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ARTICLE INFO ABSTRACT

Keywords: The hypothalamus and dorsal vagal complex (DVC) are both important for integration of signals that regulate
Leptin energy balance. Increased leptin transgene expression in either the hypothalamus or DVC of female rats was
Dorsal vagal complex shown to decrease white adipose tissue and circulating levels of leptin and adiponectin. However, in contrast to
gzr;:;)thalamus hypothalamus, leptin transgene expression in the DVC had no effect on food intake, circulating insulin, ghrelin
Microcomputed tomography and glucose, nor on thermogenic energy expenditure. These findings imply different roles for hypothalamus and
Histomorphometry DVC in leptin signaling. Leptin signaling is required for normal bone accrual and turnover. Leptin transgene

expression in the hypothalamus normalized the skeletal phenotype of leptin-deficient ob/ob mice but had no
long-duration (>10 weeks) effects on the skeleton of leptin-replete rats. The goal of this investigation was to
determine the long-duration effects of leptin transgene expression in the DVC on the skeleton of leptin-replete
rats. To accomplish this goal, we analyzed bone from three-month-old female rats that were microinjected
with recombinant adeno-associated virus encoding either rat leptin (rAAV-Leptin, n = 6) or green fluorescent
protein (rAAV-GFP, control, n = 5) gene. Representative bones from the appendicular (femur) and axial (3rd
lumbar vertebra) skeleton were evaluated following 10 weeks of treatment. Selectively increasing leptin trans-
gene expression in the DVC had no effect on femur cortical or cancellous bone microarchitecture. Additionally,
increasing leptin transgene expression had no effect on vertebral osteoblast-lined or osteoclast-lined bone
perimeter or marrow adiposity. Taken together, the findings suggest that activation of leptin receptors in the DVC
has minimal specific effects on the skeleton of leptin-replete female rats.

across the blood brain barrier into the brain (Bjorbaek and Kahn, 2004).
The biologically active long form of leptin receptor (OB-Rb) is localized

1. Introduction

Leptin, produced primarily by adipocytes, acts on a wide variety of
target cells both in the central nervous system (CNS) and peripheral to
the CNS (Bjorbaek and Kahn, 2004). Chronic leptin insufficiency leads to
impaired immune function and delayed musculoskeletal maturation
(Reid et al., 2018; Salum et al., 2021). Activation of leptin receptors in
the CNS regulates appetite and thermoregulation, and influences energy
balance, reproduction, and glucose metabolism (Flak and Myers Jr,
2016). These CNS-initiated actions of the hormone are mediated by
neurotransmission from brain to peripheral tissues (e.g., sympathetic
signaling) and by response hormones, including ones produced in gut,
ovaries, pancreas, and pituitary (Flak and Myers Jr, 2016).

Leptin-mediated appetite suppression and increased non-shivering
thermogenesis require transport of leptin from peripheral circulation

in both the hypothalamus and the dorsal vagal complex (DVC) of the
caudal brain stem, a neuroaxis important for integration of energy ho-
meostasis by leptin (Mercer et al., 1998; Jacob et al., 1997; Grill et al.,
2002; Horvath et al., 2004; Mercer et al., 1996). Anatomical pathways
relay sympathetic outflow from hypothalamus to brown adipose tissue
(BAT), pancreas, and stomach (Bamshad et al., 1998; Kalra et al., 2003;
Kalra et al., 1999; Horvath et al., 2004; Wynne et al., 2005; Bamshad
et al., 1999; Bartness and Bamshad, 1998; Bartness et al., 2005; Bowers
et al., 2004; Buijs et al., 2001; Chen et al., 1998; Morrison, 2001; Sved
etal., 2001; Webber and Macdonald, 2000; Flier, 2004). Targeted leptin
transgene expression has identified location-specific effects of the hor-
mone (Beretta et al., 2002; Boghossian et al., 2006b). Whereas leptin
transgene expression in the hypothalamus and DVC each suppressed
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weight gain in leptin-replete rats, only activation of leptin signaling in
hypothalamus suppressed insulin levels and increased ghrelin, a hor-
monal regulator of appetite, and Ucpl gene expression, a marker for
increased non-shivering thermogenesis in BAT (Collins et al., 2010). The
previously reported differential effects of leptin transgene expression in
hypothalamus and DVC on energy metabolism are summarized in
Table 1 (Bagnasco et al., 2002; Bagnasco et al., 2003; Beretta et al.,
2002; Boghossian et al., 2006a; Boghossian et al., 2006b; Dhillon et al.,
2001; Dube et al., 2002; Torto et al., 2006).

