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Reduced Intestinal Brain-Derived Neurotrophic Factor
Increases Vagal Sensory Innervation of the Intestine and
Enhances Satiation

Jessica E. Biddinger and Edward A. Fox
Behavioral Neurogenetics Laboratory, Department of Psychological Sciences, Purdue University, West Lafayette, Indiana 47907

Brain-derived neurotrophic factor (BDNF) is produced by developing and mature gastrointestinal (GI) tissues that are heavily innervated
by autonomic neurons and may therefore control their development or function. To begin investigating this hypothesis, we compared the
morphology, distribution, and density of intraganglionic laminar endings (IGLEs), the predominant vagal GI afferent, in mice with
reduced intestinal BDNF (INT-BDNF�/�) and controls. Contrary to expectations of reduced development, IGLE density and longitudinal
axon bundle number in the intestine of INT-BDNF�/� mice were increased, but stomach IGLEs were normal. INT-BDNF�/� mice also
exhibited increased vagal sensory neuron numbers, suggesting that their survival was enhanced. To determine whether increased
intestinal IGLE density or other changes to gut innervation in INT-BDNF�/� mice altered feeding behavior, meal pattern and microstruc-
tural analyses were performed. INT-BDNF�/� mice ate meals of much shorter duration than controls, resulting in reduced meal size.
Increased suppression of feeding in INT-BDNF�/� mice during the late phase of a scheduled meal suggested that increased satiation
signaling contributed to reduced meal duration and size. Furthermore, INT-BDNF�/� mice demonstrated increases in total daily inter-
meal interval and satiety ratio, suggesting that satiety signaling was augmented. Compensatory responses maintained normal daily food
intake and body weight in INT-BDNF�/� mice. These findings suggest a target organ-derived neurotrophin suppresses development of
that organ’s sensory innervation and sensory neuron survival and demonstrate a role for BDNF produced by peripheral tissues in
short-term controls of feeding, likely through its regulation of development or function of gut innervation, possibly including augmented
intestinal IGLE innervation.
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Introduction
Brain-derived neurotrophic factor (BDNF) has numerous roles
in neural development and function, including potent anorexi-
genic activity in the CNS (Rios et al., 2001). Several developing
and mature peripheral tissues also express BDNF, including those
of the gastrointestinal (GI) tract, some at even higher levels than
in brain (Lommatzsch et al., 1999; Fox, 2006; Fox and Murphy,
2008; Fox et al., 2013a). However, the anorexigenic potential of
GI BDNF has not been explored. The gut is innervated by several
pathways that influence feeding directly or indirectly through
regulation of GI reflexes, including vagal afferents and efferents,

sympathetic efferents, dorsal root afferents, and enteric neurons
(Wood et al., 1999). Some of these pathways express BDNF or its
high-affinity receptor tyrosine kinase B (trkB), and therefore,
changes in GI BDNF levels could alter the development or func-
tion of these pathways and consequently modify their effects on
feeding (Coulie et al., 2000; Chai et al., 2003; Sclafani et al., 2003;
Grider et al., 2006; Boesmans et al., 2008; Fu et al., 2011).

One of these pathways, vagal afferents, expresses trkB during
development and maturity (Ernfors et al., 1992; Wetmore and
Olson, 1995), and BDNF knock-out (KO) results in substantial
loss of vagal afferents and disrupts survival or formation of vagal
mechanoreceptors that supply the neonatal stomach wall (Jones
et al., 1994; Erickson et al., 1996; Fox and Murphy, 2008; Murphy
and Fox, 2010). These findings suggest that some vagal afferents
may depend on GI BDNF for survival or other aspects of devel-
opment. Additionally, BDNF loss from mature GI tissues could
alter vagal GI afferents by perturbing their maintenance as dem-
onstrated for vagal baroreceptors or by disrupting their sensory
transduction as shown for some cutaneous mechanoreceptors
(Carroll et al., 1998; Postigo et al., 2002). Among vagal GI
afferents, intraganglionic laminar endings (IGLEs) are the
predominant vagal mechanoreceptor innervating GI smooth
muscle (SM) and are concentrated in the region of the upper
GI tract in which most food collects during consumption of a
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meal (Fox et al., 2000; Wang and Powley, 2000). They consist
of plates of densely packed terminal puncta that innervate
myenteric ganglia and are activated by muscle wall tension or
stretch and possibly by satiation hormones, such as CCK (Ro-
drigo et al., 1982; Schwartz and Moran, 1994; Zagorodnyuk et
al., 2001).

Here, we have begun to explore the functions of GI BDNF by
testing the hypotheses that it supports survival or maintenance of
IGLEs and has anorexigenic properties. Mice with reduced BDNF
levels restricted primarily to the intestine were used. By decreas-
ing the number of tissues experiencing reduced BDNF, this ap-
proach bypassed the perinatal lethality of global BDNF KOs,
enabling investigation of IGLEs and feeding in mature animals.
Our goals were to characterize the effects of reduced intestinal
BDNF levels on structure, distribution, and density of IGLEs and
on daily food intake, body weight, meal patterns, and microstruc-
ture. We predicted that reduced intestinal BDNF would decrease
IGLE survival, and this or other altered intestinal innervation
would reduce satiation and thus increase meal size, an effect that
could contribute to overeating.

Materials and Methods
Animals
SM22�cre (also referred to as transgelincre;Tg(Tagln-cre)1Her/J; catalog
#004746; The Jackson Laboratory; Holtwick et al., 2002) and BDNF�/lox

(Rios et al., 2001) mice were maintained at 23°C on a 12 h (14/10 h for
breeding) light/dark schedule (lights on at 5:00 A.M.) with ad libitum
access to tap water and Laboratory Rodent Diet 5001 (PMI Nutrition).
All procedures were conducted in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals (eighth
edition) and American Association for Accreditation of Laboratory An-
imal Care guidelines and were approved by the Purdue University Ani-
mal Care and Use Committee.

Use of SM22� cre driver strain to target BDNF KO to SM. To study the
affect of GI BDNF on the development of IGLEs, the SM22�cre mouse
strain was used. This strain was chosen because Cre recombinase expres-
sion in SM22�cre mice is primarily restricted to SM, one GI tissue that
expresses BDNF. Previous reports showed high recombination efficiency
in SM with a Cre-dependent reporter strain (Lepore et al., 2005). In
addition, our laboratory and others have used Rosa26 reporter mice to
map the spatiotemporal expression of SM22�cre-mediated recombina-
tion at several developmental ages. These studies found that SM22�cre

mice produced sufficient Cre expression to drive recombination in SM of
the GI wall and associated blood vessels at ages when vagal GI afferents
enter the gut (Pan et al., 2011; Fox et al., 2013a). This was determined to
begin at approximately E13 and continued until at least E17, based on the
pattern of �-galactosidase expression in the stomach and intestines. Fur-
thermore, in embryos derived from crosses of SM22�cre and BDNFlox

reporter mice, highly efficient Cre-mediated recombination was primar-
ily restricted to SM of the walls of blood vessels supplying GI tract tissues
(Fox et al., 2013a). Moreover, in embryos derived from crosses of
SM22�cre and NT-3lox reporter mice, recombination was restricted to SM
of the intestine wall and a small portion of the stomach wall, as well as to
SM of GI blood vessels (Fox et al., 2013b).

We have not previously characterized recombination produced by the
SM22�cre transgene in the adult GI tract. Nevertheless, the large degree of
overlap between BDNF expression in the adult GI wall, which occurs
throughout its SM (Lommatzsch et al., 1999), and the highly efficient
SM22�cre-mediated recombination in the SM of the stomach and intes-
tine in adults (Lepore et al., 2005), suggests that floxed BDNF coding
sequences would be mostly eliminated from GI SM of adult offspring
derived from matings of SM22�cre and BDNFlox mice in the present
study. Also, global BDNF KO mice exhibit a fatal respiratory defect and
die shortly after birth (Katz, 2005). However, a targeted BDNF KO pro-
duced using SM22�cre mice was predicted to be viable, and the mice
should exhibit normal brainstem respiratory circuits because the global

loss of BDNF that leads to these symptoms will be greatly reduced and
primarily restricted to SM.

Generation of mice with BDNF KO targeted to SM. To target the BDNF
KO to SM, three generations of mice were used. First, SM22�cre/�;
BDNF�/� and SM22��/�;BDNF�/lox mice were crossed to generate
SM22�cre/�;BDNF�/lox mice. These SM22�cre/�;BDNF�/lox mice were
then mated among themselves to obtain SM22�cre/�;BDNFlox/lox mice,
which are homozygous SM-targeted BDNF KO mice. These mice are
referred to as “INT-BDNF�/� mice” because the KO was mainly re-
stricted to the intestine (see Results, Assessment of SM-targeted BDNF
KO). These double-transgenic mice have a targeted genetic ablation of
BDNF from embryonic and possibly mature SM and are distinguished
from the triple-transgenic SM22�–BDNFKO mice we made previously in
which one BDNF allele was deleted globally and the other one was re-
moved only from SM (SM22�cre/�;BDNFneo/lox; Fox et al., 2013a). The
current breeding strategy also resulted in heterozygous SM-targeted
BDNF KO mice (INT-BDNF�/�). Four additional genotypes were ob-
tained, including the following: (1) SM22��/�;BDNF�/� mice, which
are wild-type (WT), with no transgenic elements; (2) SM22�cre/�;
BDNF�/� mice, which have the Cre recombinase transgene but no loxP
sites flanking BDNF coding sequences; (3) SM22��/�;BDNF�/lox mice,
which have one floxed BDNF allele but no Cre recombinase transgene;
and (4) SM22��/�;BDNFlox/lox mice, which have both BDNF alleles
floxed but have no Cre recombinase transgene. Animals with the Cre
transgene only (SM22�cre/�;BDNF�/�) or one copy of the floxed BDNF
allele only (SM22��/�;BDNFlox/�) did not differ from WT mice in any
variable tested (data not shown) and were therefore combined with WT
mice in some instances to form the control group for more efficient
animal use. Offspring genotypes were determined by PCR analysis of
DNA extracted from tail tips removed at weaning.

