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Summary
Cre-loxP technology enables specific examination of the function and development of individual
nuclei in the complex brain network. However, for most brain regions, the utilization of this
technique has been hindered by the lack of mouse lines with Cre expression restricted to these
regions. Here, we identified brain expressions of three transgenic Cre lines previously thought to
be pancreas-specific. Cre expression driven by the rat-insulin promoter (Rip-Cre) was found
mainly in the arcuate nucleus, and to a lesser degree in other hypothalamic regions. Cre expression
driven by the neurogenin 3 promoter (Ngn3-Cre mice) was found in the ventromedial
hypothalamus. Cre expression driven by the pancreas-duodenum homeobox 1 promoter (Pdx1-
Cre) was found in several hypothalamic nuclei, the dorsal raphe and inferior olivary nuclei.
Interestingly, Pdx1-Cre mediated deletion of vesicular GABA transporter led to postnatal growth
retardation while Ngn3-Cre mediated deletion had no effects, suggesting a role for Pdx1-Cre
neurons, but not pancreas, in the regulation of postnatal growth. These results demonstrate the
potential for these Cre lines to study the function and development of brain neurons.
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The Cre-loxP technique has proven to be one of the most efficient approaches to tackle the
complexity of physiologic processes (Gaveriaux-Ruff and Kieffer, 2007). In the brain,
studies based on this technology have shed new lights on important functions of individual
groups of neurons in neural pathways underlying various brain functions (Balthasar, 2006;
Morozov et al., 2003). In addition, Cre-loxP technology has provided an unprecedented
advantage in developmental lineage studies in peripheral tissues (Gu et al., 2003) and in the
brain (Kim and Dymecki, 2009). However, for most brain regions, the usage of Cre-loxP
technology has been greatly hindered by the lack of mouse lines with specific Cre
expression in these regions. Generation and identification of mouse lines with specific Cre
expression in novel groups of neurons would greatly facilitate studies on brain development
and function.
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Recent studies have shown that mice with Cre expression driven by the rat insulin promoter
(Rip-Cre mice) express Cre in the hypothalamus and suggested a possible role for these
neurons in the regulation of energy homeostasis (Choudhury et al., 2005; Covey et al., 2006;
Kubota et al., 2004; Lin et al., 2004; Mori et al., 2009). However, the expression pattern of
Cre in the hypothalamus of Rip-Cre mice has not been described in detail. To investigate
this, we mated Rip-Cre mice with E/ZG mice, in which the expression of green fluorescent
protein (GFP) is dependent on Cre activity (Novak et al., 2000). GFP-positive neurons were
mainly located in the hypothalamus (Figs. 1a,b). Scattered GFP-positive neurons were also
found in the cortex and striatum (Figs. 1a,b,b’). Within the hypothalamus, GFP-positive
neurons were located in the suprachiasmatic nucleus (SCN) (Fig. 1a’), the ventral medial
hypothalamus (VMH), the dorsal medial hypothalamus (DMH) (Fig. 1b”), the medial
tuberal region (mTu) (Fig. 1b), and were particularly concentrated in the arcuate nucleus of
the hypothalamus (Arc) (Fig. 1b”). Interestingly, some glia-like structures in the
hypothalamus (arrowheads in Fig. 1a’, b”), the gigantocellular region and the raphe area of
brain stem were also positive for GFP (Fig. 1c and arrowheads in Fig. 1c’).

Neurogenin 3 (Ngn3) is a transcriptional factor required for the development of the pancreas
and is turned on in progenitors that develop into endocrine cells of the pancreas (Gu et al.,
2003; Herrera et al., 2002). Pdx1 is a transcriptional factor required for the development of
the pancreas and foregut (Gu et al., 2003). Both Ngn3-Cre and Pdx1-Cre mice were thought
to express Cre only in these peripheral regions (Gu et al., 2002, 2003), and were extensively
used to manipulate gene expressions in the pancreas (Lee et al., 2007; Lu et al., 2004;
Vincent et al., 2009; Wells et al., 2007). However, both Ngn3 (Sommer et al., 1996; Wang
et al., 2001) and Pdx1 (Perez-Villamil et al., 1999; Schwartz et al., 2000) have been reported
to be expressed in the brain. These results prompted us to speculate the possibility that
Ngn3-Cre and Pdx1-Cre also have brain expression. To test this, we examined GFP
expression in the brains of Ngn3-Cre and Pdx-Cre mice crossed with Z/EG mice.