The skeletal phenotype of leptin-deficient ob/ob mice has been
extensively studied as has the bone response of ob/ob mice following
leptin administration (Hamrick et al., 2004; Reid et al., 2018). ob/ob
mice are osteopenic and mildly osteopetrotic due to reduced radial and
linear bone growth and defective osteoclast function, respectively
(Turner et al., 2013). Most skeletal abnormalities in leptin-deficient ob/
ob mice were shown to be corrected by leptin replacement. This was
accomplished by administration of the peptide using subcutaneously
implanted osmotic pumps or by hypothalamic leptin gene therapy
(Steppan et al., 2000; Hamrick et al., 2005; Philbrick et al., 2018b;
Lindenmaier et al., 2016; Khan et al., 2013; Bartell et al., 2011; Iwaniec
et al., 2007). In contrast, the skeletal response to modulating leptin
levels in animals able to produce leptin is less well defined. Severe
caloric restriction, which lowers body weight and serum leptin levels,
results in decreased bone formation, increased bone marrow adiposity
(BMAT), and bone loss (Turner and Iwaniec, 2011). In contrast, long-
duration leptin transgene expression in the hypothalamus in leptin-
replete rats was shown to reduce serum leptin levels, suppress appe-
tite, increase energy expenditure, and prevent weight gain with no effect
on bone (Iwaniec et al., 2011). Because increasing leptin levels in the
hypothalamus and DVC has differential effects on plasma levels of
hormones capable of influencing bone metabolism, it is possible that
leptin signaling in different regions of the brain has different effects on
bone (Iwaniec et al., 2016; Turner et al., 2022; Nikolopoulos et al., 2010;
Leidig-Bruckner and Ziegler, 2001). The goal of the present study was to
determine whether long-duration selective increase in leptin levels
within the DVC has a specific effect on bone metabolism. To accomplish
this, we evaluated archived bone specimens from a study (Boghossian
et al., 2006b) which reported the impact of leptin transgene expression
in the DVC on energy expenditure and body weight gain, food intake,
circulating levels of the white adipose tissue (WAT)-derived leptin and
adiponectin, pancreatic-derived insulin, gastric-derived ghrelin, and
glucose levels (Table 1).

2. Materials and methods
2.1. Animals
Three-month-old female Sprague Dawley rats (n = 11) obtained from

Harlan (Indianapolis, IN) were used in the experiment. The rats were

Table 1
Effects of leptin transgene expression in hypothalamus or dorsal vagal complex
(DVC) on endpoints of energy metabolism.

Endpoint Hypothalamus* DVC**

Weight gain Decreased Decreased
WAT mass Decreased Decreased
Blood leptin Decreased Decreased
Blood adiponectin Decreased Decreased
Blood insulin Decreased No change
Blood glucose Decreased No change
Blood ghrelin Decreased No change
BAT Ucp1 expression Increased No change

" Bagnasco et al., 2002, Bagnasco et al., 2003, Beretta et al., 2002, Boghossian
et al., 2006a, Dhillon et al., 2001, Dube et al., 2002, Torto et al., 2006; see
Boghossian et al., 2006b for synopsis.

** Boghossian et al., 2006b.
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maintained in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and the experimental protocol was approved by the
Institutional Animal Care and Use Committee at the University of Flor-
ida (Gainesville, FL) where the study was conducted. The rats were
housed individually in a temperature (21-23 °C)- and light (lights on
8:00-18:00 h)-controlled room at the McKnight Brain Institute under
specific pathogen-free conditions. Food and water were available ad
libitum to all animals.

2.2. Experimental protocol

rAAV-Leptin or the control vector coding for green fluorescent pro-
tein (GFP; rAAV-GFP) was delivered into the DVC as described (Bog-
hossian et al., 2006b). The rats (n = 5 rAAV-GFP and n = 6 rAAV-Leptin)
were sacrificed at 10 weeks post-vector administration.

2.3. Construction and packaging of rAAV vectors

The rAAV-Leptin and rAAV-GFP vectors were constructed and
packaged as described (Boghossian et al., 2006b). In brief, the vector
pTR-CBA-Ob EcoRI fragment of pCR-rOb containing rat leptin cDNA was
subcloned into rAAV vector plasmid pAAVPGEnh after deleting the
EcoRI fragment carrying the p-glucoronidase cDNA sequence. The con-
trol vector, rAAV-GFP, was similarly constructed to encode the GFP
gene.