Assessment of SM-targeted BDNF KO
We previously demonstrated efficacy of the SM22�cre transgene at tar-
geting BDNF KO to GI SM of embryos as described above. However, it
was unclear whether Cre-mediated recombination also occurred in the
adult GI tract. Additionally, SM22�cre-mediated recombination was
found to occur in the ventromedial hypothalamus (VMH), the dorsolat-
eral frontal cortex, and the hippocampus (Fox et al., 2013a), brain re-
gions that could influence feeding behavior. Therefore, we compared
BDNF mRNA expression in tissues of INT-BDNF�/� mice with those of
WTs to examine whether this manipulation reduced BDNF levels in the
mature stomach and intestine, as well as the hypothalamus and a portion
of the frontal cortex.

RNA extraction and cDNA synthesis. RNA was extracted from the hy-
pothalamus, prefrontal cortex, ventral stomach, and the first 2 cm of
duodenum of adult WT (n � 10) and INT-BDNF�/� (n � 10) mice.
Whole stomach and intestine walls were used because it was not possible
to ensure total separation of adjacent layers in unfixed tissue. Mice were
killed by cervical dislocation at 3– 4 months of age to coincide with the
anatomical and behavioral experiments in this study. Tissues were im-
mediately dissected and then homogenized in TRIzol (Invitrogen), and
RNA was extracted according to the protocol of the manufacturer. Each
1 �g of RNA sample was incubated with DNase1 (Invitrogen) to remove
genomic DNA, and first-strand cDNA was synthesized using the Maxima
enzyme mix (Thermo Fisher Scientific) in 20 �l PCR reactions according
to the instructions of the manufacturer.

qRT-PCR. To ensure that intact BDNF mRNA of the expected size was
obtained, RT-PCR was performed. �-Actin cDNA from each sample was
also amplified to assess the integrity of the isolated total RNA. Reverse
transcriptase was omitted from duplicate samples after DNase treatment
to confirm the removal of genomic DNA. After cDNA synthesis and
DNase treatment, 2 �l of cDNA was amplified using the TaqPCRx DNA
polymerase kit (Invitrogen), and products were visualized using stan-
dard gel electrophoresis. Primer sequences used included the following
(Kawakami et al., 2002; Zermeno et al., 2009): BDNF forward, 5�-GAA
GAG CTG CTG GAT GAG GAC-3�; BDNF reverse, 5�-TTC AGT TGG
CCT TTT GAT ACC-3�; �-actin forward, 5�-TGG TGG GTA TGG GTC
AGA AGG ACT C-3�; and �-actin reverse, 5�-CAT GGC TGG GGT GTT
GAA GGT CTC A-3�.
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To quantify the extent of BDNF mRNA loss from GI and brain sam-
ples, qPCR was also performed on all mRNA samples. Amplification of 1
�g of cDNA from the first-strand reaction was performed in triplicate
using previously established protocols (Unger et al., 2007; Cordeira et al.,
2010; Fox et al., 2013a). Based on these protocols, primer sequences used
included the following: BDNF forward, 5�-GAA AGT CCC GGT ATC
CAA AG-3�; BDNF reverse, 5�-CCA GCC AAT TCT CTT TTT-3�;
�-actin forward, 5�-GGC TGT ATT CCCC TCC ATC G-3�; and �-actin
reverse, 5�-CCA GTT GGT AAC AAT GCC ATG T-3�. All primers were
optimized such that the correlation coefficient was 0.99 –1.0 and the PCR
efficiency was 95–100%. Real-time PCR amplification was performed
using an iCycler and the iQ SYBR Green Supermix (Bio-Rad).

Anterograde labeling of vagal GI afferents
Injections of wheat-germ agglutinin– horseradish conjugate into the nodose
ganglion. To visualize vagal afferent axons and terminals in the GI tract of
control, INT-BDNF�/�, and INT-BDNF�/� mice, the nerve tracer
horseradish peroxidase conjugated to wheat-germ agglutinin (WGA–
HRP) was injected into the left nodose ganglion (controls, n � 15; INT-
BDNF�/�, n � 11; and INT-BDNF�/�, n � 12). This method was used
because, to date, it has been the most successful for labeling consistent,
large numbers of vagal sensory elements supplying the GI wall and, there-
fore, has been the most useful for quantification of vagal sensory axons
and their terminal endings, as well as for making quantitative compari-
sons of these elements between groups of mutant and control animals
(Fox et al., 2000, 2001a,b, 2002; Wang and Powley, 2000). The left nodose
was chosen for injections because it was known to provide much greater
innervation to the proximal intestine compared with the right nodose
ganglion in mice and rats (Fox et al., 2000, 2001b; Wang and Powley,
2000). In the study in which this laterality was quantified in mouse, this
difference was �10-fold for the left nodose compared with the right
(�550 vs 40 IGLEs, respectively; Fox et al., 2001b, their Fig. 9A). In
contrast, the ventral and dorsal stomach halves each receive a similar
density of innervation from the left and right nodose ganglia, respec-
tively. Therefore, we focused on the left nodose ganglion, ventral stom-
ach, and proximal intestine to assess sufficiently large populations of
IGLEs in both stomach and intestine of the same mice. Whole mounts
were not included in the analyses if vagal afferent innervation could not
be adequately observed. For example, large portions of the stomach or
intestine with unlabeled fibers indicated an incomplete injection. Also,
sometimes vagal afferent fibers could not be visualized because of dense
artifactual staining that can occur with this method, and these instances
were also dropped from the analysis (Mesulam, 1978). Based on these
criteria, data from three controls, two INT-BDNF�/�, and three INT-
BDNF�/� mice that had been injected with WGA–HRP were not in-
cluded in the analysis. Therefore, in this study, 79% of the animals
injected were included in the final analysis (12 controls: 4 males, 8 fe-
males; 9 INT-BDNF�/�: 6 males, 3 females; and 9 INT-BDNF�/�: 5
males, 4 females).

Mice were anesthetized with intraperitoneal injections of a ketamine
hydrochloride (75 mg/kg; Ketaset; Fort Dodge) and xylazine (50 mg/kg;
Anased; Lloyd Laboratories) mixture. The left nodose ganglion was ex-
posed, and WGA–HRP (0.5 �l, 4%; Vector Laboratories) was pressure
injected (40 psi, 4 ms; PicoSpritzer III; General Valve Corporation) into
the ganglion using a glass micropipette (inner diameter, 25 �m).

Tissue processing. Twenty to 22 h after nodose ganglion injection, mice
were anesthetized using Brevital sodium (120 mg/kg; JHP Pharmaceuti-
cals) or the same ketamine–xylazine mixture described above. Mice were
perfused for 5–10 min with 0.9% saline (35°C, pH 7.4) until the liver
cleared, and then the stomach was expanded with 0.9% saline (35°C, pH
7.4). Next, the mice were fixed with chilled 3% paraformaldehyde (PFA)/
0.75% glutaraldehyde at 4 ml/min for 30 min. The ventral half of the
stomach and the first 8 cm of the intestine opened along the mesentery
were processed as whole mounts as described previously (Fox et al.,
2000). The SM was separated from the mucosa of the GI tract wall by
sharp dissection using Dumont #7 forceps, processed using tetramethyl-
benzidine according to the protocol by Mesulam (1978), and mounted
on gelatin-coated slides. Next, the tissues were flattened by placing
weights on a slide covering the tissue for 30 min. They were then air dried

overnight and cleared with xylene the following day. The slides were then
coverslipped using DPX mounting medium (Sigma-Aldrich).

Quantification of vagal elements. HRP-labeled vagal sensory elements,
including IGLEs, free axons, and axon bundles present in the ventral
stomach and first 8 cm of duodenum in INT-BDNF�/� and INT-
BDNF�/� mutants and controls, were quantified using a previously
characterized method (Fox et al., 2000). The ventral half of the stomach
was tested in this study because the left nodose ganglion, which was the
side injected with WGA–HRP in all mice, projects mainly to the ventral
stomach in the mouse (Fox et al., 2000). Briefly, a sampling grid was used
to normalize the varying size and shape of each stomach and then used to
locate comparable sampling sites in which vagal elements were quanti-
fied. The sampling grid used for the stomach consisted of six rows and
eight columns, resulting in 48 sampling sites, which accounted for 13% of
the total stomach area. A 1 cm 2 counting grid that consists of 100 1-mm 2

squares placed in the ocular of the microscope was then used to quantify
vagal elements at each sampling site. In contrast, the proximal 8 cm of
the small intestine was sampled by aligning the counting grid with one of
the edges of the longitudinal cut through the intestine wall and with the
anterior edge of the tissue block where it was separated from the pylorus.
The counting grid was moved sequentially along the entire width of the
intestine, and vagal elements were counted at each of the sampling sites.
This was repeated at 5 mm intervals moving caudally along the small
intestine until the proximal 8 cm of its length had been sampled. This
resulted in sampling at �80 different sites, covering 20% of the total area
of this region of the small intestine.

