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Targeted disruption of RlI-protein kinase A (PKA) in mice leads
to a lean phenotype, increased nocturnal locomotor activity, and
activation of brown adipose tissue. Because RlIp is abundantly
expressed in both white and brown adipose tissue as well as the
brain, the contribution of neuronal vs. peripheral PKA to these phe-
notypes was investigated. We used a Cre-Lox strategy to reexpress
RIIB in a tissue-specific manner in either adipocytes or neurons. Mice
with adipocyte-specific RIIp reexpression remained hyperactive and
lean, but pan-neuronal RIIf reexpression reversed both phenotypes.
Selective RIIp reexpression in all striatal medium spiny neurons with
Darpp32-Cre corrected the hyperlocomotor phenotype, but the mice
remained lean. Further analysis revealed that RIIp reexpression in D2
dopamine receptor-expressing medium spiny neurons corrected the
hyperlocomotor phenotype, which demonstrated that the lean phe-
notype in RIIp-PKA-deficient mice does not develop because of in-
creased locomotor activity. To identify the neurons responsible for
the lean phenotype, we used specific Cre-driver mice to reexpress
RII§ in agouti-related peptide (AgRP)-, proopiomelanocortin (POMC)-,
single-minded 1 (Sim1)-, or steroidogenic factor 1 (SF1)-expressing
neurons in the hypothalamus, but observed no rescue of the lean
phenotype. However, when RIIf was reexpressed in multiple regions
of the hypothalamus and striatum driven by Rip2-Cre, or specifically
in GABAergic neurons driven by Vgat-ires-Cre, both the hyperactive
and lean phenotypes were completely corrected. Bilateral injection of
adeno-associated virus1 (AAV1)-Cre directly into the hypothalamus
caused reexpression of Rllf and partially reversed the lean pheno-
type. These data demonstrate that RII3-PKA deficiency in a subset of
hypothalamic GABAergic neurons leads to the lean phenotype.
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e reported previously that mice lacking the protein kinase A

(PKA) regulatory subunit RIIp (RIIf KO) exhibit a 50%
reduction in white adipose tissue (WAT) and are resistant to diet-
induced obesity (DIO) and diabetes (1, 2). These mice have an
extended lifespan and show diminished age-related metabolic
dysfunctions such as fatty liver and insulin resistance (3). Com-
pared with their WT littermates, RIIf KO mice have normal to
slightly increased food intake, a twofold increase in nocturnal
physical activity, and a basal metabolic rate (VO, consumption) that
is higher than WT if calculated based on total body weight (4-6).
RIIB is highly expressed in the mouse CNS, brown adipose tissue
(BAT), and WAT with limited expression elsewhere (1, 7-9).
At the molecular level, RIIp deficiency is accompanied by a
compensatory increase in the PKA regulatory subunit Rla, which
results in increased basal PKA activity and decreased total C
subunit activity in brain, BAT, and WAT (1). These changes in
PKA subunit composition may also alter PKA holoenzyme local-
ization to specific signaling complexes because RIIp has a much
higher affinity for anchoring proteins (AKAPs) than RI (10). RIIp
KO mice have elevated uncoupling protein 1 (UCP-1) in BAT and
exhibit enhanced thermogenesis (6). In the WAT, an increased
basal lipolysis in RIIf KO mice was observed, and it was suggested
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that changes in both BAT and WAT could contribute to the lean
phenotype (9). RIIf deficiency in brain regions where RIIf is
the major PKA isoform, such as the striatum, is accompanied
by defective gene expression and related behavioral changes
(7, 11). Additional studies from our laboratory have demon-
strated that RIIB deficiency can partially rescue the obese
phenotypes of the agouti yellow mice (4) and stimulates loco-
motor activity and cold-induced thermogenesis in the obese
mouse (ob/ob) (5). These studies have suggested that both CNS
and adipose RIIp deficiency may contribute to the overall lean
phenotype of RIIf KO mice; however, the relative contribution
of adipose vs. brain RIIf deficiency to the KO phenotype has not
been directly addressed.

The most prominent phenotypes of RIIf KO mice are their
hyperlocomotor activity, reduced fat mass, and remarkably low
serum leptin. It was unknown whether these phenotypes were
caused by RIIp deficiency in the same tissue/brain region, and
whether the increased physical activity and energy expenditure
contributed to the leanness. Reduced physical activity has been
intuitively blamed as a culprit in the epidemic obesity in modern
society. Although the health benefits of moderate exercise are
clear, there is a lack of evidence supporting a direct correlation
between physical activity and body fat content in humans (12). In
animal models with small body size, such as mouse and rat, some
studies indicate that spontaneous locomotor activity accounts for
only a small fraction of total energy expenditure and is not related
to diet-induced obesity (13, 14). However, other researchers have
suggested that reduced locomotor activity can be a major con-
tributor to DIO in mice (15). We speculated that RIIf KO mice
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could be an ideal model to study this controversy. We therefore  Results
examined the physiological effects of tissue-specific reexpression
of RIIP using cell type-specific Cre drivers. Our results indicate that
the increased locomotor activity and leanness of RIIp KO mice are
independent phenotypes that can be differentially traced to RIIf
deficiency in striatum and hypothalamus, respectively. The in-
creased physical activity seen in RIIp KO mice does not make
a significant contribution to their lean phenotype.
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Metabolic Analysis of Mice Engineered to Reexpress RIIp in Specific
Tissues. Mice were engineered to reexpress RIIp in response to
Cre recombinase activity. A loxP-flanked cassette containing the
neomycin resistance gene was inserted between the transcription
start site and the ATG codon of the RIIf gene (Fig. 14). Mice
homozygous for the inactive allele, designated RIIB'¥°% do not
express RIIp protein (Fig. 1G) and are phenotypically identical
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Fig. 1. Generation and characterization of RIIB'®/'° mice and mice with adipocyte-specific RIlp expression. (A) Strategy for generation of RIIB'>'°* mice. (B) Body