2.4. rAAV vector administration

Vector administration was performed as described (Boghossian et al.,
2006b). Briefly, the rats were anesthetized with ketamine (100 mg/kg)
and xylazine (15 mg/kg) and stereotaxically implanted with a perma-
nent cannula (Plastics One, Roanoke, VA) in the DVC. The stereotaxic
coordinates for DVC injections were: 4.8 mm from interaural line, 0.5
mm lateral to midline, and 5.0 mm below the dura (Grill et al., 2002).

2.5. Tissue collection and analyses

Femora were excised for pCT analysis and 3rd lumbar vertebrae were
excised for histomorphometric evaluation. The bones were placed in
formalin for 24-h fixation and subsequently stored in 70 % ethanol at
4 °C until analysis.

2.6. uCT analysis

pCT was used for nondestructive three-dimensional evaluation of
bone mass and architecture. Femora were scanned using a Scanco pCT40
scanner (Scanco Medical AG, Basserdorf, Switzerland) at a voxel size of
16 x 16 x 16 pm (55kVp X-ray voltage, 145 mA intensity, and 200 ms
integration time). Filtering parameters sigma and support were set to 0.8
and 1 respectively. Bone segmentation was conducted at a threshold of
245 (scale, 0-1000) determined empirically. Cortical bone was evalu-
ated at the femoral midshaft, and cancellous bone was evaluated in the
distal femoral metaphysis. For the femoral midshaft, 10 slices (160 pm)
were evaluated and total cross-sectional tissue volume (cortical and
marrow volume, rnm3), cortical volume (mrn3), marrow volume (mm3)
and cortical thickness (mm) were measured. For the femoral metaphysis,
150 slices (2.4 mm) of bone were measured. Cancellous bone mea-
surements included cancellous bone volume fraction (bone volume/
tissue volume, %), connectivity density (mm’3), trabecular number
(mm’l), trabecular separation (um), and trabecular thickness (pm).

2.7. Histomorphometry
For histomorphometric evaluation of cancellous bone, 3rd lumbar

vertebrae were dehydrated in a graded series of ethanol and xylene, and
embedded undecalcified in modified methyl methacrylate as described
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(Iwaniec et al., 2008). Longitudinal sections (5 pm thick) were cut with a
vertical bed microtome (Leica 2065) and affixed to slides. One section/
animal was stained with toluidine blue and counterstained for acid
phosphatase and used for assessing bone area and cell-based measure-
ments. Measurements evaluating the entire cancellous compartment
were performed using the OsteoMeasure System (OsteoMetrics, Inc.,
Atlanta, GA) and included bone area fraction (bone area/tissue area, %)
and cell-based measurements. Osteoblast and osteoclast perimeters were
measured and expressed as % of total cancellous bone perimeter. Bone
marrow adiposity (adipocyte area/tissue area, %), adipocyte density
(#/mm?), and adipocyte size (pm?) were determined as described
(Menagh et al., 2010).

2.8. Statistical analysis

Mean outcomes for the rats receiving rAAV-Leptin or rAAV-GFP
(control) were compared using two-sample t-tests. Confirmation that
the assumption of normality was not violated was made using quantile-
quantile plots and the Anderson-Darling test. Levene's test was used to
determine equal or unequal variance between the two groups. The
Benjamini and Hochberg method (Benjamini and Hochberg, 1995) for
maintaining the false discovery rate at 5 % was used to adjust for mul-
tiple comparisons. Differences were considered significant at p < 0.05.
All data are presented as mean =+ SE with individual animals represented
as dots. Data analysis was performed using R version 4.1.2.

3. Results

The effects of leptin transgene expression in DVC on femur micro-
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architecture (cross-sectional volume, p = 0.956; cortical volume, p =
0.713; medullary volume, p = 0.956; and cortical thickness, p = 0.713)
or cancellous bone architecture (bone volume fraction, p = 0.713;
connectivity density, p = 0.713; trabecular number, p = 0.713; trabec-
ular spacing, p = 0.713; and trabecular thickness, p = 0.956) were not
detected between rAAV-Leptin treated rats and rAAV-GFP treated rats.

The effects of leptin transgene expression in DVC on histo-
morphometry in lumbar vertebra are shown in Fig. 2. Differences in
cancellous bone area fraction (p 0.956), osteoclast-lined bone
perimeter (p = 0.956), osteoblast-lined bone perimeter (p = 0.713),
bone marrow adipocyte area fraction (p = 0.713), and adipocyte density
(p =0.713) and size (p = 0.645) were not detected between rAAV-Leptin
treated rats and rAAV-GFP treated rats. A representative image depict-
ing the features measured is shown in Fig. 2G.