Quantification of IGLEs. Criteria for IGLE identification were as deter-
mined previously: an IGLE must consist of (1) a laminar aggregate of (2)
fine terminal puncta (3) within the neuropil of a myenteric ganglion, and
(4) must cover all or part of the myenteric ganglion (Rodrigo et al., 1975,
1982; Neuhuber, 1987; Fox et al., 2000). Counting of IGLEs was con-
ducted at 100� magnification and verified at 200� when necessary. The
number of squares of the counting grid that contained IGLEs were
counted rather than attempting to count individual IGLE leaves, because
overlapping IGLE leaves were difficult to identify. In particular, in the
present study, because some intestinal IGLEs in mutants appeared larger
than normal and were accompanied by what appeared to be increased
numbers of axons, it was not possible to determine whether these larger
IGLEs were composed of increased numbers of terminal puncta originat-
ing from a single axon or of multiple, overlapping IGLE leaves, arising
from multiple axons. Thus, “IGLE density” as used here represents the
number of counting grid squares within the sampled area, totaled and
represented in number per square millimeter, that contained IGLE ter-
minal puncta rather than the number of IGLEs per unit area. Density of
IGLEs was analyzed for the entire ventral stomach wall and by stomach
compartment. Based on the rows and columns calculated for the sam-
pling grid, IGLEs in the three most proximal columns represented the
forestomach, the middle three columns represented the corpus, and the
two most distal columns represented the antrum.

Quantification of intestinal vagal sensory axon bundles and individual
axons. To aid interpretation of the mechanisms underlying increased
IGLE innervation of the small intestine (see Results), individual intesti-
nal fibers and fiber bundles running in either circular or longitudinal
orientations in the intestine of controls (n � 9) and INT-BDNF�/� mice
(n � 9) were quantified. Three controls were dropped from analysis
because their fiber bundles were not labeled well enough to obtain mean-
ingful counts. Note that dropping these animals did not significantly
change the mean IGLE numbers for this group. Moreover, this reduced
the magnitude of the difference in fiber bundle counts between mutants
and controls. A single axon fiber was defined as an axon that was not
contained within a vagal fiber bundle and was not closely apposed to
other axons. A bundle was defined as two or more axons coursing to-
gether in parallel and in close apposition. Each time a circular or longi-
tudinal axon fiber or axon bundle crossed the top or left sides of the
squares of the counting grid at each sampling site, it was counted.

Quantification of axon bundles grouped by diameter. The diameters of
intestinal fiber bundles in circular or longitudinal orientations of INT-
BDNF�/� mice and controls were measured. Every axon bundle that
crossed the top and left sides of each square of the counting grid was
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counted at each sampling site, and its diameter was measured. Bundle
diameters were measured to the nearest 0.5 �m, because this was the
smallest observable diameter bundle using the WGA–HRP nerve tracer.
Therefore, measured bundles were grouped according to 0.5 �m in-
creases in diameter, and those within each size range were quantified.
Axon bundle diameters were measured by placing a micrometer scale in
the ocular of the microscope, aligning it perpendicular to the long axis of
each axon bundle and directly reading its width.

Nodose ganglion cell counts
After cardiac perfusion with chilled 4% PFA fixative, the right and left
nodose ganglia were removed from WT (n � 9) and INT-BDNF�/� (n �
14) mice. Ganglia were postfixed in 4% PFA for 48 h and then transferred
to 10% buffered Formalin for a minimum of 7 d. The ganglia were then
embedded in paraffin, sectioned at a thickness of 10 �m, and stained with
cresyl violet (0.5% cresyl violet acetate). The first section that contained a
substantial number of stained neurons was counted, followed by every
subsequent 10th section containing stained neurons that spanned the
entire ganglion. Counting was done at 200� magnification to ensure that
only neurons with a clear nucleus, stained nucleolus, and complete neu-
ronal profile were counted. The average number of cells per section were
obtained and then multiplied by the total number of sections per gan-
glion to estimate the total number of neurons per ganglion.

Body weight
Body weight measurements of all genotypes generated were initiated at
weaning, when the animals were 3 weeks of age, and continued until meal
pattern collection began at 3– 4 months of age. Male and female mice
were weighed once a week on the same day each week, except during the
22 d of the meal pattern experiments when mice were weighed daily.
Sample sizes included in the long-term body weight measurements were
as follows: for males, WT (n � 7), SM22�cre/�;BDNF�/� (n � 10),
SM22��/�;BDNFlox/� (n � 4), SM22��/�;BDNFlox/lox (n � 6), INT-
BDNF�/� (n � 10), and INT-BDNF�/� (n � 10); and for females, WT
(n � 7), SM22�cre/�;BDNF�/� (n � 10), SM22��/�;BDNFlox/� (n �
10), SM22��/�;BDNFlox/lox (n � 2), INT-BDNF�/� (n � 10), and INT-
BDNF�/� (n � 10). Seven male and six female WT mice, seven male and
seven female INT-BDNF�/�, and seven male and eight female INT-
BDNF�/� mice included in these body weight measurements were also
used in the body composition and meal pattern analyses.

Body composition
Body composition was measured on the day before meal pattern testing
was initiated, before fasting, when the animals were 3– 4 months of age.
All of the mice used in the body composition analysis were the same mice
used for the meal pattern analysis experiment. Precise measurements of
body composition parameters, including total body fat, lean mass, body
fluids, and total body water were determined in WT (n � 13; 7 males, 6
females), INT-BDNF�/� (n � 14; 7 males, 7 females), and INT-
BDNF�/� (n � 15; 7 males, 8 females) mice using an echo MRI whole-
body composition analyzer (EchoMRI-900; Echo Medical Systems) in
live mice without anesthesia (Taicher et al., 2003; Tinsley et al., 2004). Fat
and lean mass were calculated as total grams and also as a percentage of
total body mass.

Meal pattern analysis
A balanced diet (20 mg of dustless 380 precision pellets; Bio-Serv) was
used in automated feeding machines used to examine meal patterns. The
macronutrient composition of this diet was 22% protein, 66% carbohy-
drate, and 12% fat, with a caloric density of 3.623 kcal/g. This is compa-
rable with the chow diet that was composed of 28% protein, 60%
carbohydrate, and 12% fat, with a caloric density of 3.04 kcal/g. WT (n �
13), INT-BDNF�/� (n � 14), and INT-BDNF�/� (n � 15) mice at 3– 4
months of age were housed individually in plastic cages equipped with
automated pellet dispensers (Coulbourn Instruments) programmed and
operated using Graphic State software (version 2.0; Coulbourn Instru-
ments) that was also used for collection and analysis of eating patterns as
described previously (Fox and Byerly, 2004; Biddinger and Fox, 2010).
Each automated pellet dispenser was equipped with an infrared photo-
beam and sensor that checked for changes in photobeam state every 100

ms. A pellet sitting in the dispenser interrupted the beam. Each time the
mouse removed a pellet from the dispenser, the photobeam was detected
and another pellet was dispensed. Mice were adapted to the test room and
cages for a minimum of 1 week before the start of meal pattern collection.
During that week, animals received three limited preexposures to the test
diet, each consisting of 10 of the Bio-Serv precision pellets, to prevent
neophobia at the start of testing. All animals used in the experiment ate
all 10 pellets during each preexposure. Intake patterns were monitored
18 h each day, and animals were fasted the remaining 6 h, during which
time cage and automated feeder maintenance was performed and mice
were weighed. Each daily session began at the start of the dark phase of
the light cycle (lights out at 5:00 P.M.) and extended 6 h into the light
phase, and meal pattern data were collected for 22 consecutive days. Mice
of each genotype were tested in parallel to control for any inadvertent
variations in the testing conditions.

Meal criteria. Meal initiation was defined as a minimum of seven pellet
removals with a minimum of 20 min between responses. Once a meal was
initiated, meal termination was defined as the onset of a 20 min interval
with no food intake. These criteria were determined as described previ-
ously (Fox and Byerly, 2004; Biddinger and Fox, 2010). These criteria
were applied to the raw data using the Graphic State software to identify
the times of onset and termination of each meal, which were used to
calculate several meal parameters. These were considered to be good
estimates based on the observation that mice consumed all or almost all
of each pellet, as evidenced by the minute amount of spillage present on
cage floors.