weight and (C) QMR analysis of fat mass and (D) lean mass of Rllﬁ"”"IOX and WT control mice at 12 wk of age. (E) EE of WT and Rllﬁ"’x"‘”‘ mice was measured over
2 d and averaged and normalized to LBM. For both sexes, n = 8 for each genotype; values represent mean + SEM. **P < 0.01. (F) Breeding strategy for generation
of aP2-Cre mice with adipocyte-specific RIIp reexpression (RIIB3F?). (G) Western blots for RIIp in lysates from BAT, WAT, and brain of RII3?"? mice. p-actin was used
as loading control. (H) The 72-h total locomotor activity in HET, Rllﬁ"”‘", and RllﬁaPz mice (n = 5-8 for each group). (-K) Body weight (/), QMR measurements of fat
mass (J), and lean mass (K) of male HET (n = 16), RIIB'®/~ (n = 14), and RIIp*"? (n = 10) mice. (L) Serum leptin levels of male and female HET, RIIB'°~, and RIIp"* mice
at 20-22 wk of age (n = 6-14 for each group). Values represent mean + SEM. ns, not significant. **P < 0.01; ***P < 0.001 compared with HET.
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to the previously generated RIIB~~ mice (1, 4). Thus, both
RIIB¥* and RIIP'~ mice are referred to as RIIp KO in this
report, unless otherwise designated. When Cre-recombinase is
expressed in RIIB°% mice, the neo-STOP sequence is deleted,
leaving one loxP sequence in the 5'-untranslated region of the
RIIp gene (Fig. 14).

We previously reported that RIIf KO mice had increased resting
oxygen consumption (VO,/total body weight), which we hypothe-
sized was related to their elevated basal metabolism and lean
phenotype (1, 6). To further assess the physiological impact of RIIp
deficiency on metabolism, RIIB'*¥'°* animals were subjected to
metabolic monitoring for two consecutive days with free access to
food and water. Adiposity and lean body mass were also assessed in
these mice at the beginning of the study using quantitative mag-
netic resonance (QMR; Fig. 1 B-D). We then calculated total
energy expenditure (EE) based on both oxygen consumption and
CO, production. In agreement with our previous results, the
RIIB¥* mice had increased EE based on total body mass.
However, when calculated based on lean body mass (LBM),
RIIB'°* and WT mice have the same EE per LBM during the
light phase when the mice are at rest (Fig. 1E). During the active
dark phase, the EE of male RIIB''°% mice was significantly higher
than WT controls (Fig. 1E); a similar trend was seen in female
RIIB% mice. Thus, RIIB¥'°® mice have similar resting EE
compared with WT controls when normalized to LBM, and the
slightly increased EE during the dark phase is likely due to in-
creased nocturnal locomotor activity. The respiratory exchange
ratio (RER) is an indicator of relative utilization of carbohydrate
(high RER), protein (moderate RER), or fat (lower RER) as a fuel
source. The RER for male RIIB'*¥'°* mice was higher than WT in
both the light and dark phases, consistent with the reduced adi-
posity of the RIIB'¥'°%, The RERs for both WT and RIIp'*¥'**
females were the same in both light and dark phases (Fig. S14).

RIIB Reexpression in Adipocytes Does Not Rescue the Adiposity of
RIIB KO Mice. We previously observed that RIIf KO mice had
elevated basal lipolysis in WAT but a reduced lipolytic response
to B-adrenergic stimulation (9). The KO mice also exhibited
enhanced thermogenesis in the BAT due to increased expression
of the mitochondrial UCP-1 (1, 9). Both phenotypes were pos-
sible contributors to the lean phenotype of RIIf KO mice. To
test this hypothesis, RIIp expression was selectively reactivated in
BAT and WAT by crossing the RIIp'*'° mice with an adipo-
cyte-specific aP2 promoter-driven Cre recombinase transgenic
line (aP2-Cre) (16). Because many Cre recombinase transgenes
become active during passage through the germ line, including
the aP2-Cre, we bred the aP2-Cre transgene onto the RIIp™~
background and then mated them to RIIP'¥'°* mice to obtain
aP2-Cre/RIIB'¥~ mice (Fig. 1F). Because aP2-Cre/RIIp'¥~
mice carry only one functional loxP-modified allele, heterozygote
(HET) RIIP'¥* littermates were used as controls in the sub-
sequent studies. A mild lean phenotype was previously docu-
mented in RIIp HET mice, but they have no hyperlocomotor
activity phenotype (4).

RIIp was expressed in both BAT and WAT in aP2-Cre/RIIp'¥~
mice at a level similar to HET controls, but not in the brain (Fig.
1G). The aP2-Cre/RIIp'~ mice exhibited the same hyper-
locomotor activity as RIIp'*~ mice (Fig. 1H), demonstrating that
RIIB deficiency in BAT and WAT is not the cause of elevated
physical activity in RIIp KO mice. Both RIIp'*~ and aP2-Cre/
RIIp'*~ male mice weighed significantly less and had lower body
fat content (Fig. 1 I-K) compared with their HET littermates.
The reproductive fat pads, which in RIIp KO mice are the most
severely reduced (1), weighed significantly less in both male and
female RIIB'~ and aP2-Cre/RIIB'™~ mice compared with HET
controls (Fig. S1B). Finally, serum leptin levels are also very low in
RIIB'~ mice, and they remained low in the aP2-Cre/RIIB'¥~ mice
compared with HET controls (Fig. 1L). These data demonstrate
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that RIIf deficiency in either WAT or BAT is not a major
contributor to the leanness or hyperactivity of RIIf KO mice.

