International Journal of Obesity (2008), 1-11
© 2008 Nature Publishing Group Al rights reserved  0307-0565/08  $30.00

www.nature.com/ijo

ORIGINAL ARTICLE

Kv1.3 gene-targeted deletion alters longevity and
reduces adiposity by increasing locomotion and
metabolism in melanocortin-4 receptor-null mice
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Obijective: Gene-targeted deletion of the voltage-gated potassium channel, Kv1.3, results in ‘super-smeller’ mice that have
altered firing patterns of mitral cells in the olfactory bulb, modified axonal targeting to glomerular synaptic units, and
behaviorally have an increased ability to detect and discriminate odors. Moreover, the Kv1.3-null mice weighing less than their
wild-type counterparts, have modified ingestive behaviors, and are resistant to fat deposition following a moderately high-fat
dietary regime. In this study, we investigate whether or not gene-targeted deletion of Kv1.3 (Shaker family member) can
abrogate weight gain in a genetic model of obesity, the melanocortin-4 receptor-null mouse (MC4R-null).

Design: Mice with double gene-targeted deletions of Kv1.3 and MC4R were generated by interbreeding Kv1.3 (Kv)- and
MC4R-null mouse lines to homozygosity. Developmental weights, nose to anus length, fat pad weight, fasting serum chemistry,
oxygen consumption, carbon dioxide respiration, locomotor activity and caloric intake were monitored in control, Kv-null,
MC4R-null and Kv/MC4R-null mice. Physiological and metabolic profiles were acquired at postnatal day 60 (P60) in order to
explore changes linked to body weight at the reported onset of obesity in the MC4R-null model.

Results: Gene-targeted deletion of Kv1.3 in MC4R-null mice reduces body weight by decreasing fat deposition and
subsequent fasting leptin levels, without changing the overall growth, fasting blood glucose or serum insulin. Gene-targeted
deletion of Kv1.3 in MC4R-null mice significantly extended lifespan and increased reproductive success. Basal or light-phase
mass-specific metabolic rate and locomotor activity were not affected by genetic deletion of Kv1.3 in MC4R-null mice but dark-
phase locomotor activity and mass-specific metabolism were significantly increased resulting in increased total energy
expenditure.

Conclusions: Gene-targeted deletion of Kv1.3 can reduce adiposity and total body weight in a genetic model of obesity by
increasing both locomotor activity and mass-specific metabolism.
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Keywords: K channel; energy homeostasis; weight; lifespan

Introduction The Kv1.3 channel can be modulated in multiple ways
giving rise to complex biophysical control over its many

The Shaker family member, Kv1.3, like other voltage-gated functions. Both receptor and cellular tyrosine kinases, have

potassium channels, is traditionally considered to contribute
to the resting membrane potential, firing frequency and the
interspike interval.' It is now becoming more evident that
voltage-gated ion channels, potassium channels in particu-
lar, participate in nontraditional roles including cell prolif-
eration, cell death, cell adhesion and neuronal targeting.2
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been shown to acutely suppress Kv1.3 current by direct
tyrosine phosphorylation.*® Moreover, tyrosine kinase-
mediated suppression of Kv1.3 current can be further
modulated by direct protein—protein interactions by adaptor
and scaffolding proteins such as postsynaptic density-95
(PSD-95), n-Shc or Grb10.°/1°

Kv1.3 is involved in a variety of functions and is expressed
in both excitable and nonexcitable tissues including, but not
limited to the olfactory bulb,!! white and brown adipose
tissue,'? skeletal muscle,'? the hypothalamus,'® T lympho-
cytes'* and their mitochondria,'® and brain microglia.'®
With this expression pattern in mind, it has not been
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surprising to find that general gene-targeted deletion of
Kv1.3, produces mice with a wide variety of phenotypic
outcomes. Kv1.3-null animals have altered axonal targeting
of olfactory sensory neurons that synapse at smaller, super-
numerary glomeruli in the olfactory bulb.'” Such modifica-
tion of olfactory circuitry may underlie the gain of function
behaviorally determined in these mice that are ‘super-
smellers’ with increased discrimination of odor molecular
features and odor threshold.'® Furthermore, Kv1.3-null mice
weigh 8-12% less than that of their wild-type littermates'*'®
are resistant to moderately high-fat diet-induced weight
gain,'? are normphagic'*'® and exhibit increased insulin
sensitivity.'® Acute blockade of Kv1.3 current by margatoxin
or genetic deletion of Kvl1.3 protein increases peripheral
insulin sensitivity by increasing translocation of the glucose
transporter 4 (GLUT4) to the membrane in skeletal muscle
and white adipose tissue (WAT) in a Ca®" dependent
manner by the calcium-sensitive synaptotagmin VII.1%-2!

