model  

Concluding Remarks 

Though other animal models of anorexia nervosa (AN) have been developed, they 

have fallen out of favor because they fail to recapitulate some of the most common patterns 

of disease onset in humans.  Models is which AN is elicited through stress, exercise, severe 

caloric restriction (CR) or genetic manipulations bypass  critical associations with pre-

existing psychiatric disorders and peak age of onset in adolescence165, 166, 170-172, 260, 261.  While 

these manipulations can provide useful insights into neuropeptide and neuronal pathways 

responsible for food intake suppression in response to particular nutritional and/or dietary 

stressors, they are not useful to study potential triggers of the disease.    

The BDNF-Val66Met genotype, predisposition to anxiety, social stress, dieting, and 

maternal behavioral and mental illness have each been implicated in susceptibility to the 

human disease, but we are the first to study their combined effects.  As outlined in Chapter 

2, we discovered that exposing females carrying the hBDNF-Val66Met variant to social 

isolation and mild caloric restriction (CR) in adolescence can trigger self-imposed bouts of 

aphagia (Figure 2.2a).   An important feature of our model is that the GED conditions did not 

directly induce aphagia in all mice (Figure 2.2a).  We took advantage of the fact that fewer 

than 50% of GED females exhibited AEs to identify neuroendocrine and neuronal signatures 

of susceptibility vs. resilience to anorexic feeding behavior. 
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Females within the GED group that had a history of aphagic episodes (GED-AE) had 

elevated serum arginine vasopressin (AVP) and increased Avpr1a expression in the anterior 

pituitary compared to age- and exposure-matched mice that did not exhibit AEs (GED-Ø) 

(Figures 2.4).  Increased Avp and Avpr1a expression in the amygdala, but not the pituitary, 

could be detected in Val66Met carriers exposed to social isolation stress (GE group) at 7 

weeks, before the onset of abnormal feeding behavior (Figures 2.5 & 2.6).  These 

observations are consistent with the hypothesis that hyperactivity in the neural AVPR1A 

signaling pathway confers sensitivity to caloric restriction. 

While the GED model recapitulates many of the risk factors associated with 

susceptibility to disease149, 156, 157, 229-231, the pattern of feeding behavior during an AE is 

different from AN in humans.  In mice, food intake is suppressed by more than 80%, which 

is sometimes accompanied by restriction of water intake as well.  As a result, mice that 

maintain AEs for 3 days do not survive.  In contrast, suppression of food intake is less severe 

in humans, and thus this behavior can be maintained over a long period of time. It has been 

proposed that dieting behavior becomes a rewarding habit in some individuals, developing 

into the persistent and severe nature of AN.  Since food restriction results in weight loss, 

which is a positive stimulus, behaviors can be established to reinforce this rewarding 

experience.  Once these behaviors have been shaped, they are hard to change159.  Thus, the 

GED model is useful to study susceptibility to anorexic behavior, but other models are 

needed to study the chronicity of AN in humans. 

 While exposure to low maternal behavior in the postnatal period followed by social 

isolation and caloric restriction in adolescence can trigger aphagic behavior in mice that 
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carry the wild-type (hBDNFVal) allele, susceptibility is markedly increased by the hBDNFMet 

allele (Figure 3.1). Segregation for this gene variant is also associated with anxiety and 

affective disorders39.  In addition, exposure to early life stress (ELS) and social stress are 

predisposing factors for depression, bipolar disorder, and anxiety66, 89, 93.  Notably, the 

Val66Met variant is associated with increased severity of depressive symptoms in mice and 

humans12, 24, 55, 56, 128.  This raises the possibility that our model might also be useful to study 

susceptibility to anxiety and affective disorders.  To explore this possibility, we could 

evaluate GE mice using a battery of behavioral tests (including elevated plus maze, open field 

test, and forced swim test262).  Note, that we did not perform behavioral tests in experimental 

groups described in this dissertation due to concerns that they might interfere with the 

aphagic behavior we were measuring.   