Meal microstructure. The first meal each day (defined as spontaneous
food intake during the first 30 min after mice gained access to the food at
the start of the daily test session) was subjected to microstructural anal-
ysis. This involves characterization of changes in food intake rate over the
course of this meal (Davis, 1998; Fox and Byerly, 2004). Analysis of meal
microstructure allows for partial deconstruction of oropharyngeal posi-
tive feedback and GI negative feedback contributions to food intake,
which combine to regulate short-term or within-meal ingestive behavior.
The initial rate of food intake is influenced almost exclusively by oropha-
ryngeal positive feedback that drives food intake. In contrast, the subse-
quent decay in the rate of feeding has two components. The first involves
a rapid decay in feeding rate that is regulated by both oropharyngeal
positive and GI negative feedback. The second component is represented
by a low and relatively stable rate of intake that typically declines to end
the meal and is influenced mainly by GI negative feedback, or satiation,
signaling activated by the accumulation of food in the GI tract. Initial
intake rate was estimated by the amount of food consumed during min-
ute 1, and changes in this rate across the 30 min feeding session were
estimated by determining the amount consumed during each of the sub-
sequent 29 min of food intake.

Statistical analysis and graphical display of data
Changes in BDNF mRNA levels between controls and INT-BDNF�/�

mice were determined by comparing changes in the constitutively ex-
pressed housekeeping gene �-actin and BDNF. This was done using the
Livak and Schmittgen method (Livak and Schmittgen, 2001). Briefly, the
difference in threshold cycle values (typically referred to as CT values)
between BDNF and �-actin in each tissue was calculated, and this differ-
ence was compared in WT and mutant mice as determined previously
(Fox et al., 2013a). All counting of neural elements in this study was
performed by the same experimenter (J.E.B.) and done blind to geno-
type. One-way ANOVA was used to test for differences between geno-
types in IGLE density, number of fibers, number of axon bundles,
numbers of nodose ganglion neurons, body weight, and body composi-
tion. Meal pattern variables were tested in WT, INT-BDNF�/�, and INT-
BDNF�/� mice using pairwise repeated-measures ANOVA across days
5–22. Meal microstructure data were analyzed using Tongue Twister
software (version 1.45). Food intake between WT and INT-BDNF�/�

mice during meal microstructure analysis was tested using one-way
ANOVA for minute 1 and repeated-measures ANOVA over multiple
time points. Statistics were tested using Statistica software (version 6.0;
StatSoft). p values 	0.05 were considered significant. Values are pre-
sented as means 
 SEMs. Graphs were constructed with GraphPad Prism
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(version 4.0; GraphPad Software). Figure layouts were organized using
Photoshop (version 6.0; Adobe Systems). Photoshop was also used to
adjust brightness and contrast on photomicrographs and to apply scale
bars and text to images.

Results
Assessment of the SM-targeted BDNF KO
We demonstrated previously in embryos derived from crosses of
BDNFlox reporter mice and SM22�cre mice that highly efficient
Cre-mediated recombination was primarily restricted to SM of
the walls of blood vessels supplying GI tract tissues (Fox et al.,
2013a). Similarly, in embryos derived from crosses of NT-3lox

reporter mice and SM22�cre mice, recombination was restricted
to SM of the intestine wall and a small portion of the stomach
wall, as well as to SM of GI blood vessels (Fox et al., 2013b).
Previous characterization of SM22� cre and BDNF expression in
mature tissues suggests that Cre-mediated recombination would
have been efficient and primarily restricted to SM of adult INT-
BDNF�/� mice in the present study (Lommatzsch et al., 1999;
Lepore et al., 2005). To determine the extent to which BDNF
mRNA was decreased in the stomach and intestine of adult INT-
BDNF�/� mice compared with controls, qPCR was performed.
Additionally, BDNF mRNA in the hypothalamus and frontal cor-
tex was examined to ensure that it was not significantly altered at
these sites. First, nonquantitative RT-PCR was performed to ver-
ify mRNA integrity and BDNF mRNA size. Gel electrophoresis of
RT-PCR products from the hypothalamus, frontal cortex, ventral
stomach, and proximal small intestine showed bands of BDNF
and �-actin reverse-transcribed cDNA at the expected sizes of 332
and 266 bp, respectively (Kawakami et al., 2002; Zermeno et al.,
2009). There were no bands visible in PCR products made from
mRNA that had not been reverse transcribed, suggesting that
treatment of samples with DNase was effective at eliminating
genomic DNA. qPCR showed that a significant decrease in BDNF
mRNA levels only occurred in the proximal small intestine (86%;
t(18) � 1.77, p 	 0.05) in INT-BDNF�/� mice compared with
controls (Fig. 1). Smaller nonsignificant reductions in BDNF
mRNA levels in INT-BDNF�/� mice compared with controls
occurred in the ventral stomach (54%; p � 0.076), hypothalamus

(24%; p � 0.28), and frontal cortex (20%; p � 0.44). This sug-
gested that the KO was primarily successful at reducing BDNF
expression in the small intestine, while leaving BDNF expression
in the brain mostly intact as relative levels of BDNF mRNA re-
mained high in the CNS. However, we were not able to test
mRNA levels in separate layers of the GI wall because the intimate
relationship of the layers to one another makes it nearly impos-
sible with unfixed tissue to cleanly separate adjacent tissue layers,
especially in the instance of the myenteric plexus and adjacent SM
layers. Consequently, in adults, we could not determine whether
the BDNF KO was restricted to SM or whether BDNF expression
that occurs in epithelial cells and myenteric neurons of the GI
tract was altered (Lommatzsch et al., 1999; Grider et al., 2006;
Boesmans et al., 2008), nor could we assess the degree to which
BDNF mRNA remaining in these epithelial cells and myenteric
neurons contributed to the incomplete reductions of BDNF mes-
sage in the stomach and intestine. Furthermore, it is rare for a
Cre-mediated conditional gene KO to achieve 100% loss of pro-
tein. Therefore, in young adult INT-BDNF�/� mice, we only
claim that BDNF expression in the whole intestine wall is reduced
(not eliminated) and suggest that the intestine was the primary
site of Cre-mediated recombination. This is consistent with the
more complete SM22�-driven Cre-mediated recombination in
the intestine compared with the stomach observed previously
in embryos (Fox et al., 2013a,b). The differential Cre expression
in gastric and intestinal SM may have occurred because, in the
initial creation of the SM22�cre transgenic mice, all of the gene
regulatory elements required for gastric expression were not
included in the transgene or regulatory elements situated near
the site where the transgene inserted into the chromosome
may have suppressed gastric SM expression. Levels of BDNF
mRNA normalized to �-actin mRNA in controls were set at
100% (control hypothalamus, 100 
 38%; frontal cortex,
100 
 83.5%; ventral stomach, 100 
 44.6%; 0 –2 cm duode-
num, 100 
 48.5%).

IGLE innervation of the stomach and intestine
Vagal afferent innervation, including IGLEs, were labeled in the
stomach and intestine of control, INT-BDNF�/�, and INT-
BDNF�/� mice to determine the role of intestinal BDNF in the
development of these vagal elements that supply the SM. Found
throughout most of the GI tract, IGLEs typically form networks
of sensory nerve terminals in the myenteric plexus. They consist
of laminar aggregates of fine terminal puncta that are closely
associated with myenteric ganglia.

IGLE morphology and density in the stomach
Vagal afferent innervation observed in the stomachs of both con-
trols and mutants displayed this characteristic lattice pattern of
innervation, in which vagal afferent axons and fiber bundles ex-
tended axons that terminated in single IGLEs or small groups of
IGLEs (Fig. 2A,C). Morphology of IGLEs in the stomach of con-
trol, INT-BDNF�/�, and INT-BDNF�/� mice appeared to be
similar, because the vagal afferent axons could be seen giving rise
to IGLEs that had a distinct leaf-like appearance and punctate
endings interdigitating with elements of both the neurons and the
surrounding capsule of myenteric ganglia (Fig. 2A,C). IGLEs
were quantified as total stomach IGLE density and also separately
for each of its major compartments, including the forestomach,
corpus, and antrum, and determined to be evenly distributed
across these compartments, which is consistent with other studies
and in other strains of mice (Fig. 2E; Fox et al., 2000, 2001a,b,
2002). No differences were detected in total stomach IGLE den-

Figure 1. BDNF mRNA levels in tissues of young adult mice. Bars represent relative
percentage BDNF 
 SEM mRNA expression in CNS and GI tissues of INT-BDNF�/� mice
(n � 10) compared with controls (n � 10) normalized to �-actin mRNA. Control values
were set at 100%. The only tissue tested that showed a significant decrease in BDNF mRNA
levels was the proximal small intestine of INT-BDNF�/� mice compared with WT mice
(86%; p 	 0.05), suggesting that this was the primary site of Cre-mediated recombina-
tion in INT-BDNF�/� mice. In contrast, smaller nonsignificant decreases in BDNF mRNA
levels were observed in the stomach (54%), hypothalamus (24%), and frontal cortex
(20%) of INT-BDNF�/� mice compared with WTs.
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sity between any of the genotypes (controls vs INT-BDNF�/�,
p � 0.201; controls vs INT-BDNF�/�, p � 0.409; INT-BDNF�/�

vs INT-BDNF�/�, p � 0.885) or in any of the stomach compart-
ments between any of the genotypes (p values are listed in Table

1). In adults, BDNF was not significantly reduced in the stomach,
consistent with the intestinal bias of the SM22�cre-mediated
BDNF KO in embryos. This could have been the reason gastric
IGLE density was not altered in INT-BDNF�/� mice. Alterna-

