I

MOLECULAR
METABOLISM

Brain-derived neurotrophic factor is required ) o
for axonal growth of selective groups of neurons
in the arcuate nucleus
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Michael Rutlin %, Richard B. Simerly " °, Baoji Xu " *°

ABSTRACT

Objective: Brain-derived neurotrophic factor (BDNF) is a potent regulator of neuronal development, and the Banf gene produces two populations
of transcripts with either a short or long 3’ untranslated region (3’ UTR). Deficiencies in BDNF signaling have been shown to cause severe obesity
in humans; however, it remains unknown how BDNF signaling impacts the organization of neuronal circuits that control energy balance.
Methods: We examined the role of BDNF on survival, axonal projections, and synaptic inputs of neurons in the arcuate nucleus (ARH), a structure
critical for the control of energy balance, using Bdnf1ox/kiox mice, which lack long 3’ UTR Bdnf mRNA and develop severe hyperphagic obesity.
Results: We found that a small fraction of neurons that express the receptor for BDNF, TrkB, also expressed proopiomelanocortin (POMC) or
neuropeptide Y (NPY)/agouti-related protein (AgRP) in the ARH. Bdnf“®” % mice had normal numbers of POMC, NPY, and TrkB neurons in the
ARH; however, retrograde labeling revealed a drastic reduction in the number of ARH axons that project to the paraventricular hypothalamus (PVH)
in these mice. In addition, fewer POMC and AgRP axons were found in the dorsomedial hypothalamic nucleus (DMH) and the lateral part of PVH,
respectively, in Banf®’¥° mice. Using immunohistochemistry, we examined the impact of BDNF deficiency on inputs to ARH neurons. We found
that excitatory inputs onto POMC and NPY neurons were increased and decreased, respectively, in Banfoxkiox mice, likely due to a compensatory
response to marked hyperphagia displayed by the mutant mice.

Conclusion: This study shows that the majority of TrkB neurons in the ARH are distinct from known neuronal populations and that BDNF plays a
critical role in directing projections from these neurons to the DMH and PVH. We propose that hyperphagic obesity due to BDNF deficiency is in

part attributable to impaired axonal growth of TrkB-expressing ARH neurons.
© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION of peripheral signals relevant to nutritional and metabolic states [1—3].

In the ARH, neurons that coexpress neuropeptide Y and agouti-related
Homeostatic regulation of energy balance depends on the organization  peptide (NPY/AgRP) and neurons that express proopiomelanocortin
and activity of hypothalamic neural circuits. The arcuate nucleus of the ~ (POMC) play important roles in the regulation of food intake and energy
hypothalamus (ARH), which is situated in close vicinity to the bottom of  expenditure. NPY/AgRP neurons are orexigenic, whereas POMC neu-
the third ventricle, appears to be a predominant site for the integration  rons are anorexigenic [4]. All directly respond to leptin and other
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appetite-regulating factors, and relay these signals to other hypotha-
lamic nuclei that have been implicated in the control of feeding,
including the paraventricular hypothalamic nucleus (PVH), the dorso-
medial nucleus of the hypothalamus (DMH), and the lateral hypotha-
lamic area (LHA) [3].

Brain-derived neurotrophic factor (BDNF) plays a crucial role in
neuronal survival, synaptic plasticity, and neural circuit development
[5—7]. Substantial evidence has recently emerged implicating BDNF
and its receptor TrkB in the control of feeding and energy balance [8,9].
Mutations in the gene for BDNF or TrkB result in remarkable hyper-
phagia and massive obesity in humans and mice [10—15].

The Bdnf gene produces two forms of transcripts with either a short or
long 3’ untranslated region (3’ UTR) due to the presence of two
alternative polyadenylation sites [16]. We previously reported that short
3’ UTR Bdnf mRNA is restricted to the somas, whereas long 3’ UTR
Bdnf mRNA is also transported to dendrites for local translation [17].
Bdnf®¥oX mice, in which long 3’ UTR Bdnf mRNA is truncated due to
a genetic manipulation [17,18], develop severe hyperphagic obesity
[15]. In addition, these mice exhibit deficits in leptin-induced neuronal
activation and impairment in projections of arcuate POMC neurons to
the DMH [15]. Given the importance of NPY/AgRP and POMC neurons
in energy balance and BDNF’s role as a potent regulator of synaptic
development and plasticity, we hypothesized that BDNF derived from
long 3’ UTR Bdnf mRNA regulates food intake in part by promoting
axonal outgrowth and modulating synaptic connections of NPY/AgRP
and POMC neurons.