Future Directions 

 Our observation that increased serum AVP and Avp and Avpr1a expression in 

amygdala precede the onset of abnormal behavior raises the possibility that elevated serum 

AVP might be a predictive biomarker of vulnerability to aphagic behavior.  Because our 

analyses of neuronal endpoints necessarily involved terminal procedures, we could not 

address this issue. To test this hypothesis we will perform longitudinal studies to measure 

serum AVP in GED females before, during and after an AE.  To minimize stress due to blood 

collection, repeated measurements of serum AVP levels will be performed on samples 

obtained from weekly tail nicks.  We will then determine whether there is a correlation 

between serum AVP and AE onset.  In preliminary analyses of n=3 mice, I found that self-

imposed AEs are accompanied by a 3-fold increase in corticosterone levels, as compared to 
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exposure-matched females subjected to an investigator-imposed 48 hour fast (Figure 5.1).  

If we find that serum AVP is a predictive biomarker of AEs in mice, it would support further 

studies to determine whether this is also the case in humans.  In addition, it would support 

the idea that the AVP signaling pathway represents a novel therapeutic target for a subset of 

AN patients. 

 We hypothesize that increased AVPR1A signaling mediates aphagic behavior in our 

model.  This idea is supported by animal studies in which the effect of intraperitoneal 

injections of AVP to reduce food intake can be blocked by administration of an AVPR1A 

antagonist191-193.  In addition, associations between an AVPR1A gene variant and restrictive 

feeding behaviors have been reported in clinical and non-clinical human populations198.  To 

begin to evaluate the contribution of the AVPR1A signaling to aphagic behavior, we will 

determine whether AVPR1A antagonists can prevent aphagic feeding behavior in our model.  

By comparing the effect of administration of AVPR1a antagonists that do and do not cross 

the blood brain barrier (BBB)192, 263, 264, we could parse the contribution of peripheral (likely 

via the pituitary) and central (likely via the amygdala) pathways. If these studies 

demonstrate that AVPR1A antagonists can prevent anorexic behavior, it would open the 

possibility for their use to treat AN patients. Note, that due to the pattern of presentation of 

AN cases in the clinic, is unlikely that it would feasible to prevent AN in at-risk populations, 

as most adolescent girls are trying to lose weight, not to prevent it.  While AVPR1a 

antagonists might be effective in alleviating eating-related pathologies in AN patients or in 

those experiencing a relapse, it is likely that additional treatments will be needed to address 

the mechanism by which AN behavior becomes habitual159. 
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 If central AVPR1A signaling is implicated by the antagonist experiments, it will be 

important to determine which brain regions and neurons are involved.  At 7 weeks, we found 

that changes in AVP tone could only be detected in the AMG, whereas at 9.5 weeks GED-AE 

females also exhibited increased Avpr1a expression in the anterior pituitary.  We can assess 

transcriptional profiles in different brain regions at 9.5 weeks (including the AMG, prefrontal 

cortex (PFC), hippocampus (HPC), bed nucleus of stria terminalis (BNST), lateral septum 

(LS) and hypothalamus (HYP)) and compare susceptible (GED-AE) versus resistant (GED-Ø) 

populations.  In long-term, conditional loss of function approaches to study the contribution 

of AVPR1A signaling in a particular brain region could be used to test our hypothesis. 

Part II: Proposed Model to Explain Contributions of the BDNFMet/? Genotype  

 Reductions in synaptic pruning, dendritic arborization, neuronal transmission, 

and/or neurogenesis imposed by the BDNF-Val66Met variant increase vulnerability to stress.  