We now hypothesize that loss of Kv1.3 can abrogate
weight gain in a genetic model of obesity that is controlled
by the central nervous system (CNS). The melanocortin-4
receptor (MC4R) is a part of the hypothalamic, anorexogenic
pathway-controlling metabolism and satiety,”* and brain-
stem-mediated control of meal size and food preference.??
Genetic deletion of MC4R results in mice that exhibit severe
obesity, hyperphagia, hyperinsulinemia, hypometabolism
and increased overall growth.?*?> We generated mice with
a double gene-targeted deletion of Kv1.3 and MC4R by
interbreeding Kv1.3-null and MC4R-null mouse lines to
double homozygosity. Kv1.3 loss from this genetic model of
obesity resulted in a reduction in adiposity and body weight
that was not due to overall changes in growth but rather the
result of increased locomotor activity and energy expendi-
ture (EE).

Materials and methods

Animal care and generation of double-mutant mouse lines

All mice were housed at the Florida State University vivarium
in accordance with the institutional requirements for animal
care. Mice were provided food and water ad libitum while
being maintained on a standard 12/12h light/dark cycle.
Kv1.3-null mice were a generous gift from Drs Leonard
Kaczmarek and Richard Flavell (Yale University, New Haven,
CT, USA) and were generated as described previously.!??® In
brief, Kv1.3-null mice were produced by excision of the
Kv1.3 promoter region and one-third of the 5'-coding region
as generated in a C57B6/J background.'??® The loxTB Mc4r
mice (MC4R-null) were a generous gift from Dr Joel Elmquist
(University of Texas Southwestern Medical Center, Dallas,
TX, USA) and were generated as previously described.>” In
brief, the Mc4r gene was transcriptionally blocked by
insertion of a loxP-flanked transcriptional blocking sequence
between the Mc4r transcription start sequence and 112bp
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upstream of ATG to produce a complete block of Mc4r
transcription and protein production in a C57B6/] and Sv129
mixed background.?” Due to the well-known poor reproduc-
tive capacity of MC4R(—/—) mice,>® MC4R(+/—) breeders
were maintained and periodically crossed to establish the
MC4R-null animals used in the experiments. Also, to
increase reproductive success, MC4R(+ /—) mice were bred
to Kv1.3(—/—) mice to generate an array of useful allelic
combinations, which followed traditional patterns of Men-
delian inheritance. Double homozygous recessive (Kv/
MC4R-null) were backcrossed to wild-type animals to
confirm the accuracy of PCR-based genotyping. Standard
genotyping was performed by reverse transcriptase-PCR
from genomic DNA extracted from tail biopsies using
DNeasy Tissue Kit (Qiagen, Valencia, CA, USA). Kv/MC4R-
null mice were interbred three generations to establish a
working colony. Likewise, double-homozygous dominant
(wild type, WT) were maintained as the experimental wild-
type group. Kv1.3-null mice have no difficulty breeding'®
and were therefore used as breeders. A separate group of 20
mice (five of each genotype; WT, Kv-null, MC4R-null and
Kv/MC4R-null) were used to assess fecundity within a 10-
month window. The ratio of the number of births/number of
crosses was calculated for each homozygous breeding pair to
determine the pregnancy rate. Thirty-seven mice were
monitored for longevity by allowing them to die a natural
death.

