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Introduction

Local factors that regulate osteoblasts and osteocytes 
are potential targets for therapeutic application to 
improve bone mass. Neuropeptide Y (NPY) is a 36 amino 
acid neurotransmitter, once secreted has a half-life of 
approximately 4 minutes1. Our previous studies have 
identified a 9-fold enrichment of NPY mRNA in dentin matrix 
protein 1 (DMP1) expressing osteocytes in comparison 
to Col2.3 osteoblasts, thus showing that osteocytes 

are a predominant source of local NPY expression2. We 
have identified local expression of NPY within different 
populations of bone cells: calvarial osteoblasts, bone marrow 
stromal cells and bone marrow mononuclear cells3. Calvarial 
osteoblasts upregulate NPY-Y1 receptor expression during 
differentiation; and thus are the primary target cells for 
NPY in bone3. We have previously demonstrated that global 
deletion of NPY (NPYKO) had a perplexing phenotype with 
reduced bone cross-sectional area and reduced mechanical 
strength. Nevertheless, the direct in vitro effects on bone 
marrow stromal cells (BMSCs) showed that NPY deficiency 
improves differentiation and mineralization3. Thus, these 
results led to the hypothesis that there may be multiple 
distinct NPY pathways regulating skeleton. 

Energy metabolism is another physiological system 
on which NPY signaling has potent effects4-6. The NPY 
effects have predominantly been observed in Y receptor 
knockout mice. While the increase of NPY is known to 
greatly increase appetite leading to increased adiposity7, the 
metabolic phenotype of global NPY deficiency was initially 
underwhelming, as there were no observed differences in 
body weight or food intake, only differences in their leptin 
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sensitivity8. Subsequent studies that backcrossed the 
same mice to a C57Bl/6 background identified that the 
mice developed a mild obesity and had impaired re-feeding 
responses9,10; demonstrating that the genetic background 
was important for examining the role of NPY in energy 
metabolism and adiposity. Similarly, we identified that 

our global NPYKO mouse on a C57Bl/6J background had 
increased adiposity3. 

The development of NPY specific deletions will assist in 
identifying the sources of NPY and their contributions to 
peripheral tissues. The aims of this study were to evaluate 
the effects of peripheral mesenchymal derived NPY to the 

Figure 1. Generation of PrxNPY model. A. DNA Recombination of NPY allele is evident in PrxNPYKO mice; PrxNPYKO n=3; NPYfl/fl n=3. B. 
NPY transcript is reduced in bone and bone marrow cells but not in hypothalamus; n=3. C. Food intake in grams of PrxNPY mice during 
fast-induced food intake study. D. Body weight of PrxNPYKO mice during fast-induced food intake. E. Food intake in grams of NPYKO mice 
during fast-induced food intake study. F. Body weight of NPYKO mice during fast-induced food intake. (C, D): PrxNPYKO: n=6. NPYfl/fl: n=5. 
(E, F): WT: n=5. NPYKO: n=5. Statistical analyses: Student’s t-tests (B) and Student’ s t-tests with an adjustment for multiple comparisons 
(C-F). *p<0.05; **p<0.01.
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skeleton and adiposity using Prx1cre, and to compare this to 
our global NPYKO model. 

Material and Methods

Mouse strains and colony management

All procedures were approved by the UConn Health 
Institutional Animal Care and Use Committee and performed 
in an AAALAC accredited facility. Mice were group housed 
in ventilated cages with a 12 h light cycle (7 am - 7 pm). 

The room temperature was maintained at 22°C. Water and 
irradiated rodent chow (Teklad 2918, Invigo, Indianapolis, 
IN) was provided ad libitum. NPYfl/fl and NPYKO models have 
been previously described3. Briefly, we inserted a loxP site 
between Exon 1 and Exon 2 and an Frt-loxP site between 
Exon 3 and Exon 4 using CRISPR to flank all but two protein-
coding amino acids and then crossed our model to either 
Hprt-cre to generate global knockout (NPYKO) or Prx1cre11 
to generate a peripheral mesenchymal specific model 
(PrxNPYKO). PrxNPYKO mice were consistently bred such that 

