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Although primary cilia are well established as important sensory and
signaling structures, their function in most tissues remains un-
known. Obesity is a feature associated with some syndromes of
cilia dysfunction, such as Bardet-Biedl syndrome (BBS) and Alstrom
syndrome, as well as in several cilia mutant mouse models. Recent
data indicate that obesity in BBS mutant mice is due to defects in
leptin receptor trafficking and leptin resistance. Furthermore, induc-
tion of cilia loss in leptin-responsive proopiomelanocortin neurons
results in obesity, implicating cilia on hypothalamic neurons in reg-
ulating feeding behavior. Here, we directly test the importance of
the cilium as a mediator of the leptin response. In contrast to the
current dogma, a longitudinal study of conditional /ft88 cilia mutant
mice under different states of adiposity indicates that leptin resis-
tance is present only when mutants are obese. Our studies show
that caloric restriction leads to an altered anticipatory feeding be-
havior that temporarily abrogates the anorectic actions of leptin
despite normalized circulating leptin levels. Interestingly, preobese
Bbs4 mutant mice responded to the anorectic effects of leptin and
did not display other phenotypes associated with defective leptin
signaling. Furthermore, thermoregulation and activity measure-
ments in cilia mutant mice are inconsistent with phenotypes previ-
ously observed in leptin deficient ob/ob mice. Collectively, these
data indicate that cilia are not directly involved in leptin responses
and that a defect in the leptin signaling axis is not the initiating
event leading to hyperphagia and obesity associated with cilia
dysfunction.

besity is a major health issue associated with complications
that cause significant morbidity and mortality. Thus, iden-
tification of the protein hormone leptin in the spontaneous obese
mouse mutant ob/ob was the source of much excitement (1), as
leptin suppresses feeding activity and is secreted into serum in
proportion to the amount of adipose tissue, the hormone’s pri-
mary source (2). However, the therapeutic potential of leptin was
attenuated by a barrier to the action of leptin that must exist in
an obese individual, as nearly all obese mice and human patients
exhibit elevated levels of circulating leptin (2, 3). This barrier
phenomenon is known as leptin resistance, the precise mecha-
nisms of which are unknown. Furthermore, age impacts leptin
sensitivity, as older rodents are less responsive to the anorectic
effects of leptin than younger rodents (4-7). In the field of
obesity research, one challenge becomes determining how indi-
viduals acquire leptin resistance and whether this is a primary
cause of the obesity phenotype or simply a consequence.
Recent findings revealed that obesity is associated with mu-
tations in proteins disrupting the function of primary cilia, which
are small, immotile, microtubule-based appendages protruding
from the surface of most mammalian cell types (8). Long thought
to be vestigial, primary cilia are now known to serve as critical
signaling hubs for diverse cellular pathways during development
(9). The emergence of the primary cilium as a clinically impor-
tant organelle was initiated by studies in model organisms such
as Chlamydomonas reinhardtii and Caenorhabditis elegans. These
studies led to the identification of proteins required for cilio-
genesis through the bidirectional transport of cargo along the
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cilium in a process known as intraflagellar transport (IFT) (10).
Because IFT-null mutations are embryonically lethal, research
into the roles of cilia in adults was initially limited. However, the
generation of conditional /FT alleles in mice and the realization
that several human genetic syndromes, known as ciliopathies,
result from cilia dysfunction has expanded our understanding of
the organelle (11). Mutations affecting cilia function in humans
lead to a spectrum of diseases. Ciliopathy clinical features range
from prenatal lethality in Meckel-Griiber syndrome to obesity in
Alstrom syndrome or Bardet-Biedl Syndrome (BBS).

BBS is a pleiotropic, genetically heterogeneous syndrome asso-
ciated with retinopathy, cystic kidneys, cognitive deficits, poly-
dactyly, anosmia, and obesity (8). Several of the implicated proteins
form a complex called the BBSome that functions in cilia mem-
brane trafficking (12-15). Numerous mouse models of BBS re-
capitulate many of the patients’ clinical features (16, 17). A major
distinction between mouse BBS and I/FT mutants is that BBS
models possess primary cilia, whereas IFT mutations generally lead
to cilia ablation. Furthermore, data from multiple model systems
suggest that BBS-associated phenotypes result from defective cilia
mediated signaling activity (12, 18, 19).