Indirect calorimetry and behavioral monitoring

Oxygen consumption (VO,; mlmin~') and carbon dioxide
production (VCO,; mlmin ') of individually housed, post-
natal day 60-75 (P60-P75) mice were continuously mon-
itored for 8 days at 23 °C in metabolic isolation chambers as
previously described.* In brief, mice were placed in shoebox
cages (26 x 47 x 13.5cm) fitted with near-airtight lids that
received fresh air at a rate of 0.51min~!. Dry, mixed-cage air
was sampled with a 250mlmin~" flow rate and sent to O,
and CO; gas analyzers every 4 min for 30s followed by VO,
and VCO, determination by open-circuit respirometry
according to Bartholomew et al.3° with modifications to
isolate successive samples.?’ Due to the established effects of
animal size on metabolism and EE and the caveats intrinsic
to various approaches to normalize metabolism for body
mass,®! absolute VO, (mlmin~!), metabolic mass-specific
VO, (mlmin~! per kg of body weight®’%),*> and mass-
specific VO, (mlmin~' per kg of body weight) were
calculated. Dark- and light-phase EE were calculated using
the Weir equation:** EE = (3.94 x VO,) + (1.1 x VCO,). Total
EE (TEE) was calculated as the sum of both the dark- and
light-phase EE. All reported mean values were calculated for
12h of dark and 11h of light so that daily body weight,
caloric intake and water consumption could be measured
during the last hour of the light cycle. These manual animal
maintenance procedures were purposefully chosen to be
performed 1 h before the mice would normally be waking. In
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our experience, meal size and activity patterns remain stable
due to special housing chambers that isolate animals from
external auditory or visual stimulation, see reference Wil-
liams et al.>* The extended period of acclimation (3—4 days)
prior to physiological measurements additionally minimizes
the disturbance of the animals resultant from the daily
maintenance, during which, each of the animals is similarly
handled. Fach cage was positioned on a custom-designed
platform resting on a centered fulcrum with stiff strain-gauge
load-beam transducers positioned under two adjacent cor-
ners to measure animal position and locomotor activity as
previously described.®> Locomotor activity was reported in
meters, binned every 30s, and measured at a 1 mm resolu-
tion. Daily caloric intake was calculated by measurement of
consumed powdered Purina 5001 rodent chow (3.3 kcalg ™).
Photobeam breakage was binned every 30s with a 50ms
resolution. Drinking behavior was monitored using a
lickometer, which recorded licks in 30s bins.

Fat pad, and serum collection

Overnight-fasted P60 mice were weighed and their nose to
anus length was recorded. Mice were then anesthetized with
50mgkg ! of Nembutal followed by decapitation according
to Florida State University Laboratory Animal Resources and
AVMA-approved methods. Fasting blood glucose levels were
determined using an Ascensia Contour Blood Glucose
Monitoring System (Bayer Healthcare, Mishawaka, IN, USA)
during the collection of trunk blood immediately following
decapitation. Collected trunk blood was allowed to coagulate
at room temperature (rt) for 10 min, placed on ice for 30 min
followed by centrifugation at 750r.p.m. for 10 min at 4°C.
Serum was collected and stored at —20 °C for later examina-
tion with a Mouse Leptin ELISA Kit (Linco Research, St
Charles, MO, USA) and an Ultrasensitive Mouse Insulin
ELISA Enzyme Immunoassy (Mercodia AB, Uppsala, Sweden)
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to determine fasting serum levels of leptin and insulin, as per
manufacturer’s protocols. All visceral fat, including inguinal,
retroperitoneal and mesenteric WAT were removed from the
abdominal cavity, separated and weighed. Subcutaneous
WAT was subsampled by weighing the fat pad on the
right side of each animal, from the median line of the
abdomen to the spine and the right hip to the first rib.
Brown adipose tissue was removed from between the
scapulae and weighed.

Data analysis and statistics

Metabolism, EE, locomotor activity, caloric intake and water
consumption values were typically 2-day averages after 5-6
days of acclimation of the animal to the metabolic
chambers. Statistical significance was determined by one-
way analysis of variance (ANOVA) using a Student-Newman—
Keuls (SNK) post hoc test at the 95% confidence interval.