In Ngn3-Cre,Z/EG mice, GFP immunoreactivity was only found in the hypothalamus.
Within the hypothalamus, numerous neurons in the VMH and very scattered neurons in the
Arc and DMH were positive for GFP (Fig. 2a,c). SF1-Cre is known to specifically express
Cre in VMH neurons (Tong et al., 2007). As expected, SF1-Cre expression was limited to
the VMH (Fig. 2b,d). However, SF1-Cre positive neurons were more concentrated in the
dorsal medial part of the VMH whereas Ngn3-Cre positive neurons were more concentrated
in the ventral lateral part (see comparison between Fig. 2a,b; Fig. 2c,d). As shown in the
micrograph with higher magnification, within the VMH of Ngn3-Cre mice, numerous
neurons were GFP positive (Fig. 2a’,b’). It would be interesting to know whether SF1-Cre
and Ngn3-Cre express in 2 distinct groups, or two different groups of VMH neurons with
partial overlap. Nonetheless, using a combination of Ngn3-Cre and SF1-Cre will achieve
more targeting of VMH neurons.

In Pdx1-Cre, Z/EG mice, numerous Cre-expressing neurons were found in the medial
preoptic area (MPA) (Fig. 3a,a’), in the Arc, the DMH, the lateral hypothalamus (LH) (Fig.
3c,c’), the raphe nucleus (Fig. 3d) and the inferior olivary nucleus (ION) (Fig. 3e). Notably,
none of Pdx1-Cre positive neurons were found in the paraventricular hypothalamus (PVH)
or SCN neurons (Fig. 3b), and only a negligible number of neurons were positive in the
VMH (Fig. 3c). However, numerous GFP-positive fibers were observed in the PVH (Fig.
3b,b’), suggesting a direct projection from Pdx1-Cre neurons to this region.

The ION is the sole source of climbing fibers, which synapse on the dendrites of Purkinjie
neurons in the cerebellar cortex (Sugihara, 2006). The abundant expression of Pdx1-Cre
provides a system to visualize the projection from the ION to the cerebellar cortex. Indeed,
in Pdx1-Cre,Z/EG mice, GFP-positive fibers constituting the inferior cerebellar peduncle
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(ICP) were observed emanating from the ION (Fig. 4a). These fibers then extended dorsally
toward the cerebellum (Fig. 4b) and diffused into cerebellar structures (Fig. 4c). Notably,
numerous GFP-positive fibers were observed running transversely in the cerebellar cortex
(Fig. 4d), indicative of climbing fibers. Thus, Pdx1-Cre mice provide a useful tool to study
the function and development of climbing fibers.

Hypothalamic Cre expression of these lines offers an opportunity to study the function of
Cre-expressing neurons in the hypothalamus using Cre-loxP technology. Indeed, Rip-Cre
mice have been used in a number of studies to examine the function of hypothalamic
neurons in energy homeostasis (Choudhury et al., 2005; Covey et al., 2006; Lin et al., 2004;
Mori et al., 2009). However, due to concurrent deletion in pancreatic islets, data
interpretation of these studies was confounded by possible roles from pancreatic islets.
Given the common expression in pancreatic islets and differential expression in the brain of
Rip-Cre and Ngn3-Cre mice, these Cre lines may be used in a binary fashion to identify
gene functions in brain neurons. Deletion mediated by Ngn3-Cre can be used to eliminate
potential confounding effects from the pancreas in the above mentioned studies. On the
other hand, Pdx1-Cre mice have been used to examine the function of various genes in the
pancreas related to glucose homeostasis (Lee et al., 2007; Lu et al., 2004; Morioka et al.,
2007). As brain regions with Pdx1-Cre expression are also involved in glucose homeostasis
(Coppari et al., 2005; Kokorovic et al., 2008; Lam et al., 2005; Obici et al., 2002; Pocai et
al., 2005), it might be possible that deletion mediated by Pdx1-Cre in brain neurons
contributes to the glucose phenotype described in these studies. Therefore, further
investigations are required to distinguish the function of the pancreas from the
hypothalamus.