Thus, impact of ELS (due to reduced maternal care) on HPA axis function is exaggerated in 

these mice.  It is also possible that changes in the amygdala occur during the postnatal period, 

but we have not yet examined this possibility.  The adolescent period is characterized by 

extensive pruning of PFC and AMG circuits, rendering these areas sensitive to environmental 

cues.  Social isolation stress at this time further exacerbates the BDNF-Val66Met and ELS 

induced AMG sensitivity, causing some animals to be vulnerable to environmental stressors 

while others are resistant.  The vulnerable animals exhibit elevated amygdalar Avp and 

Avpr1a expression and serum AVP (Figure 2.5).  Exposure to a dietary stressor in vulnerable 

animals will then trigger aphagic behavior.  We hypothesize that these central alterations to 

AVPR1A tone allow these animals to initiate and maintain such a severe restriction.  This 
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behavior may be reinforced by the increased anterior pituitary Avpr1a seen in animals with 

AEs (Figure 2.4).   

Part III: Contributions of Parental Factors 

Concluding Remarks 

Studies outlined in Chapter 3 provide evidence that maternal and paternal effects 

influence the prevalence of AEs in singly housed hBDNFMet/? mice subjected to CR (GED).  

Other groups using the BDNF-Val66Met mouse strain have conducted their experiments with 

animals carrying only one Met allele (hBDNFMet/+).   The breeding strategies employed in 

these experiments mirrored those used in our maternal programming experiments (Chapter 

3) with only one parent carrying the Met allele42, 64, 65.  In light of our implication of parental 

influences on feeding behavior, the use of hBDNFMet/+ animals in these studies should be 

noted.  Since breeding in hBDNFVal/Met crosses can be difficult, as described in Chapter 3, it is 

possible that these groups used a wild-type outcross to obtain sufficient litter number and 

survival.  However, in doing so they may have altered behavioral parameters of the offspring.   

The BDNF-Val66Met mouse model could be used to parse genetic and epigenetic 

factors that influence susceptibility to eating disorders. We know that the major contribution 

of dams in our model is genetic, since mED animals exhibited less aphagic behavior than 

mGED animals (data not shown).  Nevertheless, reduced incidence of AEs after males were 

removed from the breeding cages provides evidence that epigenetic effects also contribute 

(Figure 3.3).  Elucidation of mechanism by which parental behaviors impact our AN model 

could also provide insights into the etiology of other psychiatric diseases. 
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Future Directions 

To study the effects of parental factors on our model we can dissect brain regions 

associated with neuronal components of stress circuitry and use RT-PCR techniques to 

assess gene expression.  Brain regions that have been implicated in early life stress include: 

paraventricular nucleus of the hypothalamus (PVH), HPC, AMG, and parabrachial nucleus 

(PBN).  Genes encoding the stress hormone corticotrophin releasing hormone (Crh) and its 

receptors (Crhr1 and Crhr2) and glucocorticoid receptor (Gr) will be assessed to see if 

transcriptional changes in neuronal components correlate with changes observed in the 

neuroendocrine response (Chapter 3).  Expression of genes impacted by the quality of 

maternal care –estrogen receptor alpha (Esr1), estrogen receptor beta (Esr2), oxytocin 

receptor (Oxtr) – will also be examined.  Epigenetic effects in both maternal and paternal 

care have been associated with Esr1 and Esr2 107, 265, 266.    

Part IV: Increased Susceptibility During Adolescence 

Concluding Remarks 

 Pilot experiments involving the exposure of hBDNF-Val66Met carriers to social 

isolation and caloric restriction were performed in adults.  We found no differences in 

feeding behavior, weight maintenance, energy homeostasis or anxiety in calorically-

restricted animals or when animals were fed a high fat diet (data not shown).  Imposition of 

social and dietary stress during the adolescent period is essential to eliciting aphagic 

behavior.  My observations are consistent with the idea that interactions between the BDNF-

Val66Met variant and early life stress (ELS) increase the vulnerability to subsequent 

stressors during adolescence.  ELS in humans has been associated with increased cortisol 
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during childhood, which is predictive of connectivity between the amygdala and PFC in 

adolescence107.  Stress during adolescence also heightens AMG reactivity in humans267.  