Recent data show that Bbs1l, a BBSome component, binds
the leptin receptor and may mediate leptin receptor trafficking
(20). Furthermore, studies in Bbs2, Bbs4, and Bbs6 mutant mice
reveal that they are hyperleptinemic, and importantly, fail to re-
duce food intake in response to leptin (21). Leptin resistance was
observed in the mutant mice even after caloric restriction reduced
fat mass and circulating leptin levels to those of control mice (20).
Thus, defects in leptin signaling appear to contribute directly to
BBS-associated obesity.

We previously showed that conditional disruption of Ift88
throughout an adult mouse using the ubiquitously expressed
CAGG-CreER (actin promoter) transgene leads to hyperphagia
and obesity (22). Intriguingly, the obesity phenotype can be re-
capitulated using proopiomelanocortin (POMC)-Cre to disrupt
1ft88 in POMC neurons of the hypothalamus, a key satiety center
that regulates leptin responses (22). Thus, our goal was to in-
vestigate whether cilia are directly involved in leptin signaling,
whether cilia loss contributes to the development of leptin re-
sistance, and whether the etiology of obesity in cilia mutant mice
is similar to that observed in Bbs models where cilia are intact
but dysfunctional.
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Results

A longitudinal leptin sensitivity testing paradigm was designed to
determine whether leptin resistance in cilia mutant mice is a di-
rect result of cilia loss or a secondary consequence of obesity
(Fig. 14). To initiate cilia ablation in adult mice, a previously
described conditional allele of [ft88 and ubiquitously expressed
inducible CAGG-CreER line were used (22, 23). Cohorts were
generated such that transgene CAGG-CreER-positive animals
were always compared with control CAGG-CreER-negative lit-
termates. [ft88 deletion was induced at 8 wk of age through ta-
moxifen injection (Fig. 14). Genotyping and Western blotting
confirmed CreER-mediated deletion of Ift88 within 10 d after
tamoxifen administration (Fig. S1 A and C). Subsequent immu-
nostaining for the neuronal cilia marker adenylate cyclase III
(ACIII) (24) confirmed the absence of hypothalamic neuronal
cilia throughout the study (Fig. S1B). These induced cilia mutant
mice are hereafter referred to as If188* and control mice as
Ift88"°* Mice were challenged with i.p. injection of recombi-
nant leptin, and subsequent feeding behavior was assessed using
a Biodaq feeding monitoring system (25) to record food intake of
individual mice in real time. Mice were injected with leptin at
three time points at which they had different body and serum
leptin compositions, hereafter referred to as time points I, II, and
III (Fig. 1 B and C), corresponding to preobese, obese, and food-
restricted nonobese states, respectively.

At time point I, Iff88** mice are hyperphagic but have not
diverged significantly in body weight or fat mass from Ift88"/
controls. Serum leptin measurements demonstrated no signifi-
cant difference between the two groups at this point ([ft88" >/,
1.07 ng/mL; Ift88*", 1.05 ng/mL; P = 0.94, Student ¢ test; Fig. 1B).
Unexpectedly, leptin reduced food intake for both Ift884
and Ift88"°* mice compared with vehicle injection (Fig. 2.4 and
D and Insets). This reduction would not be expected in Ift88*
mice if leptin was acting through the primary cilium. Furthermore,
the difference in food intake between Ift88** mice treated with
leptin and control J!/i88ﬂoxw”x mice treated with leptin was not
significant (Iftl88"ox 222 o; Ift88*"*, 2.26 g; P = 0.93, Student
t test; Fig. 2. A4 and D and Insets). Additionally, both Ift88"*/ox
and Ift88** mice at time point I displayed increased phosphor-
ylated Stat3 (pSTAT3) and cFos within the arcuate nucleus 90
min after injection, indicative of a response to leptin (Fig. 2 G, J,
and K; Fig. S24) (26). These results indicate that at time point I,
after both the Ift88 protein and cilia have been lost, the response
to leptin remains intact as measured by both behavioral activity
and neuronal markers of activation in cilia mutant Ift88** mice.
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After 80 d of ad libitum feeding (time point II), Ift88*
mutants are significantly heavier with greater fat mass and
greater serum leptin levels (Fig. 1 A-C). Again, leptin was ad-
ministered i.p., and as observed in many other models of in-
creased adiposity and hyperleptinemia, the If188** mice did not
diminish feeding in response to leptin, whereas control Ift88"/1o*
responded with reduced food intake (Fig. 2 B and E and Insets).
Both pSTAT3 and cFos labeling showed increased basal levels
of staining in the arcuate nucleus in all groups, showing no sig-
nificant effects of leptin (Fig. 2H; Fig. S2B). However, the
ability to assess a response to leptin in rodents using markers
such as pSTAT3 diminishes in aged animals (6, 7, 27). These
results indicate that obese Ift887* mice have elevated leptin
levels and display behavior consistent with hyperleptinemia-
associated leptin resistance.