Results

Kv1.3 removal causes MC4R-null mice to weigh less

To determine if Kv1.3 deletion could prevent weight gain in
a genetic model of obesity, Kv/MC4R-null mice were
generated by breeding Kv1.3-null'*? and MC4R-null*” mice
to homozygosity (see ‘Materials and methods’). Targeted
deletion of Kv1.3 in MC4R-null mice caused the suppression
of late-onset weight gain that typically began around
postnatal day 55 (PS5) in MC4R-null mice and resulted
in a 17.8% decrease in body weight by 9 months of age
(Figures 1a and b).

In order to elucidate physiological mechanisms driving
reduced weight of Kv/MC4R-null animals, data were sorted
by sex to determine the age at which divergence in body
weight occurred across the genotypes (Figures 2a and b).
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Figure 1 Developmental total body weight is dependent upon genotype. (a) Line graph plot of daily (Postnatal day10 (P10) to P50), then weekly, body weight for
wild-type mice (WT, n=6), Kv1.3 knockout (Kv-null, n=29), melanocortin-4 receptor knockout (MC4R-null, n=6) and double-knockout mice (Kv/MC4R-null,
n=16). (b) Bar graph representation of total body weight over age in months. Different letters within an age group indicate a significant difference at the 95%
percentile as determined by a one-way analysis of variance (ANOVA; treatment=genotype) using a Student-Newman-Keuls (SNK) post hoc test. (a,b) Data
represent mean standard error of the mean (s.e.m.) in this and all subsequent figures.
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Figure 2 Gender-specific body weight is dependent upon genotype. Graphing and abbreviation as in Figure 1a, but sorted by sex. The dashed box (P60-P75)
indicates initial separation in genotype-dependent weight changes and represents bracketed age group upon which all subsequent experiments were performed
(Figures 3-7). Note the higher variability and early weight divergence in female (a) when compared to male (b) mice. Plotted sample size: (a) female (wild type, WT,
n=2; Kv-null, n=3; melanocortin-4 receptor-null mouse, MC4R-null, n=2; Kv/MC4R-null, n=8). (b) Male (WT, n=4; Kv-null, n=5; MC4R-null, n=3; Kv/MC4R-

null, n=28).
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Figure 3 Body weight, growth and adiposity are dependent upon genotype. Histogram plot of (a) mean body weight, (b) nose to anus length, and (c) female, or
(d) male fat pad deposition sorted by genotype. Abbreviations as in Figure 1. n, number of animals; Endo, Endometrial; Epidid, epididimal; Mesen, mesenteric; Retro,
retroperitoneal; Sub-Q, subcutaneous; Brown, brown fat. Different lowercase letters denote a significant difference within females and different capital letters
indicate a significant difference within males at the 95% percentile as determined by a one-way analysis of variance (ANOVA; treatment = genotype) followed by a
Student-Newman-Keuls (SNK) post hoc test. Statistics for (c) and (d) are for within fat pad comparison (treatment = genotype).

Albeit females having slightly greater variability and
earlier onset of weight gain, the P60 time point
was established as our criteria from which to measure
the initiation of changes in correlation to the
late-onset weight gain (see dashed lines in Figures 2a
and b). Therefore, all subsequent data were collected
at P60.
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Reduction of body weight in Kv/MC4R-null mice is due to
decreased fat deposition

MC4R-null mice have an increased overall growth rate
resulting in a greater nose to anus length and increased fat
deposition than that of wild-type animals.>**’ To determine
if the reduction in body weight (Figure 3a) was due to a
reduced overall growth rate in Kv/MC4R-null animals, nose
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to anus lengths were measured as reported in Figure 3b.
MC4R-null mouse nose to anus lengths were significantly
longer than those of WT and Kv-null mice but were not
different from those of Kv/MC4R-null mice. The reduction in
body weight of Kv/MC4R-null animals is therefore not likely
due to changes in overall growth. Instead, body weight
reduction in the Kv/MC4R-null mice appears to be due to a
decrease in fat mass deposition. As reported in Figure 3d,
male Kv/MC4R-null mice deposit significantly less fat than
do male MC4R-null animals in all sampled fat pads including
epidydimal, mesenteric, retroperitoneal, subcutaneous and
brown fat. Female Kv/MC4R-null mice also deposit less fat
than do female MC4R-null animals, which reaches statistical
significance for endometrial and subcutaneous fat
(Figure 3c¢).