BDNF-Met mice and humans exhibit slower fear extinction, which is paralleled by increased 

amygdala reactivity in humans268. If the BDNF-Met variant and stress increase AMG activity 

during adolescence, we would predict that GED mice will also exhibit increased AMG 

reactivity.  The BDNF-Val66Met variant, ELS, social isolation and the adolescent time period 

create a perfect storm for the initiation of psychiatric phenotypes.  This strengthens the use 

of this model to study disease beyond AN, such as depression and anxiety, that share similar 

comorbidities and time of onset.   

Future Directions 

 To determine if the BDNF-Met variant and stress interact during adolescence in our 

model to promote AMG activity, we could investigate c-Fos activity.  In situ hybridization of 

c-Fos will reveal recent neuronal activity.  Comparing c-Fos staining in GED animals versus 

wild-type animals could reveal differences caused by factors in our model.  If differences are 

seen, we can extend the comparison to groups with different combinations of risk factors 

(GE, G and C, Table S2.1).  The most abundant measure of brain activity used in humans is 

functional magnetic resonance imaging (fMRI) which implicates increased activity in brain 

regions through changes in blood flow.  fMRI techniques have been optimized in mice269 and 

could potentially allow us to see if BDNF-Met x stress during adolescence increases AMG 

activity in our GED animals.   
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Part V: Implications of Adolescent Handling 

 Studies in Chapter 4 further investigated the role of adolescent handling mediated 

reduction in aphagic behavior in our AN model.  We demonstrated that handling, a paradigm 

often utilized postnatally, has behavioral effects during adolescence.    This is striking as 

animals were exposed to both parental induced ELS and adolescent social isolation stress.  

As many enrichment experiments return animals to low-stress environments, group housing, 

prior to behavioral testing our animals maintained singly-housed throughout our 

experiment, and still demonstrated improvements on feeding endpoints.  These 

improvements extended beyond behavioral paradigms with the reversal of increased central 

AVP tone implicated in our model.  This strengthens the use of AVPR1A as a therapeutic 

target. Comparing molecular markers in animals that were handled (GEDH) versus animals 

that had AEs (GED-AE) and those that did not (GED-Ø), will allow us to see changes due to 

AE susceptibility that are reversed by handling.  The ability to compare these susceptible 

(GED-AE) versus resistant (GED-Ø), versus preventative (GEDH) groups will allow us to 

better discern the mechanism behind aphagic behavior and the potential for finding 

treatment strategies. 

Part VI: Significance to Field 

 This work has demonstrated the first mouse model of AN that recapitulates many 

hallmark features of the human disease. This is the only animal model of AN with self-

induced aphagic behaviors based on gene x environment interactions.  This model has 

already allowed us to divulge into the mechanism behind the observed anorectic behavior, 

through changes in central AVP tone.  This target will allow for refocusing of the etiology of 
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AN and in doing so allow for the creation of novel therapeutics.  Overall, the creation of this 

model has opened the door for extensive research on AN etiology, prevention and treatment. 

This work has demonstrated the association of maternal and paternal factors in our 

AN mouse model. The concept that Met carries not only impart genetic effects, but also pass 

on detrimental effects through maternal or paternal behavior could change the way we 

examine genetic susceptibility to psychiatric illness.  Handling mediated termination of AN-

like behavior in our model has opened the door to novel treatment modalities in AN.  
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Figure 

 

Figure 5.1. Increased corticosterone in singly-housed hBDNFMet/? females under 

caloric restriction during aphagic behavior. Baseline corticosterone levels in singly-

housed hBDNFMet/? females under 24 hour fast (24-fast, 8 weeks), 48 hour fast (48-fast, 8 

weeks), during or after caloric restriction (CR) within an aphagic episode (AE) (48-AE, 7-9.5 

weeks)), and after CR with no AEs (GED, 9.5 weeks).  (24-fast, 19.7 +/- 14.9 ug/dL, n=2, 1 

cohort; 48-fast, 34.4 +/- 10.3 ug/dL, n=4, 2 cohorts; 101.4 +/- 26.9 ug/dL, n=3; GED, 6.7 +/- 

4.0 ug/dL, n=13, 2 cohorts).  ANOVA. 
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