Neuronal Reexpression of RIIf Reverses the Hyperactive and Lean
Phenotypes. A neuron-specific synapsin-Cre transgenic line gSyn-
Cre) was used to reexpress RIIf in neurons (]17 . Syn-Cre/RIIp'o¥10x
mice were obtained by crossing male RIIB'¥* mice to Syn-Cre/
RIIB* females to minimize the frequency of germ-line re-
combination (Fig. 24) (18). In Syn-Cre/RIIB'"** mice, RIIp was
reexpressed in brain but not in adipose tissues, and the levels of
RIIP in brain were restored to ~50% of WT levels (Fig. 2B). The
locomotor activity of Syn-Cre/RIIB'*¥'°* mice was rescued to WT
level (Fig. 2 C and D), the body weight increased to WT levels (Fig.
2FE), and the major fat pads were comparable to WT mice and
significantly larger than those in RIIf KO mice (Fig. 2F). To
confirm these observations, we also created mice with brain-spe-
cific RIIp expression using a nestin-Cre transgenic line (Nes-Cre)
(19). RIIp was specifically expressed in the brain and not in BAT or
WAT of Nes-Cre/RIIB'~ mice (Fig. 2G). Similar to the Syn-Cre/
RIIB¥"* mice, reexpression of RIIB is only partial, but sufficient to
rescue the lean phenotypes, including hyperactivity (Fig. 2H), body
weight (Fig. 2I), reproductive fat pads (Fig. 27), and circulating
leptin (Fig. 2K). These results demonstrate that neuronal de-
ficiency in RIIB-PKA is the major cause of the elevated physical
activity and overall lean phenotype of RIIp KO mice.

Specific RIIp Reexpression in Striatum Reverses the Hyperactivity but
Not the Leanness. The striatum has the highest RIIp expression of
mouse brain regions and RIIp KO mice exhibit altered striatum-
dependent behaviors (7, 11). We speculated that the increased
nocturnal activity of RIIp KO mice was caused by RIIp deficiency
in the striatum (5). To examine this hypothesis we generated mice
with selective RIIP reexpression in striatal medium spiny neurons
(MSNs) by using Darpp32-Cre (D32-Cre) mice (20). In D32-Cre/
RIIB'Y~ mice, RIIp was exclusively reexpressed in the striatum
and remained undetectable in any of the peripheral tissues ex-
amined, including WAT, BAT, pituitary, thyroid, and adrenal
gland. (Fig. 34; Fig. S2). The level of RIIf expression in the
striatum was comparable between HET and D32-Cre/RIIB~
mice (Fig. 3B), indicating efficient Cre-induced recombination in
MSN:s. RII deficiency leads to greatly reduced total PKA activity
in the striatum due to decreased catalytic subunits (7). This de-
ficiency of PKA activity in the striatum was significantly restored
in D32-Cre/RIIB'~ mice (Fig. S2D).

The locomotor activity of D32-Cre/RIIB'~ mice was compa-
rable to HET control mice and significantly lower than RIIf KO
mice (Fig. 3 C and D). However, QMR measurements showed
that D32-Cre/RIIp'°~ mice remained as lean as RlIf KO control
mice, as determined by their body weight, fat, and LBM (Fig. 3
E-G). Consistent with their reduced fat content, D32-Cre/
RIIB¥~ and RIIp KO mice had significantly lower serum leptin
concentrations than the HET controls, although male D32-Cre/
RIIB'Y~ mice showed slightly higher leptin levels compared with
RIIp HET control mice (Fig. 3H). These data indicate that the
increased physical activity in RIIf KO mice is not the major cause
of their leanness.

RIIB-PKA in D2 Receptor Neurons Rescues the Hyperlocomotor
Phenotype. To determine the effect of RIIf in D1 (D1R-express-
ing) and D2 (D2R—expressin$) subtypes of MSNs on locomotion,
we generated D1R-Cre/RIIB~ and D2R-Cre/RIIB'~ mice. In
D1R-Cre/RIIB'~ mice, RIIp is expressed in all of the brain regions
examined, including striatum, cortex, hypothalamus, hippocampus,
and midbrain (Fig. 44; Fig. S34). This extensive expression of RIIp
is consistent with previous reports that D1R-Cre is expressed in
multiple brain regions known to express the D1 receptor (21). In
D2R-Cre/RIIP'™~ mice, RIIp is predominately expressed in the
striatum (Fig. 44; Fig. S34). Immunohistochemistry showed that
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Fig. 2. Neuronal RIIp expression rescues the lean and hyperlocomotor phenotypes of RIIp KO mice. (A) Breeding strategy for generation of RIIBY™ mice with
neuron-specific RIIp reexpression. (B) Western blot analysis showed that RIIp was expressed in brain but not in BAT or WAT of RIIB>Y" mice. (C) Average lo-
comotor activity traces of WT, RIIB'®/'°%, and RIIp>™ mice. Black bars depict dark cycles. (D) Locomotor activity, (E) body weight, and (F) total fat pads of WT,
RIIB'™¥1°% and RIIBY™ mice (n = 5-8 for each genotype and each sex). Values represent mean + SEM. *P < 0.05; **P < 0.01 compared with WT or as indicated. (G)
Immunoblots of RIIp in HET, RIIp'®¥~, and RIIBN® mice. (H) Locomotor activity, (/) body weight, (J) reproductive fat pads, and (K) serum leptin concentrations of
male HET (n = 8), RIIP'¥~ (n = 6), and RIIBN®* mice (n = 6) at 12 wk of age. Error bars are shown as SEM. *P < 0.05 compared with HET or as indicated.