Blood chemistry changes in Kv/MC4R mice

To understand how a Kv1.3-targeted deletion affects resting
blood chemistry of MC4R-null mice, trunk blood samples
were collected and analyzed from overnight-fasted mice
(15h). As shown in Figure 4a, fasting blood-glucose levels
were significantly higher for both male and female MC4R-
null and Kv/MC4R-null mice than for those of WT and Kv-
null animals. Fasting serum-insulin levels were variable and
not significantly different across any genotype (Figure 4b).
Fasting serum-leptin demonstrated a highly significant
elevation in the MC4R-null mice and was significantly
reduced in Kv/MC4R-null animals to levels approximating
those measured for WT and Kv-null animals (Figure 4c).

Caloric intake and water consumption

Daily caloric intake in the MC4R-null mice was consistent
with our expectations, given that previously published data
demonstrating daily caloric changes do not become sig-
nificant until around 14 weeks of age.>® Caloric intake was
not significantly different across any genotype in compar-
ison to that of WT mice (Figure 5a; not significantly
different, ANOVA, SNK). As insignificant differences in
caloric intake may become physiologically significant over-
time,*® we also calculated and analyzed a 5-day cumulative
food intake (Figure Sb), but similarly, did not find any
genotypic changes. There were also no measurable differ-
ences in water consumption at this age (Figure 5c). We
therefore conclude that the onset of the weight differences at
P60, due to gene-targeted deletion of Kv1.3 in MC4R-null
mice, is not likely attributed to differences in caloric intake
or water consumption.

Dark-phase mass-specific metabolism and locomotor activity
are increased in Kv/MC4R-null mice

To ascertain what physiological parameters might be con-
tributing to the reduced adiposity phenotype of Kv/MC4R-
null mice, P60-P75 mice were allowed to acclimate to
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Figure 1.

custom-built metabolic chambers for 4 days followed by 8
baseline days of continuous 12h of dark-phase and 11h of
light-phase oxygen consumption (VO;) and locomotor
activity monitoring. Figure 6 represents a 2-day average for
metabolically active mass-specific metabolism (Figure 6a and
b) and locomotor activity (Figure 6¢c and d). MC4R-null mice
displayed a significantly lower dark-phase metabolically

o
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active mass-specific metabolic rate (VO,; mlminkg=7%)

when compared to that of WT and Kv-null mice. Gene-
targeted deletion of Kv1.3 in MC4R-null mice returned dark-
phase metabolically active mass-specific metabolic rate back
to that observed for WT animals, completely reversing the
low-metabolic phenotype (Figure 6a). The low dark-phase
locomotor activity of MC4R-null mice was also reversed
by gene-targeted deletion of Kv1.3 in the Kv/MC4R-null
mice (Figure 6c¢). Basal or light-phase metabolically active

International Journal of Obesity

mass-specific metabolic rate and locomotor activity were not
statistically different for any of the genotypes (Figure 6b and
d). Due to technical restraints in the measurement and
interpretation of open-circuit indirect calorimetry of small
animals,®! we also report uncorrected and weight-corrected
oxygen consumption in the light and dark phases as a
helpful comparison in Supplementary Figure 1. TEE normal-
ized to body weight (nTEE) was decreased in MC4R-null mice
below that of WT and Kv-null animals although gene-
targeted deletion of Kv1.3 in MC4R-null mice significantly
returned nTEE values to normal levels in females although
there was only a trend in males (Figure 7a). When the nTEE is
partitioned into energy expended during the dark and light
phases, the decrease in expenditure observed in the MC4R-
null mice that is corrected by Kv1.3-targeted deletion is
statistically preserved in the dark phase but only reaches a
trend in the light phase (Figures 7b and c). Therefore,
increased dark-phase locomotor activity and concomitant
metabolic activity appear to be driving dark-phase EE.
Uncorrected energy expenditure values are reported in
Supplementary Figure 2.