To test whether the increased fat mass and serum leptin ob-
served at time point II drive the leptin resistant phenotype, mice
were subjected to calorie restriction using a gradual stepwise
process over a period of several weeks (Fig. 1 A and B). Calorie
restriction restored adiposity and serum leptin levels to those
observed in controls (hereafter referred to as time point III). The
mice were then allowed ad libitum access to food for 10 d before
testing the leptin response. Time point III leptin sensitivity was
assessed before ad libitum-associated changes in body weight and
serum leptin, a condition similar to time point I. Although the
serum leptin levels and fat mass were significantly higher in If188
mice compared with [ft88™/** mice at time point IIT ([fi88"**,
2.54 ng/mL and 3.69 g; Ift88*"*, 4.14 ng/mL and 5.05 g; P <
0.01, Student ¢ test), they were not significantly different from the
levels measured at time point I (Ift88** time point III, 4.14 ng/
mL and 3.69 g; Ift88* time point I, 1.06 ng/mL and 3.91 g; one-
way ANOVA followed by post hoc Tukey’s HSD test; P = 0.72
and P = 0.57, respectively). There was also a greater than 10-fold
decrease in serum leptin levels compared with time point II.
Strikingly, If:88** mice again demonstrated a strong anorectic
behavior response to leptin administration (Fig. 2 C and F and
Insets). Neither pSTAT3 nor cFos levels in the arcuate nucleus
displayed differences in staining; however, as in time point II, this
result is expected with older animals (Fig. 2/; Fig. S2C). Taken
together, these results, along with those from time points I and 11,
show that the leptin resistance observed in a mouse model of cilia
loss is a consequence of the obesity and hyperleptinemia and not
a primary defect associated with cilia loss.

The finding that leptin administration causes a decrease in
feeding behavior in adult cilia mutants (both before becoming
obese and again after caloric restriction) was unexpected based

—o— IFT88floxifox (18)
—e— IFT884/2 (16)

160
Fig. 1. Paradigm of leptin sensitivity testing, body com-
position, and serum leptin in /ft88 conditional mutant
mice. (A) Longitudinal paradigm showing body weights
of Ift88*"* and Ift881°¥fl°x mice after Cre induction (C),
lean time point | (1), obese time point Il (l), and lean time
point IIl (l1). (B) Body weight, fat mass, and lean mass at
* each time point. (C) Serum leptin levels at each time point.
2 1322 All points and bars are means + SEMs. *P < 0.05, **P < 0.01;
Il i Student t test. Numbers within parentheses or bars indicate
number of animals.
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Fig. 2. Feeding behavior and arcuate nucleus pSTAT3 and cFos staining in

1ft88 conditional mice after leptin injection. (A-F) Feeding data and cumu-
lative food intake (CFI) after i.p. injection of leptin in /ft88%1°¥flox (A—C and
Insets) and Ift88* (D-F and Insets) mice at time points I, Il, and lIl. Insets
show total CFl. (G-/) Representative images showing pSTAT3 staining in the
arcuate nucleus after i.p. leptin or vehicle injection at time points |, II, and IIl.
(Scale bar, 90 pm.) Dotted lines indicate approximate border of the arcuate
nucleus. (J and K) Quantification of pSTAT3 and cFos staining in the arcuate
nucleus after leptin or vehicle injection at time point I. *P < 0.05, **P < 0.01;
Student t test. All points and bars in graphs represent means + SEMs.
Numbers within parentheses or bars indicate number of animals.