RIIB is expressed mostly in dynorphin-negative MSNs in the striatum
of D2R-Cre/RIIB'~ mice (Fig. S3D), indicating that Cre-induced
recombination occurred in D2 neurons but not in D1 neurons. A
small number of cells showed costaining of dynorphin and RIIp as
shown by the arrowheads in Fig. S3D, suggesting that they might
express both DIR and D2R. Both D1R-Cre/RIIB'¥~ and D2R-Cre/
RIIB'~ mice had no detectable RIIp expression in peripheral tissues,
including BAT, WAT, pituitary, thyroid, and adrenal glands (Fig. S3
B and C). Quantification of striatal RIIp expression showed that
D1R-Cre,RII$'°~ and D2R-Cre,RIIB'“~ mice had about 60% and
40%, respectively, of HET level of RIIp expression (Fig. 4B).

Despite the extensive RIIp expression in the brain of D1R-Cre/
RIIB'¥~ mice, they continued to display hyperactivity similar to
RIIP'Y~ mice (Fig. 4 C and D). However, these mice had the
same body weight, adiposity, and serum leptin as HET controls
compared with RIIf'“¥~ mice (Fig. 4 E-G). By comparison, D2R-
Cre/RIIB'¥~ mice had lost the hyperactivity phenotype (Fig. 4 C
and D) but remained lean and displayed the same body weight,
adiposity, and serum leptin levels as the RIIf'¥~ mice (Fig. 4 E-
G). Thus, RIIB expression in D2 neurons reversed the hyperac-
tivity but not the leanness of RIIp KO mice, as observed in mice
with D32-Cre-mediated RIIf expression in the whole striatum
(Fig. 3). These data demonstrate that the increased locomotion
of RIIB KO mice requires RlIp deficiency in D2 neurons, whereas
the reduced adiposity is due to RIIp deficiency in extrastriatal
brain regions expressing the D1R-Cre. It is critical to note that
the D1R-Cre caused extensive reexpression of RIIP in the hy-
pothalamus as well other brain regions (Fig. S34).

Hyperactive and Lean Phenotypes Are Rescued by Rip2-Cre and Vgat-
ires-Cre-Driven Reexpression of RIIf. The hypothalamus plays
a pivotal role in energy homeostasis regulation, but we were
unable to find a specific Cre transgenic that would drive reex-
pression of RIIP only in hypothalamus. The rat insulin promoter-
driven Cre recombinase (Rip2-Cre) has been reported to drive
expression in hypothalamus as well as in f-cells of the pancreas, but
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it also shows activity in other brain regions (22). We generated
Rip2-Cre/RIIB'Y~ mice and found that RIIp expression was pri-
marily restricted to the hypothalamus and the striatum. Other
brain regions, including the cortex, hippocampus, thalamus, and
midbrain were either devoid of or had minimal RIIp expression
(Fig. 54). In the hypothalamus, Rip2-Cre-induced RIIp expression
was observed in the arcuate (ARC), ventromedial hypothalamic
(VMH), dorsomedial hypothalamic (DMH), and lateral hypo-
thalamus (LH) nucleus. The selective expression of Rip2-Cre in
striatum and hypothalamus has been previously reported (22).

As expected, the locomotor activity of Rip2-Cre/RIIp'°~ mice
was returned to HET levels, which is significantly lower than
RIIB'~ mice (Fig. 5B). In addition, the body weight, adiposity,
LBM, and serum leptin of Rip2-Cre/RIIB'Y~ mice were all in-
distinguishable from their HET controls, though significantly dif-
ferent from the RIIB'~ mice (Fig. 5 C-F). Because the D32-Cre/
RIIB'~ mice that express RIIp only in the striatum are lean like
their RIIB'¥ littermates (Fig. 3 D-G), we suggest that the rescue
of RIIB expression in the hypothalamus by Rip2-Cre was required
to reverse the lean phenotype.

The hypothalamus encompasses a diverse set of neurons in de-
fined anatomical nuclei; many express leptin receptors and have
been implicated in body weight regulation. To further define the
hypothalamic cell types in which RIIp deficiency influences adi-
posity, we tested a series of Cre transgenic mouse lines that acti-
vated RIIp expression in subsets of hypothalamic neurons, including
the paraventricular hypothalamic nucleus (PVH) [single-minded
1 (Sim1)-Cre], VMH [steroidogenic factor 1 (Sf1)-Cre], agouti-
related peptide (AgRP) neurons (Agrp-Cre), and proopiomelano-
cortin (POMC) neurons (Pomc-Cre). All Cre lines gave efficient
and region-specific activation of RIIp expression. However, none of
these lines reversed either the hyperactive or the lean phenotype of
RIIB KO mice (Fig. S4 A-C). These data suggested that RIIf in
hypothalamic cell types other than those defined by this subset of
Cre recombinase transgenics might be playing a role, or perhaps that
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Fig. 3. Selective RIIp expression in the striatum rescues locomotion but not adiposity. (A) Immunostaining of RIIp in the brain of HET, RII}'*~, and D32-Cre/
RIIB'~ (RIBP32?) mice. (B) Immunoblots and quantification of RIIp expression in the striatum of RIIB°32 mice compared with HET and RIIp'®~ mice. (C and D)
Locomotor activity Black bar in C indicates dark cycle., (E) body weight, (F) fat mass, and (G) lean mass as determined by QMR scan, and (H) serum leptin level
of HET, RII'®~, and RIIB®32 mice at 20 wk of age (n = 7-16 for each group). Data are expressed as mean + SEM. ns, not significant. *P < 0.05, **P < 0.01,

***P < 0.001, unpaired t test compared with HET control or as indicated.

the deficiency of RIIp is acting in multiple hypothalamic nuclei and
the lean phenotype is not dependent on a single neuronal subtype.