2. MATERIALS AND METHODS

2.1. Animals and treatments

Npy-hrGFP (stock #: 006417), Pomc-hrGFP (stock #: 006421), Rip-Cre
(stock #: 003573), and G(ROSA)26Sor™ICAG-ITomato) (4ig: stock #:
007909) mice were obtained from the Jackson Laboratory. The
Banf"™" gtrain has been described [17,18]. TrkB“®FT2+ mice were
kindly provided by Dr. David Ginty at Harvard Medical School. All
animals were kept in temperature- and humidity-controlled rooms on a
12h/12h light/dark cycle. Mice were allowed ad libitum access to
water and regular laboratory chow (Mouse Diet 20 with metabolizable
energy of 3.56 kcal/g, LabDiet). NPY-hrGFP;Banf™" % and POMC-
hrGFP:Bdnf"®’¥o% animals were generated by two sequential crosses:
GFP mice were crossed to Bdnf™* mice to produce GFP:Bdnf"™+
mice, followed by an intercross between GFP:Bdnf®* mice and
Banf™™~ mice. TrkBCERTZ: pjg/s -Bdnf™®/Ko% animals were pro-
duced through intercrosses between TrkBeER T2+ Banf%+ mice and
Ai9/Ai9:Bdnf®* mice. To induce nuclear localization of Cre recom-
binase in animals harboring the 7rkB“®F72 allele, tamoxifen (100 mg/
kg body weight, 1 mg in 150 pl of corn oil; Sigma—Aldrich) was
administered intraperitoneally for 5 consecutive days in 6-week-old
mice. Animals were transcardially perfused 10 days after the last
tamoxifen injection. Animals that were used for immunohistochemistry
of phosphorylated signal transducer and activator of transcription 3
(pSTAT3) were administered with recombinant mouse leptin (5 mg/kg
body weight; R&D Systems) intraperitoneally and perfused 45 min
later. For fasting and re-feeding experiments, animals were food-
deprived for 40 h and then either perfused immediately or re-fed for
2h before perfusion. Both female and male mice were used in all
experiments described in this study. We did not observe any sex dif-
ferences in the neuroanatomical analysis we performed. The Animal
Care and Use Committees at Georgetown University, University of
Southern California, and the Scripps Research Institute approved all
animal procedures used in this study.
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2.2. Dil implants in postnatal mice

Implantation of Dil (1,1’-dioctadecyl-3, 3,3',3’-tetramethylindocarbo-
cyanine perchlorate; Molecular Probes) was conducted as previously
described [19]. Briefly, male Bdnf™* and Bdnf™”°* mice were
anesthetized with tribromoethanol and perfused on postnatal day 12
(P12) with a 4% paraformaldehyde solution (pH 7.4). The brains were
removed immediately from each perfused animal and stored in fixative
at 4 °C until further processing. In preparation for labeling, the brains
were blocked, embedded in 3% agarose, and sectioned from caudal to
rostral to expose the ARH without disturbing rostral regions. Each brain
block was stained with methylene blue to visualize morphological fea-
tures of the exposed surface of the block, which allowed for unambig-
uous identification of the cytoarchitectonic borders of the ARH. An insect
pin was used to place a small Dil crystal (~20—40 pm in diameter) into
the ARH of each brain under visual guidance with the assistance of a
stereo-zoom microscope. After implantation, the brain blocks were
stored in 4% paraformaldehyde, and the Dil was allowed to diffuse for 6
weeks in the dark at 37 °C. Then, 80-pum-thick sections through the
hypothalamus were cut on a vibratome, mounted onto poly-L-lysine-
coated glass slides, and cover-slipped with 65% buffered glycerol.

2.3. Immunohistochemistry

For AgRP and alpha-melanocyte stimulating hormone (¢.-MSH) im-
munostaining, adult or P12 mice were deeply anesthetized and
transcardially perfused with saline followed by fixative (4% para-
formaldehyde in borate buffer, pH 9.5). Brains were then postfixed in a
solution of 20% sucrose in fixative for 4h and then cryoprotected in
20% sucrose in 0.2 M potassium phosphate buffer solution. For other
immunostaining, adult mice were transcardially perfused with phos-
phate buffer saline (PBS, pH7.4) and then 4% paraformaldehyde in
PBS, postfixed, and cryoprotected as previously described [15]. Brains
were frozen in powdered dry ice and series of coronal sections were
collected using a cryostat or a sliding microtone. The following primary
antibodies were used: AgRP (Phoenix Pharmaceuticals), a.-MSH (Mil-
lipore), humanized Renilla green fluorescent protein (hrGFP; Stra-
tagene), HuC/D (Invitrogen Life Technologies), vesicular glutamate
transporter 2 (Vglut2; Synaptic Systems), vesicular GABA transporter
(Vgat; Synaptic Systems), pSTAT3 (Cell Signaling), c-Fos (Calbiochem),
and DsRed (Clontech). For fluorescence staining, Alexa Fluor conju-
gated secondary antibodies (Life Technologies) were used, followed by
counterstaining with the fluorescent nuclear marker DAPI, and cover-
slipped in Fluoromount G mounting medium (Southern Biotech). For
non-fluorescence staining, biotinylated secondary antibodies (Vector
Laboratories) were used, followed by the avidin—biotin—peroxidase
complex (Vector Laboratories) according to the instructions of the
manufacturer. Sections were then developed in 0.05% 3, 3'-dia-
minobenzidine tetrahydrochloride (Sigma) and 0.001% hydrogen
peroxide in 0.1 M Tris-Cl, pH 7.5, mounted onto slides, dehydrated,
and cover-slipped with DPX (VWR).