Figure 2. Local deletion of NPY increases bone size in 14-week old male mice. A. Body weight from 6 to 14 weeks of age. B. Body 
weight at 14 weeks of age. C. Gonadal fat pad weight. D. Gonadal fat pad weight expressed as a percentage of body weight. MicroCT 
analysis of PrxNPYKO bones: E. Total bone area, F. Marrow area, G. Cortical bone area, H. Periosteal perimeter, I. Endosteal perimeter, 
J. Representative cortical cross-sections. K. Maximum moment of inertia (MOI) and L. Femur length. PrxNPYKO n=11; NPYfl/fl n=12. 
Statistical tests: two-way repeated measures ANOVA (A) and Students t-tests (B-I, K, L). *p<0.05.
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the male breeder harbored the Cre allele, to ensure that global 
recombination did not occur as previously reported by Logan, 
Martin11. Genotyping was done as previously described for 
NPY flox allele3 and Cre12. To check for recombination in the 
PrxNPYKO model, DNA was extracted from muscle, flushed 
bone, bone marrow, hypothalamus and calvarial tissues. 
RNA extraction and real time PCR were done to confirm 
RNA depletion3. Both sexes of mice were evaluated for bone 
phenotypes, the sex used is indicated in the figure legends.

Fast-induced food intake

At 8 weeks of age, mice were single housed and 
acclimatized for 24 hrs prior to food monitoring. Basal food 
intake was measured as the amount of food consumed in 
24 hrs. Following this, mice were fasted for a 16 hr period 
starting at 5 pm. At 9 am, the mice were given food and the 
amount of food consumed was recorded at intervals for 24 
hrs to examine the response of re-feeding following fasting. 
Body weight was also recorded at the beginning, prior to 
fasting, after fasting and on completion of the experiment.

Tissue collection

Samples were collected at 14 and 24 weeks of age. 
Femurs were fixed in 4% paraformaldehyde (PFA) and 
stored in phosphate buffered saline PBS for microCT, then 
transferred to 30% sucrose and frozen at -20°C prior to 
cryo-embedding. Tibias were fixed in 4% PFA. The following 
organs and tissues were dissected free and weighed: 
liver, pancreas, kidney, spleen, seminal vesicles, brown 
adipose tissue (BAT), inguinal white adipose tissue (iWAT), 
epididymal WAT (eWAT), retroperitoneal WAT (rWAT) and 
mesenteric (mWAT).

MicroCT

Femurs were assessed using cone beam micro-focus 
X-ray computed tomography (µCT40, Scanco Medical AG, 
Switzerland). Three-dimensional 16-bit grayscale images 
were reconstructed using standard convolution back-
projection algorithms with Shepp and Logan filtering, and 
rendered within an 8 mm field of view at a discrete density of 
16384 voxels/mm3 (isometric 8 µm voxels). Segmentation 
of bone was performed with a constrained Gaussian filter to 
reduce noise, applying standardized thresholds for trabecular 
and cortical bone, respectively. Trabecular morphometry 
was measured in the distal femur metaphysis, defining a 
volumetric region of interest within the endocortical surface 
of a 1 mm span referenced 1 mm from the growth plate. 
Cortical bone morphometry was measured within a 600 µm 
span, referenced 5.1 mm from the growth plate.

Perilipin staining and BMAT analysis

Perilipin staining was performed as previously described13. 
Briefly, post-fixation, femurs or tibiae were decalcified using 
0.5M EDTA for a week with solution changed every 2 days. 

Then samples were placed in 30% sucrose for 48 hrs prior 
to cryoembedding. The sections were permeabilized in PBS 
with 0.3% Triton X-100, blocked with 10% normal donkey 
serum, incubated with anti-Perilipin antibody (Cat#: GP29, 
American Research Products; 1:500) overnight, rinsed, 
incubated with secondary antibody donkey anti-guinea pig 
A647 (Cat#: 706-605-148, Jackson Immunoresearch; 
1:250) for 1h at room temperature and mounted in 50% 
glycerol with DAPI. Images were captured under a Zeiss 
microscope with an AxioCam MRc camera and Zen software 
(Zeiss). In a separate experiment, 8-week-old NPYKO mice 
were fed rosiglitazone diet. Rosiglitazone was commercially 
mixed with standard Teklad rodent diet (Dosage: 20 ± 2mg/
kg/day). Rosiglitazone is a peroxisome proliferator-activated 
receptor-gamma agonist, known to stimulate bone marrow 
adipogenesis for a period of 3 weeks and similarly processed 
as described above. Images were analyzed using FIJI14, the 
cancellous region next to the growth plate was evaluated 
spanning the entire width of the section and was 2 mm in 
height. The bone marrow area, marrow adiposity along with 
adipocyte number and size were measured. 