4. Discussion

Long-duration (10 weeks) leptin transgene expression in the DVC of
sexually mature female rats was previously shown to prevent weight
gain and lower plasma leptin (Boghossian et al., 2006b). Here we show
that neither bone microarchitecture nor indices of bone resorption
(osteoclast-lined perimeter) nor bone formation (osteoblast-lined
perimeter) were altered by leptin transgene expression in the DVC.

The present study, taken together with our earlier report on the
hypothalamus, provides evidence that delivery of leptin transgene into
two leptin-responsive regions of the brain (hypothalamus and DVC)
having different effects on energy homeostasis have no long-duration
effects on bone metabolism. This important finding in leptin-replete
rats strongly suggests that increasing leptin levels in the CNS is un-
likely to have a major influence on bone in rodents having circulating

architecture are shown in Fig. 1. Differences in cortical bone
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Fig. 1. Effects of 10 weeks of rAAV-Leptin gene therapy in DVC on cross-sectional volume (A), cortical volume (B), marrow volume (C), and cortical thickness (D) in
midshaft femur diaphysis and on cancellous bone volume fraction (bone volume/tissue volume) (E), connectivity density (F), trabecular number (G), trabecular
spacing (H), and trabecular thickness (I) in distal femur metaphysis of female Sprague-Dawley rats. Data are mean + SE, with dots representing individual animals. N

= 5 to 6/group.
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Fig. 2. Effects of 10 weeks of rAAV-Leptin gene therapy in DVC on cancellous bone area fraction (bone area/tissue area) (A), osteoclast perimeter (B), osteoblast
perimeter (C), adipocyte area fraction (adipocyte area/tissue area) (D), adipocyte density (E), and adipocyte size (F) in body of 3rd lumbar vertebra of female
Sprague-Dawley rats. A representative image of a histological section (stained with toluidine blue and counterstained for acid phosphatase) depicting the features
measured is shown in panel G. Data are mean + SE, with dots representing individual animals. N = 5 to 6/group.

levels of the adipokine above a threshold value. Based on a dose-
response study performed in growing ob/ob mice, the threshold
required for optimal bone growth and turnover is below levels of leptin
required to suppress appetite or increase adaptive thermogenesis
(Philbrick et al., 2017). In addition, the present study provides evidence
that the differential metabolic effects of leptin transgene expression in
hypothalamus versus transgene expression in DVC on gut and pancreatic
hormones and on thermogenesis are not paralleled by differential
impact on bone metabolism. This is a significant finding as increased
Ucpl1 expression in BAT is associated with cancellous bone loss in mice,
and glucose, insulin and ghrelin have concentration-dependent effects
on bone metabolism (Iwaniec et al., 2016; Turner et al., 2022; Nikolo-
poulos et al., 2010; Leidig-Bruckner and Ziegler, 2001). Similar to leptin,
these findings suggest that the modest magnitude of change of multiple
stimulatory and inhibitory factors is insufficient to elicit changes in bone
mass and architecture.

Leptin-deficient mice and mice fed a high fat diet (hyperleptinemic
mice) have high levels of BMAT (Lindenmaier et al., 2016). Leptin
transgene expression in the hypothalamus was shown to normalize
BMAT levels in ob/ob mice (Lindenmaier et al., 2016). Similarly, intra-
cerebroventricular administration of leptin to rats and ob/ob mice
resulted in reduced serum leptin and BMAT levels (Ambati et al., 2010;
Hamrick et al., 2007). These findings suggest that central leptin plays an
important role in regulating BMAT. However, increasing leptin levels in
the CNS does not always result in decreases in BMAT. Specifically,
increasing leptin transgene expression in hypothalamus (Jackson et al.,
2011; Turner et al., 2015; Iwaniec et al., 2011) or DVC (present study) in
rats did not influence BMAT levels. However, calorically restricting rats
to match body weight of rats expressing leptin transgene in their hy-
pothalamus resulted in higher abdominal WAT mass, higher serum
leptin and adiponectin levels, and higher BMAT (Turner et al., 2021).
Taken together, these divergent findings emphasize the importance of
integration of hypothalamic and peripheral signals in controlling energy
partitioning and balance.