2.4. Image acquisition and analysis

For analysis of axonal fiber density, 30 pum-thick brain sections from
Banft’t and Bdnf“®°% animals were obtained using a cryostat.
Regions of interest in the medial parvicellular part of the PVH (PVHmp),
lateral part of the PVH (PVHIp), dorsal and ventral regions of the DMH,
suprafornical region of the LHAs, anterior bed nucleus of the stria
terminalis (@aBNST), or paraventricular thalamus (PVT) were defined
using anatomical criteria and imaged using a laser scanning confocal
microscope (Zeiss LSM 710) equipped with a 63x oil-corrected
objective. Image stacks (10 pum thick) were collected through the
z-axis at a frequency of 0.4 pm. The density of AgRP and a-MSH
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immunoreactive axonal fibers in each region of interest were measured
by using Volocity Software (Perkin Elmer) as described in detail else-
where [20]. Briefly, labeled fibers were identified in image stacks using
a threshold intensity value. Identified peptide-containing fibers were
then skeletonized to one-pixel thick lines and the total length of each
line was measured and summed in each region of interest. Data are
expressed as the density of labeled fibers contained in a fixed volume.

2.5. Neuronal count

To quantify numbers of NPY, POMC, and TrkB neurons in the ARH,
every fourth brain sections (40 pum) obtained from Npy-hrGFP, Pomc-
hrGFPor TrkBYeERT2%+- Ajg/+ mice, in either the Banft"* or Banf<o/iox
background, were stained with antibodies against hrGFP or DsRed
using the non-fluorescence staining protocol described above.
Neuronal count was performed using Stereo Investigator software
(MicroBright-Field Inc.) on sections containing the ARH region along
the anterior-to-posterior axis; brain sections from at least 3 animals
were quantified for each genotype.

2.6. Statistical analyses

Statistical significance was determined using GraphPad Prism or Excel
software and all data are expressed as mean + SEM. For two group
comparisons, a two-tailed unpaired t test was used. P values <0.05
were considered significant.

Bregma -1.34 mm

Bregma -1.94 mm
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3. RESULTS

3.1. Characterization of TrkB-expressing neurons in the ARH

To investigate whether the obese phenotype in Bdnf™ % mice is
associated with alterations in arcuate neurons, we first examined the
expression of TrkB in the ARH and the relation of the TrkB neurons with
other ARH neurons known to control energy balance. TrkB neurons
were visualized through the utilization of TrkBS®ERT2/+ -Ai9/+ mice in
which TrkB-expressing cells were marked by red fluorescent protein
tdTomato, after tamoxifen induction. Abundant TrkB neurons and
some TrkB astrocytes were detected through the whole ARH in
TrkBYeERT2/+ - 7ig/+ animals (Figure 1 and Supplementary Figure 1).
Next, we examined whether TrkB neurons in the ARH express POMC
since POMC"™ — DMH projections are impaired in Bdnf™<* mice
[15]. We generated Pomc-hrGFP: TrkBY®R72/+ :Aig/+ mice to quantify
TrkB neurons that are positive for POMC. Similarly, we generated Npy-
hrGFP:TrkBE®ERT2+ .2i9/+- mice to examine co-expression of TrkB and
NPY. In these mice, TrkB cells are labeled by tdTomato, while POMC or
NPY neurons by GFP. Analysis of confocal images acquired from series
of brain sections collected from Pomc-hrGFP: TrkBEeERT2/+ -ig/1 mice
(n = 3) showed that 13.8 4+ 2.9% of the TrkB neurons expressed
POMC while 16.5 & 1.5% of the POMC neurons were TrkB-positive in
the ARH (Figure 2A,D). In Npy-hrGFP.TrkB“®EFT2/+ Ai9/+ animals
(n = 4), 15.7 + 3.2% of the TrkB neurons expressed NPY while

Bregma -1.70

Bregma -2.18

Figure 1: TrkB-expressing cells in the ARH. Representative confocal images acquired from brain sections of adult TrkB“®EF"2* ;Ai9/+ mice after tamoxifen injection. TrkB positive
cells, at different anterior-posterior levels relative to Bregma, were marked by tdTomato in the ARH. White and yellow arrows indicate a few representative TrkB-expressing neurons

and astrocytes, respectively. 3V, third ventricle. Scale bar, 50 um.
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% Co-localization

Figure 2: TrkB-expressing neurons represent a distinct subset of ARH neurons. (A) Representative confocal images showing localization of TrkB and POMC neurons in the ARH of
Pomc-hrGFP: TrkB®EfT2/+ :Ai9/+ mice. Arrows denote neurons that express both TrkB and POMC. (B) Representative confocal images showing localization of TrkB and NPY
neurons in the ARH of Nipy-hrGFP: TrkB®5F72"+ :Ai9/+animals. Arrows denote neurons that express both TrkB and NPY. (C) Arcuate Rip-Cre neurons were labeled by tdTomato in
Rip-Cre/+;Ai9/+ animals (left panel). No B-galactosidase-expressing neurons were detected in the ARH of Rip-Cre/++;fBZ/+mice (right panel). Scale bar, 50 um. (D) Quantification

of colocalization of TrkB with either POMC or NPY in the ARH.

7.8 + 2.3% of the NPY neurons were positive for TrkB in the ARH
(Figure 2B,D).