Leptin receptors (LepR) are expressed in both GABAergic and
glutamatergic neurons of the hypothalamus as well as in other
specific areas of the midbrain and brainstem. These leptin-
responsive “first-order” neurons are thought to be key regulators
of body weight, because a KO of the Lepr gene results in the rapid
onset of hyperphagia, decreased energy expenditure, and sub-
sequent obesity. The RIIf reexpression studies described above
implicate the hypothalamus as the site of the lean phenotype, but
our efforts to pinpoint a specific cell type were unsuccessful. A
recent study using a Vgat-ires-Cre to specifically eliminate the LepR
demonstrated that LepRs in GABAergic inhibitory neurons are the
key regulators of body weight (23). Using this Cre-expressing mouse
line, we have reexpressed RIIp only in GABAergic neurons to test
whether this subset of neurons is responsible for the lean and hy-
peractive phenotypes of RIIp KO mice. The Vgat-ires-Cre trig-
gered reexpression of RIIf in the DMH, ARC, and LH, but not the
VMH and PVH regions of the hypothalamus (Fig. 64), as expected,
because these latter areas are primarily composed of glutamatergic
neurons (23, 24). Reexpression of RII is also strong in the striatum
(Fig. 64), as expected, because the MSNs are all GABAergic. Other
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regions of the brain, such as cortex, hippocampus, and thalamus,
had much less RIIp reexpression in the Vgat-ires-Cre/RIIB'~ mice
(Fig. S54). RIIP reexpression was not activated in BAT and WAT
of the Vgat-ires-Cre/RIIp'®~ mice (Fig. S5B). As expected, due to
expression in the striatum, the ll/yperactivity was completely re-
versed in the Vgat-ires-Cre/RIIB~ mice (Fig. 6B). The lean phe-
notype, as assessed by fat-pads weight (Fig. S5C), QMR scan (Fig. 6
C-E), and serum leptin levels (Fig. 6F), was rescued in the Vgat-
ires-Cre/RIIB'/~ mice. We conclude from this result that the con-
tribution of RIIB-PKA to body weight regulation is dependent on
GABAergic neurons in the hypothalamus that are distinct from the
AgRP/neuropeptide Y (NPY) neurons that we can target with an
Agrp-Cre transgenic driver.

AAV1-Cre-Mediated RIIp Reexpression in the Hypothalamus Reverses
the Lean Phenotype. To activate RIIp expression specifically in the
hypothalamus, we injected a recombinant virus AAV1-Cre-GFP
bilaterally into the hypothalamus of RIIB'*¥'°* mice. Fig. 74 shows
that GFP-tagged Cre recombinase was expressed in multiple sub-
regions of the hypothalamus, including the DMH, VMH, LH, and
ARC. In these regions, RIIp expression was efficiently activated by
AAV-Cre infection but not by control AAV-ACre, which expressed
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an inactivated mutant Cre (Fig. 7B). The GFP-tagged Cre/ACre  more weight after surgery than control mice injected with the AAV-
localized to the nucleus, whereas reexpressed RIIp was localizedin ~ ACre (Fig. 7C). QMR analysis indicated that the greater weight
cytosol and neuronal projections (Fig. 7B). On regular chow diet, ~ gain was accompanied by more fat mass in AAV-Cre than AAV-
mice with hypothalamic AAV-Cre infection gained significantly ~ ACre-injected RIIB'™'°* mice (Fig. 7D). Accordingly, mice with
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Fig. 6. Selective RIIf reexpression in GABAergic neurons reverses the hyperactivity and leanness of RIIp KO mice. (A) Immunohistochemistry for RIIf ex-
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hypothalamic AAV-Cre infection had significantly higher levels of
serum leptin than control mice (Fig. 7E). These results indicate that
restoring RIIB-PKA only to the hypothalamus rescues cAMP sig-
naling and reverses the lean phenotype of RIIf KO mice.

Discussion

In this study, we demonstrate that the lean and hyperactive phe-
notypes of RIIp KO mice can be rescued by reexpression of RIIf in
the brain, but are not affected by reexpression of RIIp in white and
brown adipose tissue. More detailed analysis reveals that the in-
creased physical activity is dependent on loss of RIIf in the D2R-
expressing MSNs of the striatum, whereas the lean phenotype is
dependent on disruption of RIIf expression in the GABAergic
neurons of the hypothalamus. Interestingly, the increased loco-

motor activity of RIIp KO mice contributes little to their lean
phenotype because the hyperlocomotor activity can be completely
rescued by reexpression of RIIf in the striatum, and the lean
phenotype persists. Although we found this result surprising, it is
consistent with previous observations that physical activity is not
directly correlated to body fat content in mice (13), and that daily
activity does not drive differences in EE between two groups of
mice at room temperature (25).