Statistical tests

Statistical analyses were performed using Prism 6 
(GraphPad software, CA, USA). All data were expressed 
as means ± standard error of the mean (SEM). Differences 
between groups were assessed by t-tests or ANOVAs and 
followed by post hoc Tukey tests, if applicable. The statistical 
test used for each graph is stated in the figure legend. 

Results

Generation of a peripheral mesenchymal NPY deletion model

To determine effects of local mesenchymal-derived 
NPY originating from mesenchymal cells; we crossed the 
conditional NPY mouse with Prx1cre to generate PrxNPYKO 
mice. NPYfl/fl littermates were used as controls. Prx1cre is 
known to cause DNA recombination in mesenchymal limb 
tissues (muscle and bone), the hypothalamus and calvaria11. 
We observed the presence of DNA recombination in PrxNPYKO 
mice in muscle, flushed cortical bone, hypothalamus and 
calvaria (Figure 1A). We found that NPY expression was 
significantly reduced by approximately 70% in both flushed 
cortical bone samples and bone marrow in PrxNPYKO samples 
relative to NPYfl/fl samples (Figure 1B). 

Central NPY neurons within the arcuate nucleus potently 
regulate appetite15. Since we identified the presence of 
DNA recombination occurring in the hypothalamus and a 
non-significant reduction (30%) in NPY expression, we 
functionally assessed the feeding response of NPY neurons 
to fast-induced re-feeding to determine if central NPY 
signaling may be altered by Prx1cre. It has been shown that 
hypothalamic NPY levels are increased following fasting16. 
Thus, with NPY deficiency in the hypothalamus we expected 
to observe a blunted re-feeding response similar to what 
had previously been described9,10. The global NPYKO mouse 
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consumed less food following fasting (Figure 1C) and their 
body weight post-fasting was higher in comparison to wild-
type (WT) (Figure 1D). We observed PrxNPYKO mice consumed 
more food during the re-feeding period (Figure 1E) and no 
differences in body weight during this period (Figure 1F). 
Thus, we have been able to generate a new model to deplete 
local NPY production from mesenchymal cells without 
altering hypothalamic NPY signaling.

Local deletion of NPY improves bone mass in male mice

At 14 weeks of age, male PrxNPYKO mice showed no 
differences in body weight or adiposity in comparison to 
NPYfl/fl littermates (Figure 2A-D). However, we identified 
a trend for increase in total cross-sectional area, marrow 
area and a significant increase in periosteal perimeter and 
endosteal perimeters (Figure 2E, F, H, I), indicating that 
depletion of local NPY increased bone diameter in male 
mice (Figure 2J). Increases in bone width are known to 
improve bone strength17, which was evident by the increased 
maximum moment of inertia (Figure 2K). Bone length was not 

altered in response to NPY deletion (Figure 2L). We observed 
no differences in cancellous bone mass in male PrxNPYKO 
mice (Figure 3). No change in body weight, adiposity or 
cortical bone mass was evident in female PrxNPYKO mice 
(Supplemental Figure 1). 

Global and peripheral NPY deletion have opposing effects on 
bone mass in male mice 

Male global NPYKO has reduced cortical cross-sectional 
area, reduced periosteal and endosteal perimeters and 
this led to reduced mechanical strength3. To compare the 
PrxNPYKO male mice with the male NPYKO mice, we expressed 
each model relative to its wildtype control such that WT=1; a 
value of 1.2 represents a 20% increase in comparison to WT. 
When assessing cortical bone parameters, we observed that 
PrxNPYKO mice had consistently increased bone size whilst 
NPYKO mice had reduced bone size (Figure 4A-E). Bone length 
was unaltered in PrxNPYKO mice, but mildly reduced in NPYKO 
mice (Figure 4F). No significant differences were observed 
in cancellous bone mass (Figure 4G). Altogether, we have 

Figure 3. No changes in cancellous bone in 14-week old male PrxNPYKO mice. A. Representative pictures of cancellous bone mass. B. 
Bone volume to tissue volume (BV/TV). C. Trabecular thickness and D. Trabecular number. PrxNPYKO n=11; NPYfl/fl n=12. Statistical tests: 
Students t-tests (B-D). 
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identified that NPY can mediate both positive and negative 
effects on bone mass via distinct mechanisms in male mice as 
demonstrated through these models. Female mice from both 
PrxNPYKO and NPYKO lines showed no differences in cortical 
bone mass (Supplemental Figure 1) and Wee et al, 20193.