Given that the percentage of TrkB neurons co-expressing either POMC
or NPY is low, we then examined whether some TrkB neurons in the
ARH are GABAergic Rip-Cre neurons, one population of ARH neurons
that are distinct from POMC and AgRP neurons [21]. Rip-Cre neurons
have been shown to synapse onto PVH neurons that project to the
nucleus tractus solitarius to regulate energy expenditure [22]. We
generated two genotypes of mice, Rip-Cre/+,Ai9/+ and Rip-Cre/
+,fBZ/+-, for this study. In Rip-Cre/+;Ai9/+ mice, Rip-Cre-expressing
neurons can be identified by tdTomato, whereas in Rip-Cre/+-;1BZ/
-+ mice, TrkB expression in Rip-Cre neurons can be detected by tau-[3-
galactosidase immunoreactivity when fBZ, a floxed TrkB allele, is
deleted by Cre recombinase [23,24]. Using this approach, we detected
many Rip-Cre positive neurons in the ARH of Rip-Cre/+,Ai9/+ mice
(Figure 2C, left). In contrast, we did not detect cells that were positive
for B-galactosidase immunoreactivity in the ARH of Rip-Cre/+-;fBZ/
~+ mice (Figure 2C, right), indicating that TrkB is not expressed in Rip-
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Cre neurons. Together, these results suggest that the majority of TrkB-
expressing neurons likely represent a distinct subset of ARH neurons.
Since TrkB is expressed in some NPY/AgRP or POMC neurons, both of
which respond to leptin directly [25—27], we assessed whether all
ARH TrkB neurons or only those co-expressing NPY or POMC express
leptin receptors. We performed pSTAT3 immunostaining on brain
sections of leptin-treated TrkBY®"72/*;Ai9/+ animals. It has been
demonstrated that after leptin administration, immunoreactivity of
pSTAT3 is a reliable readout for neurons that express the long-isoform
leptin receptor, LepRb [28]. We found that 27.1 4+ 3.4% of the TrkB
neurons had pSTAT3 signals and that 11.8 4+ 2.3% of the pSTAT3
positive cells were TrkB neurons (Figure 3A), indicating that the ma-
jority of ARH TrkB neurons do not co-express LepRb and that TrkB- and
leptin-signaling are likely two distinctive pathways governing energy
homeostasis.

To gain more insight into the function of ARH TrkB neurons, we
examined if they are activated in response to changes in feeding status,
as Bdnf expression in the ventromedial nucleus of the hypothalamus
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Figure 3: Functional analysis of ARH TrkB neurons. (A) Representative confocal images of brain sections obtained from leptin-treated 7rkB®E%7%+ :Ai9/+animals, illustrating some
TrkB neurons express LepRb, as identified by pSTAT3 immunoreactivity. Arrows denote representative neurons positive for both TrkB and pSTAT3. (B—D) TrkB neurons in the ARH
are activated under fasting (C) or re-feeding (D) conditions relative to the normal feeding condition (B). Arrows denote representative neurons positive for both TrkB and c-Fos. Scale

bar, 50 pm.

(VMH) is selectively regulated by nutritional state [11,29]. We performed
c-Fos (a marker of cell activation) immunostaining on brain sections
obtained from TrkB“®E"T2"* -Aig/+ animals that had been either fasted
for 40h or re-fed for 2h after a period of 40h food deprivation

(Figure 3C,D). We found that 20.8 + 3.9% of TrkB neurons were c-Fos
positive under fasting conditions (n = 5), and that 25.1 + 4.4% of TrkB
neurons were c-Fos positive under re-feeding conditions (n = 5), both
being significantly higher than the basal levels (Figure 3B), 6.7 + 2.4%
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(n = 4), p =0.024 and p = 0.014, respectively. Of note, fasting-
activated TrkB neurons, which are clustered around the base of the
third ventricle (Figure 3C), appear to be different from those that are
activated by re-feeding, which are more scattered in the ARH
(Figure 3D). These observations indicate that ARH TrkB neurons are
activated upon changes in nutritional state and suggest the existence of
different subpopulations of TrkB neurons in the ARH.

3.2. Bdnf“KIoX mice have normal numbers of POMC, NPY, and
TrkB neurons in the ARH

With a better understanding of the function of ARH TrkB neurons and
their anatomical relations with NPY/AgRP and POMC neurons, we began
investigating whether alterations in POMC, NPY, or TrkB neurons may
underlie the obese phenotype in Bdnf ™™ % mice. We first employed cell
counts on these three populations of ARH neurons in Banft’* and
Bdnf™®KoX mice at 5 weeks of age when neuronal development
is completed. We generated Pomc-hrGFP:Banf™"* vs. Pomc-
hrGFP:Bant™° and Npy-hrGFP:Bdnf'’"* vs. Npy-hrGFP:Bdnf/®/kex
mice to quantify POMC and NPY neurons, respectively. Non-
fluorescence immunostaining against hrGFP was conducted on brain
sections obtained from these animals (Figure 4A,B), and neurons that
were positive for hrGFP immunoreactivity were counted using the Stereo
investigator software. We found no difference in the numbers for either
POMC or NPY neurons between Banf™* and Bdnf® o mice
(Figure 4D). Consistent with previous report for the POMC cell number
[27], the cell count for POMC neurons was 3139 =+ 158 in Bdnf™*