Kv1.3 gene-targeted deletion improves longevity and fecundity
As a result of routine colony maintenance, we observed a
differential longevity and pregnancy rate across the gener-
ated genotypes, which we then systematically quantified.
The mean lifespan of the Kv-null mice significantly increased
by 22% over that of WT mice whereby lifespan of the MC4R-
null mice, oppositely, was significantly reduced by 36% in
comparison to that of WT mice (WT=778+54 days, Kv-
null=951 + 40 days, MC4R-null =497 + 41 days; Figure 8a).
Gene-targeted deletion of Kv1.3 in MC4R-null mice returned
the lifespan of these mice to approximately WT levels,
668 + 84 days (Figure 8a). The survival curve plotting the
percentage of mice alive versus age in months demonstrates
a similar pattern of increased longevity in the Kv-null
background (Figure 8b). Interestingly, the decreased fecund-
ity typically reported for MC4R-null mice®® was partially
rectified in Kv/MC4R-null animals in comparison to the
greater than 80% pregnancy rates of either WT or Kv-null
mice (Figure 8c).

Discussion

It has previously been shown that Kv1.3 is involved in
weight maintenance, diet-induced obesity, peripheral glu-
cose uptake and insulin sensitivity'®?' We now demonstrate
that gene-targeted deletion of Kv1.3 in MC4R-null mice, a
genetic model of obesity, reduces adiposity and fasting leptin
levels, without changing overall growth, fasting blood-
glucose and serum-insulin. Basal or light-phase metaboli-
cally active mass-specific metabolic rate and locomotor
activity were not affected by genetic deletion of Kv1.3 in
MC4R-null mice but dark-phase locomotor activity and
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Figure 6 Metabolically active mass-specific metabolic activity and locomotor activity are dependent on genotype. Mice were monitored for 8 days in custom-built
metabolic chambers that monitor oxygen consumption (VO,) and locomotor activity. Histogram plot of (a) dark-phase or (b) light-phase metabolically active mass-
specific VO, and dark-phase(c) or light-phase (d) locomotor activity. Data represent mean *s.e.m. of 2-day interval preceded by a 5-day acclimation period.

Abbreviations, statistical treatment as per Figure 1.

metabolically-active mass-specific metabolism were signifi-
cantly increased by Kv1.3 deletion resulting in increased
mass-specific TEE.

Mutations in the MC4R gene are correlated to human
obesity in approximately 2-5% of the morbidly obese
population.>” The MC4R-null mouse model of obesity is
only one of the several models of genetically induced obese
mouse lines.*® MC4R-null mice have a first-order mutation
in the leptin signaling pathway, and as such, Kv1.3 gene
deletion likely acts downstream of this pathway. The fact
that Kv1.3-null mice are resistant to diet-induced obesity'?
by a hypothesized mechanism that involves increased
peripheral GLUT4 translocation in adipose tissue,'®~>!
combined with our findings that deletion of the Kv1.3 gene
abrogates genetically induced obesity that targets a central
pathway, may indicate that there are multiple cellular
mechanisms for which this Kv channel might regulate
energy homeostasis. It might be diagnostic to explore if
deletion of Kv1.3 in other obese backgrounds would produce
similar decreases in body weight by changes in locomotion
or if Kv/MC4R-null animals could curtail weight gain if
challenged with a moderately high-fat diet.

MC4R-null mice exhibit a significantly lower metabolic
rate than wild-type mice,?”*¢ although Kv1.3-null mice have
been shown by our group to have no difference in
metabolism in animals completely acclimated to the meta-
bolic chambers.'® Others have reported a significant increase
in metabolism in Kv1.3-null mice in short-term (3h)

metabolic studies.'”> Here we confirm previously published
data that in long-term metabolic studies, mass-specific
metabolism of Kv-null mice is not significantly different
from that of WT animals and MC4R-null mice have a
significantly lower dark-phase mass-specific metabolic rate
than that of both male and female wild-type mice. Kv1.3-
targeted deletion in MC4R-null mice returns mass-specific
metabolism back to WT levels, reversing the low-metabolic
phenotype caused by deletion of MC4R. When one compares
the metabolically active mass-specific metabolic rate
(Figure 6a) with that of the mass-specific metabolic rate
(Supplementary Figure 1c), only the former reaches statis-
tical significance during the dark phase, whereas the latter,
reaches only a trend (P=0.066) in males. Therefore,
although the mass-specific correction for metabolically
active body mass (kg®7%) is statistically validated, both forms
of normalization demonstrate an identical physiological
trend.