PrxNPY mice have no differences in white adipose tissue

Peripheral NPY has been implicated in the regulation of 
bone and energy18,19. However, the direct contribution of NPY 
to these processes has not been previously examined. We used 
6 months old NPYKO and PrxNPYKO mice to assess changes 

in adipose tissues including bone marrow adipocytes. No 
changes in body weight or white adipose tissue were present 
in PrxNPYKO mice. However, increased body weight was 
evident in NPYKO mice (Figure 5A) and at dissection this was 
attributed to increases in inguinal (iWAT), epididymal (eWAT), 
retroperitoneal (rWAT) and mesenteric white adipose depots 
(mWAT) (Figure 5B). We did not identify any changes in organ 
weights of liver, pancreas, kidney, spleen, testis or seminal 
vesicles in PrxNPYKO or NPYKO mice (Table 1). This suggests 
that the changes in white adipose tissue in the NPYKO are 
likely attributed to other NPY sources like central regulation 
and not NPY derived from mesenchymal tissues.

Figure 4. Central and peripheral NPY have opposing effects on bone mass in male mice. (A-G) Fold change of each model is expressed 
relative to its respective mean WT. Parameters are as follows: A. Total cross-sectional area. B. Periosteal perimeter. C. Endosteal 
perimeter. D. Cortical bone volume. E. Max moment of inertia (MOI). F. Femur length. G. BV/TV. Data from each model is expressed 
relative to its control (i.e. =1). NPYKO = 13; WT = 14. PrxNPYKO = 12; NPYfl/fl = 11. Students t-tests were performed on each model with 
its respective WT to determine if the observed effect was significant. Results are included within the table to show % change (i.e. Mean 
PrxNPYKO/Mean NPYfl/fl or Mean NPYKO/Mean WT) and statistical analyses.
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NPY deficiency did not alter bone marrow adipogenesis

The innervation of long bones has been traced to central 
regions that express NPY13 and NPY deficiency is reported 
to reduce bone marrow adipogenesis20,21. Since few bone 

marrow adipocytes were present in the tibiae of NPYKO mice 
and PrxNPYKO (data not shown), we decided to examine this 
notion further by stimulating bone marrow adipogenesis. We 
fed NPYKO mice a rosiglitazone diet to stimulate bone marrow 

Table 1. Organ and tissue weights at 24 weeks of age.

PrxNPY Global NPYKO

Organ/tissue 
Weight in grams

NPYfl/fl 
(n=6)

PrxNPYKO 
(n=6)

WT 
(n=6)

NPYKO 
(n=5)

Brown adipose tissue 0.09 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.09 ± 0.01

Liver 1.43 ± 0.08 1.35 ± 0.06 1.35 ± 0.06 1.34 ±0.05

Pancreas 0.27 ± 0.02 0.30 ± 0.02 0.30 ± 0.02 0.30 ± 0.01

Kidney 0.18 ± 0.01 0.19 ± 0.01 0.19 ± 0.01 0.19 ± 0.01

Spleen 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.08 ± 0.01

Testis 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.11 ± 0.01

Seminal vesicle 0.37 ± 0.01 0.40 ± 0.02 0.40 ± 0.02 0.39 ± 0.01

Mean ± Standard error of the mean

Figure 5. Local NPY does not influence peripheral adiposity in male mice. A. Body weight from 6 weeks to 24 weeks of age of NPYKO 
mice. B. Dissected weight of individual fat pads of NPYKO mice. WT: n=6. NPYKO: n=5. C. Body weight from 6 weeks to 24 weeks of age of 
PrxNPYKO mice. D. Dissected weight of individual fat pads of PrxNPY mice. PrxNPYKO: n=6. NPYfl/fl: n=6. *p<0.05.
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adipogenesis. No difference was evident between WT and 
NPYKO mice by perilipin staining (Figure 6). Altogether the 
depletion of endogenous NPY did not alter bone marrow 
adipogenesis, thus, suggesting that NPY differentially 
regulates white adipose tissue and bone marrow adipocytes.