A

(n=5)vs. 3319 + 188 in Bdnf"™% (n = 4), p= 0.484. The cell count
for NPY neurons was 6168 = 432 in Bdnf™* (n = 4) vs. 6376 = 193 in
Bdnf®®M (n — 4), p—0.676. To quantify TrkB neurons, we generated
TrkBCeERTZ  pjgy/4- :Banf™'* and TrkB“*ERT2+ ;Aig/+ Bdnf /KX mice
and performed non-fluorescence immunostaining against tdTomato
using DsRed antibody (Figure 4C). The number of TrkB neurons between
genotypes was also similar (Figure 4D), 3433 + 74 in Bdnf*’* (n = 3)
vs. 3600 & 212 in Bdnf"™ (n — 3), p = 0.499. Together, these
results suggest that BDNF derived from long 3' UTR Bdnf mRNA is
unlikely to have a direct impact on the numbers of ARH neurons and that
the obese phenotype in Bdnf®”X% mice is not a consequence of altered
ARH neuron numbers.

3.3. Bdnf™’KoX mutant exhibits impaired ARH projections

We next investigated whether alterations in ARH neuronal projections
may contribute to the obese phenotype in Bdnf™ % mice. We
employed Dil axonal labeling to label all ARH projections to the PVH in
Bdnf""* and Bdnf™®¥* mice at P12 as previously described [19,30].
We found that the total fiber length of labeled ARH axons in the
periventricular part of the PVH (PVHpv) was drastically reduced in
Bdnf "o mice compared to their Banf™* littermates (Figure 5). The
density of labeled fibers also appeared to be reduced in the dorsal
component of the medial parvicellular (PVHmpd) and the lateral
magnocellular (PVHpml) part of the PVH in Bdnf®X* mice, however,
these reductions did not achieve statistical significance between ge-
notypes (Figure 5E). This result suggests that BDNF derived from long
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POMC NPY TrkB

Figure 4: Neuronal counts for POMC, NPY, and TrkB neurons in the ARH. (A) Representative images of POMC neurons as revealed by hrGFP immunoreactivity in Pomc-hrGFP mice.
(B) Representative images of NPY neurons as revealed by hrGFP immunoreactivity in Npy-hrGFP mice. Scale bar, 50 um. (C) Representative images of TrkB neurons as revealed by
DsRed immunoreactivity in 7rkB®E%"% ;A9/+-animals. (D) Numbers of POMC, NPY, and TrkB neurons in Bdnf™* (-+/+) and Bdnf™°* (k/k) mice.
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Figure 5: Banf™" mice display impaired axonal projections from the ARH to the PVH. (A—D) Confocal images of Dil-labeled ARH fibers in the PVH of Bdnf™"* (+/+) and
Balnf1ox/kiox (k/k) mice at P12. The PVHpv, PVHmpd, and PVHpml subregions of each brain sections were defined and the density of labeled fibers in these regions was measured.
(A,C) Representative images of Dil-labeled ARH fibers in the PVH of +/4 and k/k mice. HuC/D staining (green) was used to delineate the morphological boundary of the PVH and
Dil-labeled ARH fibers are shown in red. Boxed regions indicate the location of each PVH subregion where fiber density was quantified. 3V, the third ventricle. (B, D) A maximal
projection image of +/+ and k/k mice was derived from eight confocal images collected (10x objective) through a total distance of 16 um in an 80-pum thick section. The scale
bar represents 50 um. (E) Quantification of total fiber length in the PVHpv, PVHmpd, and PVHpml in +/+ (n=4) and k/k (n = 3) mice. **p = 0.005 by unpaired t-test.

3’ UTR Bdnf mRNA is required for growth of axons derived from ARH
neurons that target the PVH, especially neurons located in the PVHpv.

3.4. Bdnf™KoX mice exhibit specific impairments in the
development of AgRPA™" — PVHIp and POMCA™ — DMH
projections

To further assess whether the impaired ARH to PVH projections in
Banf Ko mice s attributable to a specific population of ARH neurons,

we examined the density of AgRP and o-MSH projections to the PVH in
Bdnf*"+ and Banf"®’K°% mice at P12, an age when this connection has
formed [19]. Compared to control littermates, Bdnf® % mice
exhibited a significant reduction in the density of AgRP projections to
the lateral part of the PVH (PVHIp) (Figure 6D—G). This reduction in
innervation was restricted to the caudal subregion of the PVH, as
innervation of the more rostral medial parvicellular part of the PVH
(PVHmp) was similar between Bdnf*"* and Bdnf®®*°* (Figure 6A—C).
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Figure 6: /mpaired development of AgRP-containing projections in Banf®°* mice. Immunohistochemical labeling of AGRP was performed in Bdnf*¥° (k/k) animals and Bdnf"/*
(+/+) littermates on P12. (A,B) Representative images of AgRP projections to the PYHmp in -+/+ and k/k animals. Dotted lines illustrate the morphological boundaries of the nucleus.
3V, the third ventricle. Scale bar, 42 um. Square indicates the location of the region in the PVHmp used for quantification. (D,E) Representative images of AGRP projections to the PVHIp in
WT and Bdnf*°* mice. Scale bar, 80 um. Square indicates the location of the region in the PVHIp used for quantification, further illustrated by representative high magnification
images (acquired by using a 63x oil corrected lens) in (F) and (G). Scale bar, 13 um. (C) Quantification of AgRP fiber density in +/+ (n=7) and k/k (n = 10) mice. Data are expressed as

mean + SEM of fiber density in a defined volume. *p = 0.014 by unpaired t-test.