Relatively short term (<4 weeks) administration of leptin to ob/ob
mice had profound effects on bone mass, density, microarchitecture,
growth, and turnover, which differed depending upon the mode of leptin
delivery and skeletal sites investigated (Hamrick et al., 2004; Reid et al.,
2018). Extended localized CNS production of leptin following delivery
of rAAV-Leptin into the 3rd ventricle of the hypothalamus rescued the
ob/ob skeletal phenotype in growing mice by increasing femoral length
and total bone volume, and decreasing femoral and vertebral cancellous
bone volume, such that at 15 weeks post transgene introduction the
skeleton of ob/ob mice no longer differed from WT mice. Further skeletal
changes in either the femur or lumbar vertebra were not observed at 30
weeks post-rAAV-Leptin administration (Iwaniec et al., 2007). In
contrast to the dramatic effects of leptin on bone metabolism in leptin-
deficient ob/ob mice, longer duration (10 weeks) hypothalamic leptin
gene therapy had little or no effect on bone mass, density, micro-
architecture, or bone cell populations in leptin-replete rats (Iwaniec
etal., 2011). However, leptin transgene expression lowered body weight
gain, WAT mass, and serum leptin levels. Taken together, these findings
suggest that the actions of leptin on the skeleton, although important,
are largely permissive. Consequently, increasing hormone levels in CNS
of animals with normal circulating levels of leptin reduces body weight
gain with minimal effects on bone.

Skeletal maturation is impaired in ob/ob mice (Burkemper and
Garris, 2006; Kishida et al., 2005; Turner et al., 2014). Dose-response
studies in ob/ob mice reveal that the stimulatory effects of leptin on
longitudinal bone growth in long bones and bone formation are initiated
at circulating levels of the hormone that are lower than those required
for weight loss (Philbrick et al., 2017). The apparent Ky, of leptin for its
receptor is similar across species (Verkerke et al., 2014; Peelman et al.,
2014). Based on this finding, the magnitude of decrease in leptin levels
in peripheral circulation following rAAV-Leptin gene therapy is unlikely
to have a major effect on bone because the levels remain high enough to
maintain a vigorous skeletal response. Adoptive transfer of leptin
receptor-deficient db/db bone marrow cells into WT mice recapitulated
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the low bone formation skeletal phenotype observed in db/db mice
(Turner et al., 2013). Taken together these findings support the
conclusion that the positive effects of leptin on bone growth and
maturation are mediated through direct actions of the adipokine on
bone target cells.

Not all effects of leptin on the skeleton are positive. Leptin-deficient
ob/ob mice were shown to be resistant to bone loss induced by poly-
ethylene particles placed over calvaria (von Knoch et al., 2004), a model
for inflammation-induced osteolysis. Leptin was likely responsible for
the impaired response because normalization of serum leptin levels
increased osteolysis in ob/ob mice (Philbrick et al., 2018a). Leptin is an
immune modulator with properties similar to a proinflammatory cyto-
kine, so it is not surprising that it exaggerates bone loss associated with
tissue injury. This may explain, in part, the variable results reported in
early studies in which leptin was infused into the hypothalamus using
subcutaneously implanted osmotic pumps (Hamrick et al., 2004; Reid
et al.,, 2018). As an example, we observed a lower cancellous bone
volume fraction in long bones and lumbar vertebrae of rats 5 weeks
following surgery to deliver rAAV-Leptin into the hypothalamus, but
bone microarchitecture returned to control values at 10 weeks post-
surgery (Iwaniec et al., 2011).

The current study has several limitations. The sample size was
relatively small (n = 5 to 6/group). However, power analysis revealed
that this sample size was sufficient to detect meaningful changes in bone
architecture, and bone cells. In support, our prior gene therapy studies
with n = 5 to 6/group detected ovariectomy-induced cancellous osteo-
penia as well as transient leptin transgene-mediated changes in cancel-
lous bone microarchitecture, osteoblast-lined bone perimeter and bone
marrow adipocyte area fraction and density (Iwaniec et al., 2011;
Jackson et al., 2011). Although larger studies may detect changes, the
effect size is likely to be small compared to those elicited by the principle
factors influencing bone metabolism in normal growing rats (e.g., age,
sex hormones, mechanical loading). Increasing leptin transgene
expression in hypothalamus or DVC had no effect on bone but we cannot
be certain that simultaneous activation of leptin receptors at both sites
could lead to a different result. While the long-duration skeletal effects
of leptin transgene expression have been studied in growing and skele-
tally mature female rats, similar studies have not been performed in
males. Thus, future studies should evaluate the skeletal impact of
increasing leptin or leptin transgene expression at multiple sites in
brains of male and female rats.

In summary, despite major effects on appetite and energy balance,
increasing leptin transgene expression in either the DVC (current study)
or the hypothalamus (prior research) had no effect on bone mass, den-
sity, or architecture in leptin-replete female rats. These null findings do
not support the view that increasing leptin signaling in the CNS above
normal levels has a major influence on bone metabolism in rats.
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