A lean phenotype might develop in RIIf mice if they were
chronically hypophagic or displayed increased EE such that they
were in negative energy balance, but this would be expected to
lead to weight loss and failure to thrive. However, RIIf KO mice
actually appear to be slightly hyperphagic (4). We had previously
reported that RIIf KO mice have increased EE as determined
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Fig. 7. AAV1-Cre-mediated RIIp reexpression in the hypothalamus increases adiposity. (A) A representative section of the hypothalamus with AAV1-Cre-GFP
injection shows GFP expression in major subregions of the hypothalamus. 3V, third ventricle; ARC, arcuate nucleus; DMH, dorsomedial hypothalamus; LH,
lateral hypothalamus; VMH, ventromedial hypothalamus. () Immunohistochemical staining shows RIIp expression is activated in the hypothalamus of RIIp'®¥'°x
mice by AAV1-Cre-GFP infection but not by the control virus, AAV1-ACre-GFP infection. (C) Body-weight changes of male RIIB'®'°* mice with AAV1-Cre-GFP or
AAV1-ACre-GFP injection into the hypothalamus (n = 6 for each group). AAV1-Cre was injected at 7 wk of age, and the mice were killed at 17 wk. (D) Fat mass
and LBM of mice in C as determined by QMR assays at 16 wk of age. (E) Serum leptin levels of mice in C at 17 wk of age.
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indirectly by short-term measurements of oxygen consumption as
a function of total body weight. In light of recent discussions on
how best to normalize EE (26, 27), we have reevaluated EE by
indirect calorimetry on RIIp KO mice over a 2-d period. When
EE is expressed either per mouse or per LBM, we find no sig-
nificant difference between KO and WT males or females during
the day (basal state). However, during the dark cycle when the
mice are active, we found that males had a significant increase in
EE and the females also trended toward higher EE. This finding
suggests that RIIp KO mice have increased EE during their
period of hyperactivity, which is balanced by a slight increase in
food intake.

The striatum regulates motor behaviors and is densely in-
nervated by midbrain dopaminergic neurons. Dysfunction of ei-
ther dopaminergic neurons or striatal MSNs are associated with
the motor defects in Parkinson and Huntington disease (28).
PKA is an important downstream effector of dopamine signal-
ing. The classical model for the function of the G-protein cou-
pled receptor expressing D1IR and D2R MSNs suggests that
activation of D1R MSNs (direct pathway) promotes locomotion,
whereas activation of D2R MSNs (indirect pathway) inhibits
locomotion. Dopamine positively modulates DIR MSNs but
negatively modulates D2R MSNs, thus promoting locomotion by
its action on both pathways. D1R is coupled to Gas, leading to
stimulation of the cAMP-PKA pathway; D2R is G,-coupled,
leading to a negative regulation of cAMP-PKA signaling (29).
RIIB-PKA is the major PKA subtype in the striatum (8). We have
shown previously that RIIp deficiency leads to a compensatory
increase in type I R subunits but a dramatic decrease in total
PKA activity in the striatum (7). This decrease in PKA activity is
likely due to the release of free C subunit, which turns over
rapidly when not complexed in a holoenzyme with R subunits
(30). The RIIp KO mice exhibit deficits in c-fos and dynorphin
gene induction in DIR neurons and reduced induction of neu-
rotensin and c-fos by D2R antagonists (7, 11), suggesting that
both the direct and indirect pathways are affected by the RIIf
mutation. However, the rescue of the increased locomotor ac-
tivity by selective RIIp reexpression in D2R neurons but not in
D1R neurons suggests that the indirect pathway plays a domi-
nant role in the nocturnal hyperactivity phenotype.

Physical exercise and activity can be beneficial in preserving lean
body mass and preventing obesity-related morbidities. However,
research in humans and animal models indicate that physical ac-
tivity is not necessarily related to obesity predisposition (12, 13). In
contrast to the common belief that physical activity is a key factor in
obesity development in humans, studies have shown that energy
expenditure in activity may play less of a role in the development of
obesity than anticipated (31). Inactivity may be a consequence
rather than a cause of obesity in children (32). Over the long term,
increased physical activity is often offset by increased calorie
consumption to balance the energy equation (33). We found that
the increased physical activity and reduced adiposity of RIIf KO
mice are independent phenotypes and that rescue of the increased
locomotor activity by expression of RIIp in D2R neurons did not
rescue the lean phenotype.

We have previously shown that RIIp deficiency significantly
rescues the obesity of agouti yellow mice by decreasing their food
intake and increasing their energy expenditure (4, 5), suggesting
that RIIP deficiency regulates body weight by modulating hypo-
thalamic leptin and/or melanocortin pathways. We observed robust
RIIP expression in the hypothalamus and striatum with Rip2-Cre
but little expression in other brain regions; reexpression of RIIf
by Rip2-Cre rescues both the lean and hyperactive phenotypes.
In contrast, D32-Cre—induced RIIP expression specifically in
striatal MSNs completely rescues the hyperactivity without
affecting the lean phenotype. These experiments implicate the
hypothalamus as the anatomical site of RIIB-PKA’s effect on
adiposity, and this was confirmed directly by viral injection.