In addition to the PVH, we also analyzed AgRP containing projections to
the DMH, LHAs, anterior part of the bed nucleus of the stria terminalis
(@BNST), and paraventricular thalamus (PVT). These regions were
selected because AgRP neuronal activity has been shown to induce
feeding behavior in each of these anatomical sites [31]. We found
similar density of AgRP projections in these brain regions between
Bdnf"* and Bdnf®M% mice (um/1000 pum3): 17.1 + 0.78 vs.
15.1 +1.08, p=0.219 in dorsal DMH, 13.0 4 1.23 vs. 10.6 + 0.90,
p=0.119 in ventral DMH, 14.5 + 0.84 vs. 13.0 + 0.89, p= 0.266 in
LHAs, 14.3 + 1.84 vs. 149 + 1.09, p = 0.750 in aBNST, and
12.1 £0.99vs. 12.6 - 0.83, p=0.703 in PVT. These results indicate
that Banf®”¥°* mice have a specific impairment in the development of
AgRPA™ . PVHIp projections.

We next examined the innervation of a-MSH containing fibers in the
PVH. In contrast to AgRP projections, a-MSH projections to the PVH
were similar between Bdnft’* and Bdnf™K%* mice at P12 (um/
1000 pumd): 4.08 + 1.03 vs. 3.74 = 0.47, p = 0.742 in the PVHmp
and 2.86 4 0.35 vs. 2.67 + 0.28, p = 0.672 in the PVHIp. However,
the density of a-MSH containing projections to both the dorsal (DMHd)
and ventral (DMHv) subregions of the DMH in Bdnf®’ mice was
significantly reduced compared to Bdnf™" littermates (Figure 7). This
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result is consistent with our previous observation in adult Bdnf"<ox

mice [15], indicating that BDNF derived from long 3’ UTR BanfmRNA is
required for normal development of «-MSH projections to the DMH.
The density of a-MSH projections to other analyzed brain areas was
similar between Bdnf™* and Bdnf® mice (um/1000 pmd):
2.11 +0.33 vs. 1.93 £ 0.15, p = 0.599 in LHAs, 5.22 + 1.12 vs.
4.63 4+ 0.47, p=0.578 in aBNST, and 5.46 & 0.70 vs. 4.65 + 0.42,
p=0.311in PVT.

To determine whether the deficit in AgRP projections to the PVHIp in
P12 Bdnf"™/¥oX mice also persists into adulthood, as does the deficit in
o-MSH projections to the DMH, brain sections collected from Bdnf* +
and Bdnf™¥oX mice at 5 weeks of age were processed in the same
manner as were brain sections derived from mice on P12. Similarly, we
observed a significant reduction in AgRP immunoreactive fibers and
this reduction was restricted to the lateral part of the PVH in Banf®/kox
mice, compared with control Bdnf"  littermates (Supplementary
Figure 2). To examine whether a late-onset impairment in o-MSH
projections to the PVH might have occurred in Bdnf™’ mice at 5
weeks of age, we analyzed PVH o-MSH fiber density and found no
difference between Bdnf™* and Bdnf®®’M°* mice (um/1000 pumd):
5.98 +0.73vs. 6.19 £ 0.95, p= 0.865 in the PVHIp and 3.18 + 0.26
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mice. Immunohistochemical labeling of o.-MSH projections was performed in Bdnf“®<%% (k/k)

animals and control Bdnf™* littermates (+/+) on P12. (A,B) Images of o-MSH innervation of the dorsal (d) and ventral (v) subregions of the DMH in +/+ and k/k animals. Scale
bar, 70 pum. Dotted lines illustrate the morphological boundaries of the nucleus and different subregions of the DMH. 3V, the third ventricle. Square shows the location of the region
in the DMHv used for quantification, further illustrated by representative high magnification images in (C) and (D). Scale bar, 13 pm. (E) Quantification of o.-MSH fiber density in the
DMHd and DMHv in +/+ (n=6) and k/k (n = 10) mice. Data are expressed as mean + SEM of fiber density in a defined volume. *p = 0.029 for DMHd and *p = 0.025 for DMHyv,

respectively, by unpaired t-test.

vs. 3.56 + 0.08, p = 0.415 in the PVHmp. Together, these data
indicate that long 3’ UTR Bdnf mRNA is required for normal develop-
ment of o-MSH innervation of the DMH and AgRP innervation of the
PVHIp, as opposed to mediating a regressive event in adults.