Figure 2. The morphology and density of IGLEs in the stomach (A, C, E) and intestine (B, D, F ). The morphology of IGLEs in the stomach was normal in INT-BDNF�/� mice. IGLEs observed in the
stomachs of both controls (A) and mutants (C) displayed the characteristic pattern of IGLE innervation, which can be seen as vagal afferent axons giving rise to the leaf-like IGLEs composed of
numerous, densely packed, punctate endings. There were no differences in IGLE density between any of the genotypes or between any of the stomach compartments (INT-BDNF�/�, n � 9;
INT-BDNF�/�, n � 9; control, n � 12; E). In the intestine, although the general innervation pattern and IGLE structure was similar in controls (B) and INT-BDNF�/� mice (D), the IGLE
terminals appeared larger and more numerous in mutants. Furthermore, fiber bundles often appeared to contain more fibers or be larger in diameter in mutants. Quantification of
IGLE density in the first 8 cm of the small intestine demonstrated a significant 40% increase in IGLE density in INT-BDNF�/� mice compared with controls ( p 	 0.05; group sizes were
the same as for the stomach; F ). This increase in IGLE density was evenly distributed across the 0 – 4 and 4 – 8 cm segments of the proximal small intestine. Arrows in A–D indicate IGLEs
(double arrow in D indicates a tightly packed group of small IGLEs). Arrowheads in B and D indicate vagal sensory axon bundles. Open arrowhead in D points to a single vagal afferent axon.
Scale bars: (in C) A, C, 150 �m; (in D) B, D, 50 �m.
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tively, it is possible that BDNF was significantly reduced in adult
gastric SM, but this decrease was masked by high levels of BDNF
in other gastric tissues, including the myenteric plexus and mu-
cosa. If this did occur, it would suggest that BDNF expressed in
SM is not essential for normal development or maintenance of
gastric IGLEs.

IGLE morphology and density in the small intestine
As in the stomach, vagal afferent axon bundles and individual
fibers also give rise to IGLE nerve terminal endings throughout
the small intestine. The innervation patterns of sensory vagal
axon bundles in the intestine are typically found in a lattice pat-
tern formed by the perpendicular branching of bundles that ori-
ent parallel to either circular or longitudinal SM fibers as they
follow the organization of the myenteric plexus (Fox et al., 2000;
Wang and Powley, 2000). This innervation pattern was seen in
both controls and mutants (Figs. 2B,D, 3). Surprisingly, how-
ever, the IGLE terminals appeared to be larger and more numer-
ous in INT-BDNF�/� mice compared with controls.
Quantitatively, this resulted in a 40% increase in IGLE density in
INT-BDNF�/� mice compared with controls in the first 8 cm of
the small intestine (Fig. 2F; F(1,20) � 4.52, p 	 0.05). This finding
was unexpected, because our hypothesis, based in part on the
finding that global BDNF KO results in the loss of a large propor-
tion of vagal afferents, predicted that KO of BDNF from the GI
tract would lead to a reduced density of vagal GI afferents. The
increase in IGLE density in the INT-BDNF�/� mice appeared to
be consistent across the 0 – 4 and 4 – 8 cm portions of the intes-
tine, although individually these differences were not significant
(0 – 4 cm, p � 0.053; 4 – 8 cm, p � 0.071; Fig. 3F). As noted in
Materials and Methods, the HRP labeling method we used did
not permit us to distinguish whether this increase in IGLE density
was attributable an increase in IGLE number or to an increase in
branching of their axons or terminals. There were no differences in
IGLE density between controls and INT-BDNF�/� mice or between
INT-BDNF�/� and INT-BDNF�/� mice across any length of duo-
denum measured [0–4 cm duodenum: controls vs INT-BDNF�/�,
p � 0.331; INT-BDNF�/� vs INT-BDNF�/�, p � 0.310; 4–8 cm
duodenum: controls vs INT-BDNF�/�, p � 0.348; INT-BDNF�/�

vs INT-BDNF�/�, p � 0.743; total (0–8 cm) duodenum: controls vs
INT-BDNF�/�, p � 0.268; INT-BDNF�/� vs INT-BDNF�/�, p �
0.426].

There were no genotype differences in the total area of the
stomach or the small intestine, the width of the small intestine at
the pyloric sphincter, the width of the small intestine at its junc-
tion with the cecum, or the length of the small intestine (Table 2).
Therefore, the increase in IGLE density in the intestine of INT-
BDNF�/� mice was almost certainly not attributable to a change
in the area of the intestine, and the failure to observe a genotype
difference in gastric IGLE density was probably not attributable
to altered area of the stomach.

Nodose ganglion cell counts
The two most probable mechanisms underlying the increased
intestinal IGLE density in INT-BDNF�/� mice are increased sur-
vival of vagal sensory neurons that innervate the intestine, pro-
viding it with increased numbers of IGLE axons, or increased
branching of the normal number of intestinal vagal sensory axons
or terminals. To aid determination of whether increased IGLE
survival occurred, vagal sensory neuron number was quantified
in control and INT-BDNF�/� mice. Consistent with the in-
creased survival of vagal GI afferents in INT-BDNF�/� mice,
there was a significant 47% increase in total nodose ganglion
neuron number in INT-BDNF�/� mice compared with controls
(F(1,22) � 5.81, p � 	 0.05; Fig. 4C). Interestingly, the increase in
neuron number in INT-BDNF�/� mice compared with controls,
when tested separately for the right and left nodose ganglia, was
only significant on the right (left nodose: 25% increase, p �
0.129; right nodose: 62% increase, F(1,22) � 8.92, p 	 0.05; Fig.
4C). Although there was no statistically significant difference in
neuron number in the left nodose ganglion, labeling of vagal
afferents by injection of WGA–HRP into the left ganglion led to
detection of a significant increase in IGLE terminal density in the
intestine of mutants. This suggests that reduced intestinal BDNF
may have altered other aspects of IGLE development instead of,
or in addition to, survival that contributed to increased intestinal
IGLE density. In particular, reduced BDNF may have had effects
on IGLE axon or terminal branching. Thus, it is possible that
increased IGLE axon branching accounted for the increase in
intestinal IGLE density in INT-BDNF�/� mice or that this in-
creased axon branching combined with the surplus of axons aris-
ing from the nonsignificant 25% increase in left nodose neuron
number to produce the significant increase in intestinal IGLE
density. As described in detail in Materials and Methods (Antero-
grade labeling of vagal GI afferents), the left nodose was chosen
for injections because it provides much greater innervation to the
proximal intestine compared with the right nodose ganglion in
mice and rats (Fox et al., 2000, 2001b; Wang and Powley, 2000).
Thus, if the right nodose ganglion had been injected and if the
increased number of nodose neurons contributed to augmented
intestinal IGLE density in INT-BDNF�/� mice, then this increase
in IGLE density when computed as a percentage would probably
have been larger than that computed after left nodose ganglion
injections. However, the absolute increase in density of IGLEs
labeled by right nodose ganglion injection would have been much
smaller than the increase in those labeled by left nodose ganglion
injections as a consequence of the dramatically smaller number of
IGLEs arising from the right nodose ganglion. Another potential
consequence of the right nodose ganglion showing a larger and
significant increase in neuron number compared with the left
that we cannot rule out is that it is possible that, if we had injected
the right nodose with WGA–HRP and examined the dorsal
stomach, we might have found an increase in IGLE density in
INT-BDNF�/� mice.

Quantification of intestinal vagal sensory axons and
axon bundles
To investigate whether the increased intestinal IGLE innervation
was reflected in increased density of individual longitudinal or
circular axon fibers or axon bundles, these elements were
quantified in control and INT-BDNF�/� mice (Fig. 5 A, B).
There were no statistically significant differences in the den-
sity of any of the vagal elements quantified between INT-
BDNF�/� mice and controls.

Table 1. p values for IGLE density comparisons in Figure 2E

Control versus
INT-BDNF�/�

Control versus
INT-BDNF�/�

INT-BDNF�/� versus
INT-BDNF�/�

Total stomach 0.201 0.409 0.885
Forestomach 0.367 0.443 0.954
Corpus 0.074 0.227 0.443
Antrum 0.578 0.794 0.814

IGLE density was quantified in each compartment of the stomach, and these values were combined to yield IGLE
density for the entire stomach. Values represent p values for pairwise comparisons between each genotype. IGLE
density did not differ between genotypes for the total stomach or for its forestomach, corpus, or antrum
compartments.
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In addition to free axon or axon bundle density as assessments
of whether an increase in axon numbers occurred in mutants, it is
possible that a subset of fiber bundles within a specific range of
diameters would have been augmented. To examine this, diam-
eters of axon bundles running in both the longitudinal and cir-
cular orientations measured to the nearest 0.5 �m in control and
INT-BDNF�/� mice and the number of bundles within each di-
ameter range are plotted in Figure 5C and D, respectively. The
largest-diameter bundles, 4.5–5.0 �m diameter, were rarely ob-
served in either the longitudinal or circular orientations in either
genotype. In control mice, the numbers of both longitudinal and
circular axon bundles progressively decreased from the smallest
to the largest diameter range examined. This same pattern was
generally observed in INT-BDNF�/� mice, except for the longi-
tudinal and circular bundles in the 1.5–2.0 �m diameter range,
which were greatest in number. In the smallest diameter longitu-
dinal bundles observed, the 0.5–1.0 �m diameter range, there
were no differences between control and INT-BDNF�/� mice
(14.8% increase in mutants; p � 0.688; Fig. 5C). However, at the
1.5–2.0 �m diameter range, INT-BDNF�/� mice showed a
greater number of longitudinal bundles compared with control
mice (118% increase; F(1,17) � 5.02, p 	 0.05). At the 2.5–3.0 �m
diameter range, there was also an increase in number of longitu-
dinal axon bundles for INT-BDNF�/� mice compared with con-
trols, but it was not significant (150%; p � 0.071). At the 3.5– 4.0
�m diameter range, INT-BDNF�/� mice showed a significant
increase in the number of longitudinal bundles compared with

control mice (267% increase; F(1,17) � 9.64, p 	 0.01). The mag-
nitude of this latter difference should be interpreted cau-
tiously because there were small numbers of fiber bundles in
each group. The finding of increased numbers of longitudi-
nally oriented axon bundles at some diameter ranges is con-
sistent with the nonsignificant increase in number of vagal
sensory ganglion neurons in the nodose ganglion contributing
to the augmented intestinal IGLE density. However, it could
also be consistent with increased axon branching, if this branch-
ing occurred proximal to the intestine (between the nodose ganglion
and the intestine). The increase in number of axon bundles within
specific diameter ranges observed in INT-BDNF�/� mice compared
with controls was specific to those oriented longitudinally, because
there were no differences observed in the number of bundles at any
diameter in the circular orientation between INT-BDNF�/� mice
and controls (Fig. 5D).