Discussion

Neuropeptide Y is expressed in both central and 
peripheral nervous systems22; in addition to local expression 
within peripheral tissues such as adipocytes23-25 and bone2. 
Altogether, changes to the NPY system have been shown 
to influence the brain and peripheral tissues including 
bone6,24,26, demonstrating a clear interaction between NPY 
and bone and energy metabolism (summarized in Figure 
7). A large proportion of this work has been gathered from 
global NPY/Y receptor models, which does not distinguish 

the effects of specific NPY sources. Work examining NPY 
signaling within the brain has shown that central NPY can 
coordinate both bone mass and adiposity27-30. However, the 
direct contribution of mesenchymal-derived NPY to bone 
mass and adiposity had not been addressed. In this paper, 
we specifically generated a novel mouse model (PrxNPYKO) 
to examine the effects of mesenchymal derived NPY to 
skeletal metabolism.

Using the PrxNPYKO model, we found that peripheral 
deletion of NPY directly regulates cortical bone, and that 
multiple distinct NPY pathways exist in the regulation of the 
skeleton. Specifically, NPY is known to act directly on Y1 
receptors on osteoblasts to bone formation (Figure 7); we 
show that deletion of NPY from osteoblasts and osteocytes 
using Prx1cre led to an increase in bone size; which is the 
opposite phenotype observed in the global NPYKO model. 
Consistent with local NPY deletion, bone-specific Y1 receptor 

Figure 6. NPY deficiency does not influence BMAT during with rosiglitazone administration. A. Representative images of perilipin 
staining from WT and NPYKO mice from mice fed rosiglitazone diet. B. Percentage marrow adiposity. C. Number of adipocytes per mm2. 
D. Distribution of adipocyte size. (B-D) were calculated from perilipin staining. Male mice: WT n=5; NPYKO n=5.
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deficient models have increased bone mass31,32 and peripheral 
Y1 antagonism was found to increase the periosteal mineral 
apposition rate33. Y1 deletion and antagonism have greater 
effects on bone mass since they block central and local NPY 
sources to the bone. Conversely, local overexpression of NPY 
under the direction of the Collagen 2.3 promoter reduces 
cortical bone mass34. Excitingly, these data collectively show 
that targeting peripheral NPY or its Y1 receptor to reduce 
NPY signaling can improve cortical bone parameters. 

Prx1cre is expressed within brain tissue35, which can make 
its usage as a peripheral mesenchymal cre controversial 
when studying neuropeptides. Clear DNA recombination was 
observed in muscle, flushed bone, the hypothalamus and 
calvaria but not the bone marrow (Figure 1). Interestingly, 
NPY RNA expression levels was significantly reduced in 
bone marrow samples indicating the Prx1cre targeted 
mesenchymal cells are a major source of NPY within bone 
marrow. Bone marrow is heterogeneous in its composition 
including a substantial proportion of hematopoietic cells 
which are not targeted by Prx1cre. This may explain the 
absence of DNA recombination present in bone marrow 
samples. In this study, in addition to checking NPY RNA 
expression within the hypothalamus, we performed a 
functional assay examining feeding behavior post fasting, 

with the assumption that if Prx1cre was targeting NPY 
neurons then the PrxNPYKO mice would exhibit the same 
phenotype as NPYKO mice. We observed no reduction in 
hypothalamic NPY levels and neither did these mice display 
a blunted re-feeding response, indicating that this particular 
model only affects NPY in the periphery. Yue et al (2016) also 
demonstrated by crossing Prx1cre with the very sensitive 
Ai9 reporter that cre expression was not occurring within 
hypothalamic neurons35. Additionally, Prx1cre is expressed 
in adipocytes within the subcutaneous white adipose tissue 
(specifically the inguinal fat pad)36. While a two-fold increase 
in inguinal fat pads was present in global NPY deficiency, no 
differences were observed in the PrxNPYKO model, suggesting 
that changes in adiposity are driven by pathways external to 
white adipose tissue. Consistent with our results, other global 
NPYKO models have shown an increase in fat mass when bred 
on a C57Bl/6 background9,10, this same phenotype is also 
observed in the global Y1 deficient mouse23. Additionally, 
changes in brain derived NPY signaling have been shown to 
regulate fat mass27. Thus, the increase in fat mass observed 
in the NPYKO model is likely the culmination of multiple NPY 
pathways acting on adipose tissue. While our work examines 
the contribution of peripheral NPY from mesenchymal 
tissue, it is difficult to know the specific effects of central-