3.5. BDNF differentially regulates synaptic inputs onto POMC and
NPY neurons

In addition to promoting axonal growth, BDNF also plays an important
role in synaptogenesis and synaptic functions [7,32]. To investigate the
impact of long 3’ UTR Bdnf mRNA on synaptic architecture and syn-
aptic function of POMC and NPY/AgRP neurons in Bdnf’¥°% mice, we
first used immunohistochemistry to visualize the presynaptic markers
Vglut2 and Vgat in order to determine the number of excitatory and
inhibitory synapses on the somas of GFP-labeled POMC or NPY neu-
rons in Pomc-hrGFP:Bdnf™" and Pomc-hrGFP:Banf™ % mice or
Npy-hrGFP:Bdnf™+ and Npy-hrGFP:Bdnf"®’¥% mice at 5 weeks of
age. Using computer-assisted 3D-image analysis as previously
described [20], we examined the density of axosomatic inputs onto cell
bodies (Figure 8A). We found that the number of presynaptic inhibitory
inputs onto cell bodies of both NPY and POMC neurons was compa-
rable between genotypes (inputs/1000 um3): 78 + 2 vs. 76 £ 2,
p = 0.436 on NPY neurons and 73 + 6 vs. 80 &+ 5, p = 0.411 on
POMC neurons for Bdnf™* (n = 8) and Bdnf™** (n = 7) mice,
respectively (Figure 8B,C). However, excitatory inputs onto POMC and
NPY neurons in Bdn#™ % mice were different. In POMC neurons,
there was a ~17% increase in the density of terminals labeled for
Vglut2 that end on cell bodies in Bdnf"®°* mice compared with their
Bdnf™" littermates (76 &+ 4 vs. 65 + 2, respectively; n = 5;

p = 0.046; Figure 8C). In contrast, in NPY neurons there was an
~11.5% decrease in Vglut2 density onto cell bodies in BdnfOkox
mice compared to controls (53 4 2 vs. 60 =+ 2, respectively; n = 5;
p = 0.013; Figure 8B). These results indicate that lacking long 3’ UTR
Bdnf mRNA increases presynaptic excitatory inputs onto the POMC cell
bodies, but does the opposite to NPY neurons.

4. DISCUSSION

We previously showed that BDNF derived from translation of long 3’
UTR Bdnf mRNA, likely in dendrites, is necessary for preventing hy-
perphagia and obesity in mice [15]. In the present study, we examined
the possibility that BDNF affects appetite in part by regulating devel-
opment of axonal projections and neural inputs of ARH neurons. Our
data show that axonal projections of discrete groups of ARH neurons
are impaired in Bdnf™* mice that are deficient in long 3’ UTR Bdnf
mRNA.

BDNF acts on TrkB-expressing neurons to exert its effect on energy
balance [11]. We found that TrkB was expressed in a significant
number of neurons and astrocytes in the ARH, a brain structure
important for the control of energy balance [33]. Three groups of
neurons in the ARH have been shown to play an important role in the
control of energy balance; these are POMC neurons, NPY/AgRP neu-
rons, and Rip-Cre neurons [4,22]. Our colocalization experiments
indicate that approximately 30% of TrkB"™ neurons express either
POMC or NPY, but they do not overlap with Rip-Cre neurons. Thus, the
majority of TrkB*™ neurons represent a population of previously
uncharacterized neurons.
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Figure 8: Excitatory and inhibitory presynaptic inputs onto somas of NPY and POMC neurons in the ARH. (A) Confocal images illustrating excitatory (Vglut2) and inhibitory (Vgat)
immunoreactive appositions on the somas of ARH NPY neurons visualized by hrGFP in brain sections obtained from Npy-hrGFP mice. The outlined region identifies volume for
quantification and is displayed at higher magnification by individual channel to visualize Vglut2 (blue), Vgat (red), and NPY (green) signals, respectively. 3V, third ventricle. Scale bar,
20 um. (B,C) Quantitative comparison of Vglut2 and Vgat density on the somas of NPY and POMC neurons between Banf™* (+/-) and Bdnf®“<°* (k/k) mice. Data are expressed
as mean + SEM of inputs per volume sampled. *p = 0.013 for Vglut2 on NPY neurons and *p = 0.046 for Vglut2 on POMC neurons by unpaired t-test.

TrkB*™* neurons are capable of sensing hunger and satiety signals,
and it is likely that their projections relay these signals to other brain
regions. Our results show that different subsets of TrkB* neurons are
activated in fasting or re-feeding conditions. Furthermore, some
TrkB*™ neurons express LepRb, in addition to POMC or NPY. It has
been demonstrated that fasting and re-feeding induce c-Fos expres-
sion in NPY/AgRP and POMC neurons, respectively [34—36]. Given the
resemblance in spatial distribution within the ARH between the fasting-
activated TrkB neurons and NPY/AgRP neurons and between the re-
feeding-activated TrkB neurons and POMC neurons, it is possible
that the activated TrkB neurons under these two nutritional states are
those that co-express either NPY/AgRP or POMC. In future studies it
will be important to manipulate these TrkB neurons genetically in order
to understand their precise role in the control of energy balance.
Furthermore, TrkB is also expressed in many astrocytes of the ARH,
and it remains to be determined whether astrocytic TrkB is involved in
the regulation of energy balance.