E1638 | www.pnas.org/cgi/doi/10.1073/pnas.1219542110

Bilateral injection of AAV1-Cre into the hypothalamus induced
RIIp reexpression in RIIB¥°% mice, causing an increase in body
weight, adiposity, and serum leptin. In an attempt to further lo-
calize the site of RIIB-PKA action, we selectively activated RIIp
expression using Cre-driver mice specific for the PVN (Sim1-Cre),
VMH (Sf1-Cre), AgRP neurons (Agrp-Cre), or POMC neurons
(Pomc-Cre), but found that none of these crosses were successful
in rescuing the leanness of RIIp KO mice. However, reexpression
of RIIP in GABAergic neurons with a recently developed Vgat-
ires-Cre strain (23) completely rescued both the lean and
hyperactive phenotypes.

A summary of the Cre driver lines used in this study and their
phenotype rescue is shown in Fig. 8. Vgat-ires-Cre activates RIIf
expression in multiple nuclei of the hypothalamus with the notable
exception of the PVN and VMH, where glutamatergic neurons
predominate (23, 24). In the arcuate nucleus, Vgat-ires-Cre was
shown to be expressed in neurons, including AgRP neurons but not
POMC neurons (23). These results demonstrate that RIIp deficiency
in glutamatergic neurons, including PVN, VMH, and POMC neu-
rons, is not essential for the development of a lean phenotype. It is
interesting to note that the vast majority of leptin’s antiobesity effects
are also mediated by leptin receptors in GABAergic neurons rather
than glutamatergic neurons (23). Recently, it was shown that GABA
release from hypothalamic Rip2-Cre neurons regulates energy bal-
ance by stimulating thermogenesis and EE without affecting food
intake (34). The overall phenotype of RIIp KO mice suggests that

Selective Rescue of Rescue of
Cre RIIB expression hyperactivity adiposity
aP2-Cre WAT, BAT no no
Syn-Cre all neurons yes yes
Nes-Cre all neurons yes yes
D32-Cre MSN yes no
D1r-Cre D1R neuron no yes
D2r-Cre D2R neuron yes no
RIP2-Cre MSN, Hypothalamus yes yes
Vgat-Cre GABAergic neuron  yes yes
Sim1-Cre PVN no no
Sf1-Cre VVMH, adrenal, no no

gonads
Agrp-Cre Arcuate no no
Pomc-Cre Arcuate no no
AAV1-Cre Hypothalamus ND yes

RIIB ISH (Allen Brain Atlas)

_____

RIIB-PKA ) Hypothalamic
neurons

GABA signaling

D2 MSN

indirect pathway

Locomotor activity Adiposity

Fig. 8. Summary model. Summary of all Cre-induced RIIp reexpression
paradigms used in this study and their physiological effects. The diagram
illustrates the differential regulation of locomotion and adiposity by RIIp-
PKA in striatal D2R neurons and hypothalamic GABAergic neurons. ND,
not determined.
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they might have enhanced GABA release from Rip2-Cre neurons in
response to leptin. We postulate that changes in PKA signaling in the
hypothalamus of RIIf KO mice has increased the strength or du-
ration of the intracellular signals that emanate from LepR occu-
pancy on GABAergic neurons; this has important therapeutic
implications, because drugs targeting the cAMP system (phospho-
diesterase inhibitors) are already used clinically, and protein kinases
make excellent therapeutic targets (35).

Materials and Methods

Animals. Mice were housed at 22-24 °C with a 12-h light/dark cycle. Standard
mouse chow (Picolab 20, 4.5% fat) and water were freely available
except where otherwise indicated. All procedures were approved by the
Institutional Care and Use Committee of the School of Medicine of the
University of Washington. Mice carrying the conditional RIIp allele were
generated by inserting a loxP-flanked neomycin resistance gene (neo-STOP)
into the Rsrll site ~50 bp upstream of the RIIB ATG codon. Using standard ES
cell procedures, germ-line-transmitting chimeric animals were obtained and
then backcrossed with C57BL/6 for at least six generations. Offspring tail-
genomic DNA was extracted and genotyped by PCR using three primers: 1,
5’/AGGAGCTGGAGATGCTGCCAA3'; 2, 5 TCAGCACCTCCACCGTGAA3’; and 3,
5'GTGGTTTGTCCAAACTCATCAATGT3'. Primers 1 and 3 detect the LoxP-
modified allele (as well as the knockout allele with non-loxP-modified neo-
STOP cassette insertion at the same site), whereas primer 1 and 2 detect the
WT RIIp allele as well as the Cre-excised allele. During the breeding of Syn-
Cre/RIIB'¥'* mice, we occasionally observed germ-line recombination, which
could be detected by primer 1 and 2 (giving a PCR product 40-bp larger than
that from WT alleles). These mice were eliminated from the studies. To min-
imize the occurrence of germ-line recombination, an alternative breeding
strategy involving the RIIB™" mice was carried out for all of the other Cre
transgenic lines (Fig. 1F). All Cre transgenic lines used in this study have been
previously reported: aP2-Cre (16), Syn-Cre (17), Nes-Cre (19), D32-Cre (20), D1R-
Cre (21), D2R-Cre (36), Rip2-Cre (37), Sim1Cre (38), Sf1Cre mice (39), Agrp-Cre
(40), Pomc-Cre (41), and Vgat-ires-Cre (23).

Locomotor Activity and Indirect Calorimetry. Locomotor activity of individual
animals was measured at 16-20 wk of age in an activity chamber (47 x 25 x
21 cm) equipped with photobeams (San Diego Instruments). Ambulations
are scored as interruption of consecutive beams and converted to meters
based on the distance between the beams. EE and RER were measured using
an open-circuit indirect calorimeter (Oxymax; Columbus Instruments). Eight
mice were simultaneously measured at one time for a period of 48 h (two
light and two dark cycles). Just before taking metabolic measurements for
each mouse, lean tissue mass was assessed using QMR methods (EchoMRI-
100; Echo Medical Systems) on the unsedated animal. VO, and VCO, for each
mouse were standardized to its lean mass.