Metabolically active TEE was not different between the
male MC4R-null and Kv/MC4R-null animals, but it was
increased in Kv/MC4R-null females. At the P60 time point of
our study, females are more separated in weight and
locomotor activity. We did not assess estrous cycle status
during our studies of female mice. It is known that estradiol
has effects on feeding and locomotor activity in both mice
and rats.** Examination of food intake and locomotor
activity over a 5-day window that would have covered all
phases of the estrous cycle, did not demonstrate increased

~
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variance (data not shown) as one might predict by averaging
random stages of a cycle-dependent variable. Moreover, data
collected in individual female mice were qualitatively
examined but no apparent cyclic changes in activity or food
intake were noted. There also seems to be a trend for the
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male Kv/MC4R-null mice to have a slightly higher caloric
intake than that of the MC4R-null mice, possibly leading to a
non-statistically significant intermediate EE phenotypic
difference in the male mice at P60. Nonetheless, the weight
phenotype at month 9 is significantly different for both
males and females, suggesting the influence of Kv1.3 on
MC4R-null mice is gender independent.

In conjunction with low-metabolic rate, MC4R-null mice
have been shown to exhibit decreased locomotor activity or
spontaneous physical activity (SPA).>¢ Removal of Kv1.3
from MC4R-null mice increased the dark-phase SPA. SPA has
been shown in both humans and rodents to contribute to
increased TEE by significantly increasing what has been
coined NEAT or nonexercise activity thermogenesis or
metabolism in both rodents and humans resulting in weight
gain resistance.*® Therefore, it is possible that increased SPA
could have increased the dark-phase mass-specific metabo-
lism and mass-specific EE observed in the Kv/MC4R-null
mice resulting in a reduced adiposity phenotype. This
hypothesis is further strengthened by the fact that no basal
or light-phase mass-specific metabolic or locomotor changes
were observed, indicating Kv1.3 is not modulating the basal
or resting metabolic rate, but only the activity-induced
metabolic rate. Likewise, Irani et al.*! were able to show that
exercise-induced elevation of locomotor activity decreased
MC4R-null mouse body weight by 25% compared to that of
sedentary MC4R-null controls. Together, these data suggest
that increased SPA seen in the Kv/MC4R-null mice might
account for the 18% difference in weight gain between
MC4R-null and Kv/MC4R-null mice.

MC4R-null mice and acute block of MC4R by SHU9119 in
rats increases meal size and food intake.?*?%%7:3642 Hyper-
phagia in MC4R-null mice has been detected as early as P21-
P35 by evaluation of cumulative 2-week intake,? but daily
caloric changes do not become significant until around 14
weeks of age,®® which is consistent with the results reported
here. At 9 weeks of age or approximately P60, the MC4R-null
mice did not exhibit statistically significant increases in daily
caloric intake over WT or the Kv/MC4R-null mice. This
suggests that at P60, caloric intake is not the driving factor
for the reduction in total body weight and adiposity in the
Kv/MC4R-null mice. In our study, we did not measure
cumulative caloric intake to ascertain whether our insignif-
icant differences in calorie intake might cumulate to become
physiologically relevant differences over time. Although this
is a factor that cannot be eliminated by our current data set,
it appears to be less likely given that we have previously
measured two of the genotypes (WT versus Kv1.3-null) at 6
months and 1 year of age,'® where we found that caloric
intake did not vary with genotype at older time points.