on previous reports in the Bbs mutant mice (20, 21). To further
explore potential causes of the discrepancy between Bbs and cilia
null mice, we evaluated whether caloric restriction itself had
effects on feeding behavior. This analysis revealed that calorie-
restricted mice greatly alter the structure of their feeding pattern
(Fig. 34). These changes in feeding behavior are consistent with
food anticipatory activity (FAAA) observed previously in rodents
(Fig. 34 and B) (28-31). Ift88* mutant mice undergoing calorie
restriction ate a majority of their daily food allowance within 3 h of
access to food (Fig. 3B, days 1-3). This altered FAA meal struc-
ture persisted for 9 d after ad libitum food access was reinstated
(Fig. 3 A and B, days 4-12). Another observation was that for
3 d after ad libitum food (Fig. 34, days 5-7), the mutants ex-
hibited a transient decrease in food consumption, possibly due to
the absence of a cued response previously associated with food
addition during calorie restriction. Surprisingly, this FAA be-
havior was stronger than the action of leptin (Fig. 3 4, day 7, and
C and Inset). Although we observed positive pSTAT3 and cFos
immunolabeling, similar to time points II and III, we could not
determine whether this constituted a leptin response due to the
high basal levels of immunostaining observed in aged animals
(Fig. 3D; Fig. S2D) (6).

To further explore possible connections between leptin sig-
naling defects in adult-induced cilia mutants, we performed both
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thermoregulation and activity experiments. Leptin mutant, ob/ob,
mice display defects in thermogenesis, as evidenced by lower
basal body temperature and the inability to maintain body tem-
perature when challenged with a cold environment (32). To see
whether conditional cilia mutant mice develop a cold intolerance
phenotype associated with defects in leptin signaling, we cold-
challenged Ift88*"* mutant mice. In contrast to the ob/ob mutant
mice, Ift88¥* cilia mutant mice were able to regulate body
temperature in response to cold challenge similar to Ift88/1
and C57BL/6 controls (Fig. 44). Furthermore, activity analysis of
If188*" revealed a subtle hyperactivity before the onset of obesity
and no changes in activity when obese (Fig. 4B). In contrast,
ob/ob mice displayed diminished locomotor activity (Fig. 4B) (33,
34). Collectively these results indicate that cilia loss in [ft88**
mutant mice does not result in phenotypes typically associated
with leptin signaling deficits.

To determine whether the phenotypes observed in cilia loss
models (If:88*) differ from those observed in Bbs mouse mod-
els, leptin sensitivity and thermoregulation experiments were
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Fig. 3. Food anticipatory activity (FAA) feeding behavior in ad libitum-fed
1ft88 mutant mice that were calorie restricted. (A) Graphic output of real-time
food intake. Days 1-3 show /ft88* FAA during calorie restriction, blue line
(calorie restricted). Steep initial slope indicates that /ft88*"* consumed the ma-
jority of their food immediately. Ad libitum feeding began on day 4 (AL). FAA
deteriorated after 9 d (ad libitum food but FAA behavior) and normal feeding
resumed (FAA lost). Vehicle and leptin injection during FAA are indicated (VE
and LE). Time point Ill vehicle and leptin injection nights are indicated (V3 and
L3). Gray shading indicates dark cycle (night). (B) Percentage of food consumed
between 5:00 and 8:00 PM (corresponding to the period just after food addition
during the caloric restricted paradigm), indicating the persistence of FAA. /ft88**
mice ate the majority of their ad libitum food during the first 3 h of night,
compared with /ft88"°fo* mice that gradually ate approximately a quarter of
their total intake during this same period. *P < 0.05, Student t test. (Cand Inset)
Feeding data and CFl after leptin injection in /ft88** during FAA. P=0.07, P=
0.54; Student t test. All points and bars in graphs represent means + SEMs. (D)
pSTAT3 staining in the arcuate nucleus after IP leptin or vehicle injection during
FAA. (Scale bar, 90 pm.) Dotted lines indicate approximate border of arcuate
nucleus. Numbers within parentheses or bars indicate number of animals.
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Fig. 4. Thermoregulation and locomotor activity between /ft88 and ob/ob
mice. (A) Body temperature of /ft88"¥/flox Iftgg*2 and obl/ob mice mea-
sured for baseline, after 30, 120, and 240 min of exposure to 4 °C, and at 270,
390, and 480 min during room temperature recovery. The ob/ob mice were
pulled from the experiment due to an inability to thermoregulate. *P < 0.05,
one-way ANOVA followed by post hoc Tukey’s HSD test. (B) Locomotor ac-
tivity at time point | comparing Ift88°¥/flox Iftg8*4 and oblob mice. *P <
0.05, **P < 0.01; one-way ANOVA followed by post hoc Tukey’s HSD test.
Numbers within parentheses or bars indicate number of animals.