Note that we have used counts of HRP-labeled axon bundles
of specified diameters as a proxy for actual axon counts. Ensuring
that axon bundles of a given diameter contain similar numbers of
axons would require use of another method, such as counts of
axons imaged with an electron microscope.

Analysis of body weight, body composition, and
feeding behavior
Feeding behavior and body weight of mice with reduced BDNF
expression in the intestine were examined to assess the anorexi-
genic potential of BDNF, possibly mediated by the increase in

Figure 3. Vagal afferent innervation pattern in the proximal small intestine. Low-magnification photomontages of vagal afferent innervation of the same region of the duodenum are shown in
control (A) and INT-BDNF�/� (B) mice. These images illustrate the lattice pattern composed of circular and longitudinal axon bundles running in near-perpendicular orientations and the increased
IGLE density and axon bundle diameter in INT-BDNF�/� mice compared with controls. Arrows denote IGLEs, and arrowheads indicate axon bundles. Scale bar: (in B) A, B, 2.5 �m.

Table 2. Length, width, and area of selected GI organ whole-mount regions

Control INT-BDNF�/� INT-BDNF��
Control versus
INT-BDNF�/�

Control versus
INT-BDNF�/�

INT-BDNF�/� versus
INT-BDNF�/�

Stomach area 19.16 
 1.66 21.07 
 1.86 23.17 
 2.03 0.947 0.950 0.905
Intestine area 37.5 
 12.81 32.04 
 4.96 30.31 
 3.36 0.239 0.322 0.773
Intestine width at pylorus 1.0 
 0.12 0.8 
 0.16 0.83 
 0.11 0.145 0.216 0.941
Intestine width at cecum 0.7 
 0.38 0.6 
 0.12 0.55 
 0.04 0.675 0.213 0.687
Intestine length 46.6 
 4.75 46.25 
 1.69 44.3 
 2.84 0.803 0.369 0.600

Several parameters of GI organ size were measured in mice of each genotype. Values are group means 
 SEMs (first 3 columns) and p values for pairwise comparisons between each genotype (last 3 columns). These values were determined
in early adulthood, when the mice were processed for WGA–HRP staining. Stomach and intestine area (square centimeters), intestine width at pylorus and cecum (centimeters), and intestine length from pylorus to cecum (centimeters) are
listed.
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intestinal IGLE density or alterations that may have occurred in
development or function of other autonomic neurons that inner-
vate the intestine. If GI BDNF has similar effects on feeding as in
the CNS, we hypothesized that reduced BDNF in the intestine
would result in hyperphagia and increased weight gain compared
with controls with normal levels of GI BDNF.

Body weight, body composition, and daily food intake
Growth curves derived from weekly body weight measures of
males and females of all genotypes generated by the breeding
strategy used to produce INT-BDNF�/� mice from 3 weeks
(weaning) to 4 months of age (young adulthood) were similar

(Fig. 6). Additionally, during the 22 d of meal pattern experi-
ments at 3– 4 months of age, daily body weights of the three
genotypes tested (WT, INT-BDNF�/�, and INT-BDNF�/�) were
nearly identical (Fig. 7A). Body composition of these three
groups determined the day before meal pattern collection, before
fasting, also revealed no differences in either fat mass or lean
mass, in either males or females, here calculated as percentage of
body weight with mice of each group consisting of �10% fat
(controls vs INT-BDNF�/�, p � 0.896; INT-BDNF�/� vs INT-
BDNF�/�, p � 0.725; controls vs INT-BDNF�/�, p � 0.888; Fig.
7B). Also during the meal pattern experiments, total food intake
of the Bio-Serv balanced pellet diet was calculated each day. There
were also no genotype group differences in average daily food
intake (controls vs INT-BDNF�/�, p � 0.694; INT-BDNF�/� vs
INT-BDNF�/�, p � 0.228; controls vs INT-BDNF�/�, p � 0.162;
Fig. 7C). Moreover, the average daily food intake, which was
�3.0 g/d, was similar to the amount of balanced diet consumed
by various WT mice reported by other investigators and in our
previous studies (Kernie et al., 2000; Fox et al., 2001b; Biddinger
and Fox, 2010; Krashes et al., 2011). The failure to find genotype
group differences in body weight, body composition, or daily

Figure 4. Comparison of neuron numbers in nodose ganglia of control and INT-BDNF�/�

mice. Representative images of the right nodose ganglion are shown in a control (A) and an
INT-BDNF�/� (B) mouse. The total (left and right nodose ganglia combined) and the right
nodose demonstrated significant increases in vagal sensory neuron number in INT-BDNF�/�

mice (n � 14) compared with controls (n � 9, 47% and 62% increases, respectively; both p 	
0.05; C), whereas the left nodose ganglia showed a nonsignificant 25% increase in neuron
number in INT-BDNF�/� mice. Scale bar: (in B) A, B, 150 �m.

Figure 5. Comparisons of densities of single vagal sensory axons, axon bundles, and num-
bers of axon bundles of specific diameter ranges in the proximal 8 cm of the small intestine in
INT-BDNF�/� and control mice. The numbers of single afferent axon fibers (A) and afferent
axon bundles (B) were similar in controls (n � 9) and INT-BDNF�/� mice (n � 9). In contrast,
INT-BDNF�/� mice showed an increase in the number of longitudinal bundles in the 1.5–2.0
( p 	 0.05) and 3.5– 4.0 ( p 	 0.01) �m diameter ranges compared with controls (C). There
were no differences in circular axon bundle number between mutants and controls within any
diameter range (D).
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food consumption suggests, counter to our hypothesis, that
neither the loss of BDNF from the intestine wall nor the gene
manipulations used to produce this targeted BDNF KO altered
long-term regulation of food intake and body weight.

Analysis of meal patterns
Because long-term food intake and body weight did not appear to
be altered in INT-BDNF�/� mice and any changes to innervation
of the gut in these mice, including the increased intestinal IGLE
density, could have altered their short-term feeding, several meal
pattern parameters were characterized. Eating patterns of WT,
INT-BDNF�/�, and INT-BDNF�/� mice stabilized by day 5, and
therefore, data obtained from days 5–22 were analyzed. This ad-
aptation should have minimized any possible differences in
learning ability between mutants and controls that might have
occurred if BDNF levels in the hippocampus were decreased (Fox
et al., 2013a). The means 
 SEMs for body weight averaged
across days 5–22 of testing for each group are listed in Table 3.

INT-BDNF�/� mice exhibited changes in several meal pattern
parameters compared with WT mice. Most notably, INT-

Figure 6. Body weights of male and female mice of all genotypes generated. There were no
differences in body weight between any of the six genotypes generated by the breeding strat-
egy used in this study from weaning at 3 weeks of age to young adulthood at 16 weeks of age in
either males (A) or females (B). Males: WT (n � 7), SM22�cre/�;BDNF�/� (n � 10),
SM22��/�;BDNFlox/� (n � 4), SM22��/�;BDNFlox/lox (n � 6), INT-BDNF�/� (n � 10), and
INT-BDNF�/� (n � 10). Females: WT (n � 7), SM22�cre/�;BDNF�/� (n � 10), SM22��/�;
BDNFlox/� (n � 10), SM22��/�;BDNFlox/lox (n � 2), INT-BDNF�/� (n � 10), and INT-
BDNF�/� (n � 10).