Figure 7. NPY is produced by multiple tissues and exerts effects on a range of tissues (left); local mesenchymal-derived NPY acts 
in an autocrine/paracrine manner to regulate bone mass (right). [1] Osteoblasts and osteocytes produce NPY. [2] NPY binds to Y1 
receptors on osteoblasts and directly inhibiting bone formation.
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derived NPY on bone parameters because NPY is produced 
from several regions of the brain such as the amygdala and 
hypothalamus and thus may exert multiple effects. One 
recent study examining neurotensin-expressing neurons in 
the hypothalamus, showed that NPY deletion significantly 
reduced cortical bone mass28. This phenotype is similar 
to what we observed in our global NPYKO model3. It should 

be noted that Prx1cre recombination occurs between 9.5- 
and 10.5-days post conception (dpc), NPY levels have not 
been examined within mesenchymal cells during embryonic 
development. Therefore, it is possible that the phenotype 
observed may be due to compensatory mechanisms that are 
activated during development.

Secreted factors, derived from bone tissue, influence 

Supplemental Figure 1. Female PrxNPYKO mice have no differences in body weight, adiposity or cortical bone parameters. A. Body 
weight from 6 to 14 weeks of age. B. Body weight at 16 weeks of age. C. Gonadal fat pad weight. D. Gonadal fat pad weight expressed 
as a percentage of body weight. MicroCT analysis of PrxNPYKO bones: E. Total bone area, F. Marrow area, G. Cortical bone area, H. 
Periosteal perimeter, I. Endosteal perimeter, J. Max MOI. K. Femur length. NPYfl/fl n=10; PrxNPYKO n=10. Statistical tests: two-way 
repeated measures ANOVA (A) and Students t-tests (B-K).
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feeding behavior and energy metabolism37-39. Osteocalcin 
was the first bone-derived molecule shown to regulate 
glucose metabolism and adipogenesis by Karsenty and 
colleagues37. More recently, reports indicate sclerostin 
influences adipose tissue38 and bone-derived lipocalin 2 
suppresses feeding behavior through a melanocortin relay 
within the hypothalamus39. Associations between changes 
in bone-derived NPY and peripheral adiposity have been 
drawn19. However, this had not been previously assessed 
by directly deleting NPY from the peripheral skeleton. Our 
findings suggest that local-derived NPY does not influence 
white adipose tissue, thus implying that NPY regulation of 
adiposity is determined by another NPY regulatory pathway, 
such as those found in the central nervous system. 

NPY has been implicated in the regulation of bone marrow 
adipocytes20,21. While we did not observe changes in bone 
marrow adipocytes in response to NPY deletion when 
combined with rosiglitazone administration, it is possible 
that the effect of NPY is context-specific and could be linked 
to overall changes in whole energy metabolism through 
indirect mechanisms. Global deletion of the Y1 receptor in 
combination with leptin deficiency (ob/ob) reduced bone 
marrow adipocytes relative to ob/ob controls40. While Wang 
et al. showed with glucocorticoid administration that NPY 
deficiency reduced PPARγ levels leading to reduced BMAT 
accumulation and increased bone mass41. This suggests that 
NPY may modulate other pathways that influence BMAT to 
lead to differential effects. 

Conclusion

Altogether, we have shown that NPY regulates skeletal 
metabolism through distinct mechanisms as peripheral 
mesenchymal deletion of NPY had opposing effects on 
cortical bone to that observed in global NPY deletion. We have 
also identified that NPY differentially regulates white and 
bone marrow adipocytes and that peripheral mesenchymal 
deletion of NPY does not influence adiposity.
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