performed in Bbs4 mutants (congenital knockout of Bbs4, here-
after Bbs4~'"). To avoid confounding effects of calorie restriction
and altered body composition, Bbs4~'~ mutants were analyzed
before the onset of obesity. Bbs4~'~ mice genotyped null and
showed loss of protein as previously described (Fig. S3 4 and B)
(16). Interestingly, much like Ift88*"* mice, preobese Bbs4~'~ mice
did not have significantly higher levels of serum leptin compared
with controls (Bbs4™'*, 9.18 ng/mL; Bbs4~'~, 8.34 ng/mL; P = 0.75,
Student ¢ test; Fig. 54), and responded to leptin injections com-
pared with vehicle (Fig. 5D). Furthermore, increases in both
pSTAT3 and cFos were detected within the arcuate nucleus of
the young, preobese Bbs4~'~ mutants, indicating a leptin response
(Fig. 5 B and C; Fig. S2E). Also consistent with normal leptin
signaling, nonobese Bbs4~'~ mice did not display a defect in
thermoregulation upon cold challenge (Fig. 5E). These results
indicate that in both a model of cilia loss (/ft88**) and a model of
defective cilia signaling (Bbs4~'"), leptin signaling is not directly
affected. Importantly, these results indicate that a defect in a yet
to be determined satiation pathway is dependent on the cilium.

Discussion

We previously showed that loss of cilia on POMC cells in condi-
tional mouse mutants resulted in hyperphagia and obesity (22).
However, the molecular mechanisms behind this phenotype re-
main elusive. Recent studies in mouse models of BBS suggest that
the complex of BBS proteins known as the BBSome is critical to
leptin receptor trafficking and pathway activity (20). Interestingly,
Bbs mutant mice retain their cilia, albeit with disrupted cilia re-
ceptor localization, whereas IFT mutations result in organelle loss
(12, 22). Although both Bbs and IFT mutations lead to obesity, it
is unclear whether similar mechanisms drive these pheno-
types. Here we test whether the obesity phenotype observed in
these mouse models is initiated by defects in leptin signaling.
To achieve this goal, the CAGG-CreER inducible transgene was
used. Although this model does not lead to total loss of Ift88, it
eliminates confounding effects of cilia loss during development, an
advantage that the previously used POMC-Cre transgene does not
possess (23, 35). It was previously shown that other obese leptin-
resistant animals regain leptin sensitivity on regulation of body
composition through controlled feeding (36, 37). Furthermore, the
study presented here allowed for the repetitive assessment of leptin
sensitivity in the same cohort of mice at different adiposity and
leptin levels. Surprisingly, [f£88** mice are resistant to the actions of
leptin when obese and have increased serum leptin but are sensitive
to exogenous leptin both before weight gain and after weight loss.

Berbari et al.