Body Weight and Adiposity. Mice were killed with CO,, and the reproductive
WAT pads were weighed and normalized to body weight. Body composition
(fat and lean mass) was determined by QMR methods (EchoMRI-100; Echo
Medical Systems).

Western Blot. Intrascapular BAT, epididymal WAT, and brain samples were
homogenized with a Polytron in lysis buffer (250 mM sucrose, 20 mM Tris-Cl
(pH 7.5), 2 mM EDTA, 1% Triton X-100, 0.5% deoxycholic acid) supple-
mented with protease inhibitors (1 pg/mL leupeptin, 3 pg/mL aprotinin,

1. Cummings DE, et al. (1996) Genetically lean mice result from targeted disruption of
the RIl beta subunit of protein kinase A. Nature 382(6592):622-626.

2. Schreyer SA, Cummings DE, McKnight GS, LeBoeuf RC (2001) Mutation of the Rilbeta
subunit of protein kinase A prevents diet-induced insulin resistance and dyslipidemia
in mice. Diabetes 50(11):2555-2562.

3. Enns LC, et al. (2009) Disruption of protein kinase A in mice enhances healthy aging.
PLoS ONE 4(6):5963.

4. Czyzyk TA, Sikorski MA, Yang L, McKnight GS (2008) Disruption of the Rilbeta subunit
of PKA reverses the obesity syndrome of Agouti lethal yellow mice. Proc Nat! Acad Sci
USA 105(1):276-281.

. Newhall KJ, Cummings DE, Nolan MA, McKnight GS (2005) Deletion of the
Rllbeta-subunit of protein kinase A decreases body weight and increases energy
expenditure in the obese, leptin-deficient ob/ob mouse. Mol Endocrinol 19(4):
982-991.

6. Nolan MA, Sikorski MA, McKnight GS (2004) The role of uncoupling protein 1 in the

metabolism and adiposity of Rl beta-protein kinase A-deficient mice. Mol Endocrinol
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40 pg/mL soybean trypsin inhibitor), sonicated, and cleared by centrifugation
(10,000 x g, 10 min). Protein concentration in the supernatant was de-
termined by BCA assay (Pierce; 23227). Protein (10 ug) in 1x sample buffer
[62.5 mM Tris-Cl (pH 6.8), 2% (wt/vol) SDS/5% glycerol/0.05% (wt/vol) bro-
mophenol blue] was separated by 8% SDS/PAGE and transferred to nitro-
cellulose (Schleicher & Schuell) by electrophoresis. Blots were blocked [5%
nonfat milk in Tris-buffered saline and Tween 20 (TBST)] for 2 h at room
temperature and probed (2 h at room temperature or overnight at 4 °C)
with mouse anti-RIIf (BD Transduction Laboratories). Blots were washed in
TBST. HRP-conjugated secondary antibodies (Jackson ImmunoResearch)
were applied at 1:10,000 dilution in TBST plus 5% nonfat milk and incubated
1-2 h at room temperature. After washing, HRP was detected using an ECL
assay kit (Amersham Biosciences).

Stereotaxic Viral Injection. AAV1-Cre-GFP and AAV1-ACre-GFP (42) were bi-
laterally injected into the hypothalamus (2.2 x 10" viral genome per mi-
croliter) of 7-wk-old male RIIB'®”'°* mice. Two-site injections of 0.5 uL per site
were performed for each side at the coordinates x = +£0.5, y = —1.4, and
z = -5.6 and —5.0, which corresponds to ventral and dorsal hypothalamus,
respectively. GFP fluorescence was used to identify the virally infected areas.
RIIB immunohistochemistry was used to show the activation of RIIf expres-
sion. Body weight was monitored before and after virus injection for each
mouse. Results from animals that received injections at the correct site as
determined by GFP fluorescence were included in analyses.

Immunohistochemistry. Adult mice were anesthetized with pentobarbital and
perfused by cardiac puncture with PBS followed by ice-cold PBS-buffered 4%
paraformaldehyde. Brains were removed and postfixed for 2 h followed by
cryopreservation in 25% sucrose solution (wt/vol) overnight and subsequent
freezing in OCT compound (Tissue-Tek). Cryosections (20 um) were taken on
a cryostat and allowed to air dry on slides, followed by processing or pres-
ervation at -80 °C. For immunohistochemistry, sections were washed for
10 min in PBS, followed by incubation in blocking solution (10% normal goat
serum; 0.2% Triton X-100; 2% BSA; PBS) for at least 1 h at room tempera-
ture. Primary antibodies were applied in blocking solution and incubated
overnight at 4 °C. Sections were washed at least three times with 5-min
incubations in PBS plus 0.2% Triton X-100. Then a fluorescence-labeled
secondary antibody was applied in blocking solution and incubated at room
temperature for 2 h, followed by five washes with PBS plus 0.2% Triton X-
100. Sections were mounted with VectaShield medium (Vector Laboratories)
and analyzed on a confocal microscope (Keck Microscopy Facility, University
of Washington).

Leptin Measurements. Mice were killed by CO, gas. Whole blood was col-
lected by cardiac puncture. The serum was collected and assayed for leptin
concentration by ELISA (Millipore; EZML-82K).

Statistical Analysis. Statistical significance was determined using an unpaired
two-tailed Student t test or ANOVA. Data are presented as the mean + SEM.
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