Some neurons in the brain are dependent on BDNF for survival [37,38];
however, BDNF derived from long 3’ UTR Bdnf mRNA appears not to
directly impact the survival of ARH neurons, as Bdnf™<°* mice have
normal numbers of POMC, NPY, and TrkB neurons in the ARH. This
result is consistent with our previous observation that the levels of
Pomc and Npy mRNAs in Bdnf®¥% mice are comparable with those
in Bdnf +/+ mice [15]. In contrast, BDNF derived from long 3’ UTR Bdnf
mRNA does have a profound effect on the growth of axons extending
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from ARH neurons. A drastic reduction in the projection of ARH neurons
to the periventricular part of the PVH was first revealed in Banf///ox
mice through visualization of ARH projections with of Dil axonal
labeling. Subsequent analyses further unveiled specific impairments of
AgRPA*! — PVHIp and POMC*™" — DMH projections in Bdnf™/kox
mice, which occurred at P12 and persisted into adulthood. These
specific impairments are consistent with our observation that only a
small percentage of AgRP or POMC neurons in the ARH express TrkB,
because BDNF deficiency should only impair axonal growth of TrkB-
expressing neurons. These neuroanatomical results suggest that the
POMC*/TrkB™ neurons in the ARH mainly project to the DMH, whereas
the NPY'/AgRP*/TrkB™ neurons in the ARH preferentially innervate
the PVHIp. The remaining TrkB"™" neurons may send axons to the
periventricular part of the PVH, or to other targets. In consideration of
the marked impact of BDNF deficiency on projections of ARH neurons
to the PVH as revealed by Dil axonal labeling, it is possible that TrkB is
expressed in more ARH neurons at earlier ages than in adulthood.

BDNF is expressed in the DMH and PVH but not in the ARH [11]. It is
conceivable that TrkB neurons in the ARH interact with BDNF-
synthesizing neurons in the PVH and DMH in a retrograde manner
[39]. Consequently, the lack of dendritically synthesized BDNF in
Bdnf™/koX mice would dampen axonal projection from TrkB** neu-
rons due to declined formation of BDNF-dependent axodendritic
synapses. Alternatively, BDNF-expressing neurons may interact with
TrkB"™ neurons in an anterograde manner, since immunoreactivity of
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BDNF terminals is detected in ARH [40] and some populations of PVH
neurons have been shown to innervate ARH neurons [41,42]. In
addition to PVH and DMH, ARH TrkB neurons may also interact with
BDNF-expressing neurons in the VMH, where BDNF is particularly
enriched and at least some VMH neurons have been shown to project
to the ARH [11,43]. Therefore, it is conceivable that impairments in
projections of TrkB™ neurons in Bdnf"¥% mice are secondary to an
altered BONF™" — TrkB*™ interaction. However, further studies are
needed to address whether BDNF derived from long 3’ UTR Bdnf
mRNA, likely in somas, is released at axonal terminals. Additionally,
the identity of BDNF neurons in the DMH and PVH that interact with
TrkB*™ neurons also needs to be established.

Impaired ARH to PVH projections have also been demonstrated in the
leptin-deficient ob/ob mouse [19,20] and the diet-induced obese (DIO)
rat [30]. A recent study reported that maternal high-fat diet feeding
during lactation not only predisposes the offspring to obesity but also
impairs the formation of AgRP and POMC projections to hypothalamic
targets, including the PVH, DMH, and LHA [44]. While relatively little is
known about the function of ARH projections to the DMH or LHA, recent
studies have clearly demonstrated the significance of the connections
between the ARH and the PVH in the control of energy balance
[22,41,42,45]. These studies suggest that the observed projection
impairments of TrkB*™ neurons may contribute in part to the obesity
phenotype developed in Bdnf® % mice.

Impaired axonal projections from ARH neurons may occur together
with altered synaptic inputs to ARH neurons in Bdnf® % mice. Our
immunohistochemical evaluation of excitatory and inhibitory inputs to
ARH neurons revealed that there were more glutamatergic synapses
on cell bodies of POMC neurons and fewer glutamatergic synapses on
cell bodies of NPY neurons in Bdnf™/°* mice, compared with those of
Banft'* mice. Because these synaptic changes would be expected to
inhibit food intake [4], we believe that they represent a compensatory
response to hyperphagia displayed by Bdnf™®% mice rather than a
direct effect of BDNF deficiency. This argument is consistent with our
observation that the vast majority of POMC neurons and NPY neurons
in the ARH do not express TrkB and thereby would not be affected
directly by BDNF deficiency. These results also suggest that BDNF and
melanocortin regulate energy balance through distinct neuronal cir-
cuits and that an increase in melanocortin signaling could not
compensate for the deficit in BDNF signaling to counter hyperphagia.
In conclusion, our results indicate that lack of BDNF derived from long
3’ UTR BdnfmRNA impairs development of projections of TrkB neurons
in the ARH. This deficit should contribute to the massive obesity
observed in Bdnf"®/¥o% mice. Additionally, our results show that the
majority of TrkB neurons in the ARH are distinct from POMC neurons,
NPY/AgRP neurons, and Rip-Cre neurons in this nucleus and may
represent a previously uncharacterized component of ARH projections
that are specified by BDNF signaling during development. These TrkB
neurons appear to be activated in response to changes in nutritional
state and additional studies are needed to elucidate the precise role of
these neurons in the control of energy balance.
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