Figure 7. Body weight, body fat, and daily food intake of mice used in the meal pattern
experiment. During the 22 d of meal pattern testing, when mice were 3– 4 months of age, no
differences in body weight emerged between WT (n � 13; 7 males, 6 females), INT-BDNF�/�

(n � 14; 7 males, 7 females), and INT-BDNF�/� (n � 15; 7 males, 8 females) mice (A). In
addition, there were no differences in body fat, here calculated as percentage of body weight,
between any of the three genotypes or between males and females (B). Average total daily food
intake during the meal pattern collection remained normal in INT-BDNF�/� and INT-BDNF�/�

mice in both males and females (C).
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Figure 8. Meal pattern and microstructure parameters associated with satiation in INT-BDNF�/�, INT-BDNF�/�, and WT mice. INT-BDNF�/� mice (n � 15) displayed a large decrease in
average meal duration compared with WT (n � 13) and INT-BDNF�/� (n � 14) mice (both p 	 0.05; A). The reduced meal duration observed in INT-BDNF�/� mice was partially compensated for
through an increase in average eating rate in INT-BDNF�/� mice compared with WTs ( p 	 0.05; B). Because this compensation was only partial, INT-BDNF�/� mice also demonstrated a modest
decrease in meal size compared with INT-BDNF�/� mice ( p	0.05) and WTs ( p	0.01) (C). These decreases in meal duration and meal size suggested that satiation was increased in INT-BDNF�/�

mice compared with WTs and INT-BDNF�/� mice. INT-BDNF�/� mice displayed a trend toward increased average IMI compared with WT mice (Table 3) that accrued to a significant increase in total
daily IMI compared with WT controls ( p 	 0.05; D). This trend toward an increase in average IMI also contributed to a significant increase in satiety ratio in INT-BDNF�/� mice compared with WTs
( p 	 0.01; E). These increases in total daily IMI and satiety ratio in INT-BDNF�/� mice suggested that they had an increase in satiety, which indicates that a given amount of food produced greater
satiety for them compared with controls. In terms of the meal microstructure analysis, both WT and INT-BDNF�/� mice showed a similar high initial food intake rate during minute 1 (F ). Because
the first minute of feeding provides an estimate of initial intake rate, which is mainly regulated by oropharyngeal positive feedback, this suggested that the contribution of this feedback to food
intake was not altered in INT-BDNF�/� mice. Mutants and WTs also exhibited a similar rapid decay of food intake rate during minutes 2–5 (F ), a process controlled by both oropharyngeal positive
and GI negative feedback. However, starting at minute 6, INT-BDNF�/� mice exhibited a greater decrease in their food intake rate compared with WTs (G), suggesting that the mutants had
increased GI negative feedback signaling. These findings are consistent with the interpretation that satiation signaling was augmented in INT-BDNF�/� mice.

Table 3. Additional meal pattern data

WT INT-BDNF�/� INT-BDNF�/�
WT versus
INT-BDNF�/�

WT versus
INT-BDNF�/�

INT-BDNF�/� versus
INT-BDNF�/�

Body weight 24.36 
 1.01 24.16 
 0.92 24.61 
 0.80 0.947 0.950 0.905
Meal number 9.53 
 0.46 9.79 
 0.45 10.81 
 0.43 0.239 0.322 0.773
Total meal duration 174.83 
 23.7 158.85 
 22.86 93.44 
 22.08*
IMI 62.50 
 2.77 67.16 
 2.77 68.55 
 2.58 0.145 0.216 0.941

Additional meal pattern data (first 3 columns, mean 
 SEM; last 3 columns, p values associated with genotype comparisons for parameters that yielded no significant differences). Each measure was averaged daily. The values are based on
the average of these daily values over days 5–22 of behavioral testing. Body weight (grams), total meal duration (minutes), and IMI (minutes) are listed. *p 	 0.05, significantly different from WT and INT-BDNF�/� groups.
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BDNF�/� mice had a large decrease in average meal duration
compared with controls (60%; F(1,17) � 7.22, p 	 0.05; Fig. 8A),
which over the course of each day accumulated to produce a
decrease in average total meal duration (total time spent eating
during each daily test session; 47%; F(1,17) � 7.32, p 	 0.05; Table
3). This reduction in meal duration in INT-BDNF�/� mice was
compensated for through an increase in average eating rate
(F(1,17) � 6.14, p 	 0.05; Fig. 8B). However, this compensation
was only partial because the decrease in meal duration for the
INT-BDNF�/� mice still contributed to a modest but significant
20% decrease in meal size compared with WT mice (F(1,17) �
8.27, p 	 0.01; Fig. 8C). The decreases in both meal duration and
meal size suggest that there was an increase in satiation in INT-
BDNF�/� mice compared with WTs. Moreover, the 20% reduc-
tion in the average meal size of INT-BDNF�/� mice was
compensated for by a small, nonsignificant increase of �1.3
meals each day by INT-BDNF�/� compared with WT mice (Ta-
ble 3). Consequently, the decrease in meal size did not result in a
decrease in total food intake by INT-BDNF�/� mice compared
with controls. There were no differences between controls and
INT-BDNF�/� mice on any meal parameter tested. However,
INT-BDNF�/� mice showed decreased total (F(1,17) � 5.84, p 	
0.05) and average (F(1,17) � 6.12, p 	 0.05) meal duration and
decreased meal size (F(1,17) � 7.23, p 	 0.05) compared with
INT-BDNF�/� mice (Fig. 8A,C; Table 3). These meal parameter
differences between homozygous and heterozygous targeted
BDNF KO mice suggest that the presence of one intact BDNF
allele in the intestine wall was sufficient to mostly compensate for
at least some of the effects of the reduction in BDNF levels caused
by the targeted allele.

In addition to meal pattern changes in INT-BDNF�/� mice
that are associated with increased satiation or within-meal effects
that lead to meal termination, there were changes in the feeding
behavior of the mutants that could imply they also had increased
satiety or between meal effects that delay initiation of a subse-
quent meal. In particular, the average intermeal interval (IMI)
showed a small increase in INT-BDNF�/� mice compared with
WT mice that, although not in itself significant (p � 0.09; Table 3),
accumulated over the course of each test day to yield a significant
20% increase in average total IMI in INT-BDNF�/� mice compared
with WT (F(1,17) � 6.14, p 	 0.05; Fig. 8D). Furthermore, this small,
nonsignificant increase in average IMI contributed to a 27% increase
in satiety ratio for INT-BDNF�/� compared with control mice
(Fig. 8E; F(1,17) � 12.02, p 	 0.01). Satiety ratio is the ratio of IMI
to the preceding meal size, and therefore, this increase suggests
that a given amount of food produced greater satiety in INT-
BDNF�/� mice than it did in WTs. There were no differences in
average IMI, total IMI, or satiety ratio that suggested that
changes in satiety occurred between controls and INT-
BDNF�/� mice or between INT-BDNF�/� and INT-BDNF�/�

mice (Fig. 8 D, E; Table 3).

Analysis of meal microstructure
Changes in either oropharyngeal positive feedback or GI negative
feedback could contribute to altered satiation. Importantly, the
bulk of the GI negative feedback signals are transmitted by vagal
afferents (Smith, 1996; Schwartz et al., 2000). To provide addi-
tional evidence in support of the interpretation that augmenta-
tion of negative feedback signaling from gut-to-brain
contributed to the decreased meal duration and meal size of INT-
BDNF�/� mice, microstructure of the first 30 min of food intake
on days 5–22 of meal pattern data collection was examined. Three
microstructural parameters have been used to characterize

changes in the rate of eating over the course of a meal (Davis,
1998; Fox and Byerly, 2004): (1) initial consumption rate, mainly
influenced by oropharyngeal stimulation; (2) early component of
decay of eating rate, influenced by both oropharyngeal positive
feedback and GI negative feedback signaling; and (3) late com-
ponent of decay of eating rate, mainly influenced by GI negative
feedback. Therefore, augmented GI negative feedback in INT-
BDNF�/� mice would be most apparent as an increase in the late
decay of eating rate. In contrast, reduced oropharyngeal positive
feedback would be most evident as a decrease in intake rate dur-
ing the first minute of food access. Both WT and INT-BDNF�/�

mice showed a similar, high initial intake rate during minute 1,
and in fact, this rate was slightly, albeit nonsignificantly, higher in
INT-BDNF�/� mice than in WTs, suggesting that altered oro-
pharyngeal input did not contribute to their reduced meal dura-
tion and meal size (p � 0.289; Fig. 8F). Mutants and controls also
exhibited a similar rapid decay of food intake rate during minutes
2–5 (p � 0.390; Fig. 8F). However, starting at minute 6, the
INT-BDNF�/� mice began to show an increased rate of decay of
food intake compared with the controls, represented as an aver-
age 40% decrease in their sustained intake rate across minutes
6 –30 (F(1,24) � 7.36, p 	 0.05; Fig. 8G). Moreover, consistent
with reduced average meal duration in INT-BDNF�/� mice com-
pared with WTs, during the first meal, most mutants stopped
eating, albeit briefly, at approximately minute 8, whereas most
WT mice did not stop eating until approximately minute 26.
These findings are consistent with augmented GI negative feed-
back signaling, or satiation, in INT-BDNF�/� mice and could
further imply that the increase in IGLE innervation of the small
intestine or changes to other autonomic innervation of the intes-
tine in these mice were sufficient in magnitude to alter short-term
controls of food intake. Furthermore, the lack of genotype group
differences in body weight, body composition, and daily food
intake in INT-BDNF�/� mice described above suggests that the
alterations to meal pattern and microstructure parameters that
were detected were likely to have been primary effects of reduced
intestinal BDNF levels on short-term feeding behavior rather
than having been secondary to changes in daily food intake, body
weight, or body composition.