Although the exact mechanism behind leptin action and re-
sistance remains unclear, the downstream effects of leptin have
been characterized. Leptin signaling leads to pSTAT3 and in-
duction of Socs3, and subsequent neuronal activity induces nu-
clear cFos (38). In the young preobese states (time points I,
Ift88*"* and Bbs4™'™), mice responded to leptin with an induction
of both pSTAT3 and cFos in the arcuate nucleus, in contrast to
what was shown for caloric-restricted lean Bbs mutants (20). In
aged animals (time points II, III, and entrained), pSTAT3 and
cFos staining were readily apparent in all groups, yet significant
differences between vehicle and leptin treatment groups were
not found. Similar results have been observed in several rodent
models showing an age-dependent loss of leptin sensitivity (4, 39,
40). Furthermore, decreases or complete loss of leptin induced
pSTATS3 response have been observed in aged rodents (6, 7, 27).
This aspect of age-related emergence of leptin resistance is often
overlooked in the literature. It is important to note that in age-
associated diminished pSTAT3 induction, the anorectic behavioral
response to leptin remains intact (6). It is interesting to note that in
Bbs mutant mice, leptin-induced pSTATS3 is still observed, in-
dicating that leptin signaling is not completely disrupted (20).
Importantly, when [fz88** mice and Bbs4~'~ mice are not hyper-
leptinemic, leptin injection elicits an anorectic effect on feeding.
The Bbs4~'~ mice were only analyzed before the onset of obesity in
order to avoid confounding effects of altered body composition
and behavioral changes that we observed as a result of caloric re-
striction. The cause of the altered behavior in the Bbs4 mutants is
not known but may be associated with the neurodevelopmental
and degenerative phenotypes that have been reported in these
mice (41, 42). Collectively, the results obtained in the Bbs4 and
Ift88 mutant mice indicate that the hyperphagia-associated
obesity in models of cilia dysfunction is not initiated by defects
in leptin signaling.

To further investigate whether other phenotypes associated
with leptin signaling defects were observed in Ift88** mice, both
thermoregulation and locomotor activity experiments were per-
formed. Cold-challenged If:88** mice demonstrated a normal
thermoregulatory phenotype. This normal thermoregulation
stands in stark contrast to leptin-deficient ob/ob mice, which are
unable to thermoregulate (34). To further assess leptin signaling
in cilia mutants, locomotor activity was evaluated. Ift88*"* mice
were significantly more active in a 24-h period relative to ob/ob
mice. These data indicate that conditional Ift88 cilia loss in adult
mice does not lead to a primary defect in leptin signaling.

Previous reports demonstrated that restricted feeding in rodents
can alter both behavior and physiology, independent of light-dark
cycles (43). For example, in response to food restriction, mice are
known to display FAA and alter their feeding behavior and meal
structure (28). Thus, FAA can confound results in experiments if
not taken into account. Our analysis of Ift88** mutant mice clearly
revealed the FAA phenomenon. The mutants consume the ma-
jority of their calories within the first 3 h of the dark cycle during the
paired feeding period (Fig. 3.4 and B). In contrast, control mice on
an ad libitum diet normally consume their calories gradually
throughout the dark cycle. The FAA behavior in the mutants
persisted for 9 d after ad libitum food access was initiated (Fig. 3B).
In addition, after ad libitum access, the mutants experienced
a short period of depressed feeding activity (days 5-7). This di-
minished feeding may result from the loss of cues established by
daily food administration during caloric restriction. This cue would
not occur during ad libitum access. If mutants are tested for leptin
sensitivity during this FAA period, they appear leptin resistant with
regard to their feeding. Thus, FAA is stronger than the appetite
suppression effects of leptin. After mutants emerged from the
FAA period and returned to a normal feeding pattern (time point
III), they again exhibited an anorectic response to leptin. The
persistence of the FAA represents an important and under-
appreciated aspect of feeding behavior analysis in the obesity field.
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Fig. 5. Serum leptin, thermoregulation and leptin sensitivity analysis in
Bbs4~'~ mice. (A) Serum leptin levels of Bbs4*'* and preobese Bbs4~'~
mice. (B) Quantification of pSTAT3 staining in the arcuate nucleus of
Bbs4*'* and Bbs4~~ mice after IP leptin and vehicle. *P < 0.05, Student t
test. (C) pSTAT3 staining in the arcuate nucleus after i.p. injection of leptin
or vehicle in Bbs4™"* and Bbs4~'"~ preobese mice. (Scale bar, 90 pm.) Dotted
lines indicate approximate border of arcuate nucleus. (D) Feeding data after
leptin and vehicle injection in Bbs4~"~ mutant mice. (Inset) Cumulative food
intake (CFI) for Bbs4*"* and Bbs4~'~ mice after leptin or vehicle i.p. injection.
*P < 0.05, Student t test. (E) Body temperature of Bbs4*'* and Bbs4~'~ mice
measured for baseline, and then at 30, 120, and 240 min of exposure to 4 °C,
and at 270, 390, and 480 min during room temperature recovery. All points
and bars represent means + SEMs. Numbers within parentheses or bars in-
dicate number of animals.
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Interestingly, FAA is dependent on the suprachiasmatic nuclei
(SCN) and not the arcuate nucleus where ciliary function is needed
for satiation responses (28). Future studies will address whether
the FAA observed in Ift88 conditional mutants differs from that
observed in WT mice.