Both food restriction and adiposity have been demon-
strated to affect longevity in rodents.*>=** All of the animals
monitored for lifespan duration in our study were allowed to
eat ad libitum therefore we suggest adiposity had a greater
influence in longevity difference over that of food intake.
Although our fat pad analyses were performed at P60, the
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further acceleration and then plateau in body weight
measured during the first 10 months of age, would suggest
that the relative comparison in adiposity across the geno-
types would persist throughout the lifespan of the animal.
Given the differential in presumed adult fat pad accumula-
tion, groups of mice with slow metabolism and increased fat
pad accumulation had the shortest lifespan, although mice
with increased locomotor activity, metabolism and reduced
fat pad accumulation were correlated with the longest
lifespan. A model in which leanness, and not food restric-
tion, was associated with extended longevity was also
supported by Bluher et al.*® who demonstrated that fat-
specific insulin receptor knockout mice were resistant to age-
related obesity and exhibited an increase in lifespan. In
tandem with the fact that longevity was improved for the
MC4R-null mouse in the Kv1.3 gene-targeted deletion back-
ground, it is interesting that the poor pregnancy rate in these
animals was also dramatically improved upon deletion of
Kv1.3. Decreased adiposity and increased locomotor activ-
ities*! are two important variables that could contribute to
the improved reproductive success of the Kv/MC4R animal.

Brain-derived neurotrophic factor (BDNF) signaling may
be involved in an underlying mechanism for our observed
reduced adiposity phenotype in the Kv/MC4R-null mice.
Certainly BDNF expression is known to increase with
exercise?” and MC4R signaling is known to modulate
BDNF expression in the hypothalamus to regulate energy

balance.*®*° From previous investigations, we know that
gene-targeted deletion of Kv1.3 results in an increased
olfactory bulb expression of the neurotrophin receptor,
TrkB.'® Moreover, activation of the receptor tyrosine kinases,
TrkB and insulin receptor kinase, in the olfactory bulb of WT
mice results in Kv1.3 current suppression that has been well
characterized.>”"® Thus, BDNF signaling in the OB uses Kv1.3
channel protein as a substrate for phosphorylation and
subsequent neuromodulation. The channel and neuro-
trophic pathway reciprocally regulate one another and when
the channel is deleted, signaling is uncoupled, and results in
such aberrant development such as axonal mistargeting.'” If
we extend this analysis to other CNS regions, where it is
known that insulin and BDNF signaling are involved in
energy homeostasis (feeding behaviors, locomotor activity
and metabolism),**° it could be plausible that Kv-null
animals have increased BDNF sensitivity in areas which
normally expresses Kv1.3'® and would be predicted to
demonstrate elevated TrkB in Kv-null mice.

More experiments are required to resolve a discrete
mechanism that might link loss of Kv1.3 and BDNF activity.
Such interactions are likely to be complex, for example, mice
heterozygous for BDNF deletion are obese, hyperphagic,
hyperinsulinemic, hyperleptinemic and hyperglycemic, but
are also hyperactive®®®” but these mice have reduced BDNF
levels through out the entire brain. Other studies, targeting
the BDNF signaling cascade in specific regions of the brain
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through conditional knockout or nuclei-targeted cannula-
tion studies reveal anatomical separation of the effects of
BDNF on feeding, energy metabolism and locomotor
activity. The effects of BDNF on feeding but not locomotor
activity, have been shown to be mediated by the ventrome-
dial, dorsomedial and paraventricular nuclei (PVN) of the
hypothalamus.>*5*58 The PVN has also been shown to be
important for mediating BDNF effects on metabolism but
not locomotor activity.>> BDNF’s effects on locomotor
activity are localized to the forebrain regions as revealed by
forebrain-specific knockouts of bdnf*? and its receptor, trkB.*®°

It will be important to investigate the mechanism by
which Kv1.3 modulates locomotor activity thereby increas-
ing metabolism and decreasing body weight and adiposity.
To do this, it will be necessary to determine which brain
regions and cell types express Kv1.3, and in particular, which
colocalize the channel and MC4R or TrkB. Acute and chronic
blockade of Kv1.3 by siRNA or peptide blockers would be
useful to determine if developmental or protein expression
changes are responsible for increasing locomotor activity
and thereby metabolism in the MC4R-null mouse.
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