Discussion
To determine whether BDNF produced by the intestine regulates
development or maintenance of vagal GI afferents, food intake,
body weight, or body composition, mice with a targeted BDNF
KO restricted mainly to the intestine were generated. This ma-
nipulation surprisingly led to increased IGLE density in the in-
testine, but not in the stomach, and to increased numbers of vagal
sensory neurons and longitudinal intestinal axon bundles. Fur-
thermore, INT-BDNF�/� mice displayed a large decrease in meal
duration that resulted in reduced meal size. Increased suppres-
sion of feeding during the later phase of the first meal suggested
that this was attributable to augmented satiation signaling. Addi-
tionally, INT-BDNF�/� mice demonstrated increased total daily
IMI and satiety ratios, implying that satiety signaling was in-
creased. INT-BDNF�/� mice compensated for augmentation of
satiation and satiety to maintain normal daily food intake and
body weight through a significant increase in average eating rate
and a small nonsignificant increase in meal number. These find-
ings are the first to suggest that a target organ-derived neurotro-
phin acts to reduce sensory innervation density and neuron
number. They are also the first to demonstrate a role for BDNF
produced by a peripheral tissue in short-term controls of feeding,
likely through its regulation of development or function of auto-
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nomic innervation of the gut, possibly including augmented in-
testinal IGLE innervation.

The current findings implicate intestinal BDNF in suppres-
sion of intestinal IGLE survival, or possibly axon growth, guid-
ance, or branching of their axons, functions that run counter to
expectations for a neurotrophic factor. Neurons are overpro-
duced during development and are thought to compete for lim-
iting amounts of target-derived neurotrophic factors, which
support their survival by preventing apoptosis (Oppenheim,
1991). Although the effects of global BDNF KOs have typically
been consistent with this framework, leading to decreased inner-
vation in other sensory systems, augmented innervation of skin
by mechanoreceptors and autonomic fibers has been observed
(Fundin et al., 1997; Rice et al., 1998).

Possible mechanisms of increased IGLE density
During development, the BDNF KO in the GI tract occurred
mainly in vascular SM (Fox et al., 2013a). This could imply that
loss of BDNF secretion from GI blood vessels during develop-
ment promoted IGLE survival, or growth, guidance, or branch-
ing of IGLE axons that extend alongside these vessels to reach the
intestine. Additionally, development of mucosal vagal afferents
and other autonomic fibers that grow along these vessels as they
develop could have been altered. In the adult, the KO probably
occurred throughout the SM of the intestinal wall in INT-
BDNF�/� mice. However, because technical considerations im-
peded our ability to confirm that BDNF loss from the intestine
wall was restricted to SM, it is possible that BDNF was reduced in
myenteric neurons or mucosa instead of, or in addition to, SM. If
BDNF loss from adult intestinal SM occurred, it could have en-
hanced the maintenance, terminal branching, or sensory trans-
duction of IGLEs and altered other intestinal innervation.
Consistent with increased neuron survival, positive correlations
between sensory neuron number and density of peripheral nerve
fibers and terminals have been observed in numerous studies
involving manipulations of growth factors in the skin, tongue,
and gut (Albers et al., 1996; Fox et al., 2001b; Krimm, 2007).
Alternatively, BDNF has been shown to promote growth, guid-
ance, and branching of axons in several sensory systems, includ-
ing vagal afferents (Cohen-Cory and Fraser, 1995; Lentz et al.,
1999; Tucker, 2002; Hellard et al., 2004). If GI BDNF regulates
IGLE axon growth, guidance, or branching but in the opposite
direction—i.e., by suppressing these processes—the loss of this
suppression in INT-BDNF�/� mice could have increased growth
or branching of intestinal IGLE axons or terminals and thus con-
tributed to the increase in intestinal IGLE density.

A single mechanism that could account for increased survival,
or axon growth or branching of intestinal IGLEs in INT-
BDNF�/� mice is reduced signaling by proBDNF (BDNF precur-
sor) through p75, the low-affinity neurotrophin receptor. This
signaling typically has effects antagonistic to those of BDNF acti-
vation of trkB and include stimulating apoptosis and inhibiting
axon growth and branching (Ichim et al., 2012; Suetterlin et al.,
2012). For example, BDNF or p75 KO led to increased axon
branching that probably contributed to increases in density of
sympathetic innervation of the pineal and submandibular sali-
vary glands and to increased neuron numbers in neonatal supe-
rior cervical ganglia (Glebova and Ginty, 2005; Jahed and Kawaja,
2005). Other possible mechanisms mediating increased IGLE
density include compensatory increases in expression of other
growth factors that support this increase (Erickson et al., 1996;
McAllister et al., 1997; Kolbeck et al., 1999; Murphy and Fox,
2010), neurons with low trkB expression favoring suppression by

BDNF, and BDNF activation of trkB in some neurons stimulating
second-messenger pathways that inhibit development (Rice et
al., 1998).

Reduced intestinal BDNF and satiation
The meal pattern and microstructure findings of the present
study suggest that satiation is increased in INT-BDNF�/� mice.
Because vagal afferents provide the bulk of negative feedback
signaling that influences satiation (Smith, 1996; Schwartz et al.,
2000) and IGLEs are tension receptors that can sense muscle
stretch (Zagorodnyuk et al., 2001), increased intestinal IGLE
density is a candidate for mediating this effect. However, estab-
lishing this relationship will require additional research because
the status of other vagal GI afferents in particular, including in-
tramuscular arrays (IMAs) and mucosal afferents, as well as other
pathways innervating the intestine in INT-BDNF�/� mice is not
known.

Several experimental approaches have provided convergent
evidence for a prominent role of vagal GI afferents, and possibly
for IGLEs, in satiation. Disruption of vagal afferents supplying
the gut by sensory-selective surgical vagotomy or capsaicin treat-
ment results in increased meal size attributable to increased eat-
ing rate or meal duration, effects consistent with reduced vagal
negative feedback signaling (Walls et al., 1995; Chavez et al., 1997;
Schwartz et al., 1999). Studies using mutations of genes for
growth factors or their receptors to manipulate vagal GI afferents
implicated intestinal IGLEs in signaling satiation. NT-4 KO mice,
which had a 90% decrease in IGLE density in the duodenum,
showed increased meal duration and size, whereas NT-4 knockin
mice, which appeared to have increased intestinal IGLE density,
exhibited a decrease in meal size and increased sensitivity to CCK
(Fox et al., 2001b; Chi et al., 2004). Furthermore, c-Kit and steel
mutant mice had a severe reduction of forestomach IMAs, yet
they exhibited normal satiation (Fox et al., 2002; Chi and Powley,
2003). This is consistent with IGLEs contributing to satiation
because they were intact and are the only other major vagal SM
mechanoreceptor. However, the contribution of IGLEs in these
studies remains provisional because it is not known whether
other GI innervation was modified by the gene mutations used,
although IMA structure and density were normal in NT-4 KO
mice.

It is unlikely that effects of reduced intestinal BDNF levels on
vagal efferents contributed to increased satiation because there
has been no evidence of disruption of motor neurons, including
vagal efferents, in BDNF KO mice (Jones et al., 1994; Murphy and
Fox, 2010). If their function was disrupted, similar to perturba-
tion of the enteric nervous system, the digestion of food would be
slowed, which could produce symptoms resembling increased
satiation. Although disruption of sympathetic innervation of the
intestine produced a small decrease in meal size, it was not deter-
mined whether this involved reduced meal duration (Fu et al.,
2011). Moreover, the pattern of changes in other meal parame-
ters measured was different from that observed in the present
study. Both IMI and satiety ratios were decreased in the experi-
ment by Fu et al., whereas in the present study, they were in-
creased. These discrepancies suggest that, although disruption of
some aspects of sympathetic intestinal innervation in INT-
BDNF�/� mice could have contributed to increased satiation, the
relationship is not straightforward. Although it is not known
what effects changes to dorsal root afferents might have on meal
patterns, their disruption would likely have similar effects on
sympathetic perturbation as they drive sympathetic reflexes.
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SM22�cre-mediated recombination in the adult brain
We recently reported evidence suggesting that SM22�cre-
mediated recombination occurred unexpectedly in three adult
brain regions: (1) the anterolateral cerebral cortex; (2) the hip-
pocampus; and (3) the VMH (Fox et al., 2013a). The nonsignif-
icant reductions of BDNF mRNA in the hypothalamus and
cortex in the present study probably resulted from recombina-
tion of floxed BDNF alleles in some cells within these regions. If
this occurred, these BDNF reductions could have contributed to
the altered feeding behavior of INT-BDNF�/� mice. However, it
is unlikely that they account entirely for these effects. Loss of
BDNF from the VMH region results in increased food intake and
body weight, which did not occur in INT-BDNF�/� mice (Unger
et al., 2007). It is improbable that reduced hippocampal BDNF
levels played a significant role in the altered feeding of INT-
BDNF�/� mice. Rodents with hippocampal lesions eat short,
small meals at two to three times the normal frequency (Clifton et
al., 1998), whereas INT-BDNF�/� mice showed no significant
increase in meal number, although they ate shorter, smaller
meals. Regarding the loss of BDNF from the cortex, structures in
this region including the dorsolateral prefrontal and primary so-
matosensory cortices, which are activated by food-related stim-
uli, are involved in inhibitory processes, such as satiety (Boubaker
et al., 2012). Therefore, reduced function of these cortical areas
associated with decreased BDNF expression might be expected to
reduce satiety, whereas we found evidence of increased satiety.
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