In contrast to our findings, current dogma indicates that cilia
are needed for normal leptin sensitivity based on previous studies
in the Bbs ciliopathy mouse models. Data from Seo et al. used
a caloric restriction paradigm up until leptin responsiveness was
assessed to ensure that the Bbs mutant mice were kept lean (20).
Although not directly addressed, this may have caused a FAA
effect similar to what we observed in the Ift88*"* mice overriding
the anorexigenic effects of leptin. To directly test whether Bbs
mutant mice have a leptin signaling defect, we assessed both
leptin sensitivity and thermoregulation in Bbs4 =~ mice before the
onset of obesity. Interestingly, Bbs4~/~ mice responded to i.p.
leptin injection and maintain body temperature when cold chal-
lenged. Collectively, these data suggest that the leptin signaling
defect reported previously in the Bbs mice is only secondary to
either weight gain or the FAA brought on by calorie restriction.
These data ultimately leave the initiating molecular mechanism
behind cilia dysfunction-associated obesity unknown.

Several potential molecular mechanisms for the obesity ob-
served in ciliopathy mouse models exist. One must consider that
the mechanism leading to obesity in Ift conditional models and
Bbs models may be different. It is now well appreciated that the
cilium functions as a key regulatory organelle for multiple path-
ways. Some of the potential pathways that could be involved in
the obesity phenotype include altered G protein—coupled re-
ceptor (GPCR) signaling or abnormal regulation of mTor or
hedgehog (Hh) signaling pathways. Importantly, the orexigenic
GPCR melanin concentrating hormone receptor 1 (Mchrl) is
present on neurons of the hypothalamus, but is mistargeted in the
Bbs mutant mice (12). Thus, the possibility exists that altered
Mchrl signaling in the absence of cilia in the /ft88 mutants, or due
to its exclusion from the cilia in the Bbs mutants, could result in
hyperphagia induced obesity. Cilia loss alters mTOR activity,
which has a well-documented role in energy homeostasis (44-46);
however, altered mTor has not been evaluated in the Bbs mutant
mice. Further, treatment of cilia mutant mice with rapamycin can
partially correct some mutant phenotypes (47). Arguably, defects
in the Hh pathway are currently the most directly associated with
abnormal cilia function (48). Hh signaling is important for the
development and patterning of numerous tissues, including the
hypothalamus, and has critical roles during adult neurogenesis (49,
50). Thus, obesity in congenital Bbs mutants could arise through
mispatterning of the hypothalamus. In fact, previous reports
have indicated loss of POMC neurons in Bbs mutant mice
(20). The loss of POMC neurons seems less likely in the adult
inducible Ift88 mutant, as the hyperphagia phenotype is evi-
dent within 2 wk of inducing cilia loss. However, Hh pathway
components are expressed in the hypothalamus of adult mice,
and thus, it will be informative to evaluate whether feeding be-
havior and energy homeostasis can be altered by modulating Hh
signaling activities specifically in the POMC neurons and whether
this is influenced by the presence or absence of the cilium.

Methods

For methodological details, see S/ Methods.

All mice were maintained in an Association for Assessment and Accredi-
tation of Laboratory Animal Care-approved facility in accordance with In-
stitutional Animal Care and Use Committee guidelines at University of
Alabama at Birmingham. /ft88"°*/flox. CAGG-CreER cohorts were generated,
and tamoxifen induction of cilia loss was performed as previously described
(22, 23). Bbs4 congenital mutant mice were obtained from Jackson Labs.
Body composition was measured with an EchoMRI Quantitative Magnetic
Resonance instrument as described previously (51). A BioDAQ episodic in-
take monitor (Research Diets) was used to measure food intake. Locomotor
activity was measured using a tracker system (Phenotyper; Noldus).
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