The hypothalamus consists of diverse groups of neurons with distinct functions. How the
diversity evolves is less understood. Rip-Cre, Ngn3-Cre, and Pdx1-Cre have been
extensively used for cell lineage studies in pancreas development. The expression of these
Cre lines in the hypothalamus will be useful to study developmental lineages of these
hypothalamic Cre-expressing neurons. In this regard, Ngn3-Cre targets a different group of
neurons in the VMH from SF1-Cre neurons (with possible overlap), and it would be
interesting to determine cell lineages of Ngn3-Cre and SF1-Cre neurons.

To demonstrate the usage of these Cre lines in a binary fashion, we crossed both Pdx1-Cre
and Ngn3-Cre with mice bearing the conditional allele of vesicular GABA transporter
(Vgatflox/flox). Vgatflox/floxmice were generated previously to achieve neuron-specific
ablation of release of GABA, the major inhibitory neurotransmitter in the brain (Tong et al.,
2008). To confirm Cre-mediated deletion of Vgat in the hypothalamus, we performed
genomic PCR for the presence or absence of lox P flanked genomic sequence in Pdx1-Cre,
Vgatflox/+ mice (Fig. 5a). A band that corresponds to the null allele of Vgat (i.e., deletion of
the loxP flanked genomic sequence) was observed in both hypothalamus and pancreas (Fig.
5b). A similar genomic deletion was also observed in Ngn3-Cre, Vgatflox/+ mice (data not
shown). These results suggest concurrent deletion of Vgat in the hypothalamus and pancreas
mediated by both Cre lines. Interestingly, while these mice had normal body weight at two
weeks old, Pdx1-Cre, Vgatflox/flox mice showed greatly reduced body weight at three and
five weeks old (Fig. 5c), indicative of a specific postnatal development defect. Consistently,
these mice exhibited a shorter statue (data not shown). Ngn3-Cre, Vgatflox/flox mice, in
contrast, showed completely normal growth, compared with controls (Fig. 5d). Taken
together, these results demonstrate that GABA release from Pdx1-Cre expressing neurons,
but not pancreatic islets, is required for normal postnatal development.

It is unknown whether brain expressions of Cre in these transgenic lines reflect the
endogenous activities of these promoters. Notably, VMH-specific expression of Ngn3-Cre is
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consistent with previously reported expression of Ngn3 in the ventral medial part of the
hypothalamus (Sommer et al., 1996). Pdx1 was also reported to be expressed in the
hypothalamus (Perez-Villamil et al., 1999; Schwartz et al., 2000). To determine the onset of
Pdx1-Cre expression in the brain during development, we crossed Pdx1-Cre with a Cre-
dependent expression of red fluorescent protein (RFP) reporter mouse line Ai9 (Madisen et
al., 2010) and looked for RFP expression in embryonic days 7 (E7) and 10 (E10). The RFP
expression in Ai9 reporter line can be directly visualized under the fluorescent microscope
(Madisen et al., 2010). At E7, no RFP signal was observed (data not shown) while at E10, a
specific subset of neurons with strong RFP signal was observed in brain region (Fig. 6a,b),
suggesting Pdx1-Cre was turned on between E7 and E10. The expression of insulin in the
brain seems to be controversial although studies have suggested insulin expression in the
brain (Gerozissis, 2003; Grunblatt et al., 2007; Hrytsenko et al., 2007; Madadi et al., 2008).
To examine whether the insulin promoter is intrinsically active in the brain and whether it is
active in the adult brain, we used another Cre transgenic line driven by the same insulin
promoter as in the Rip-Cre transgene: Rip-CreER. In this line, Cre is sequestered in the
cytoplasm due to its fusion with an inactive estrogen receptor (ER). Upon Tamoxifen (Tam)
administration, activation of ER will translocate Cre from the cytoplasm to the nucleus.
Therefore, cleavage of genomic sequence can be induced by Tam administration at any
desired time point (Danielian et al., 1998). Rip-CreER, Ai9 mice were treated with either
Tam or vehicle at eight weeks old. With vehicle administration, these mice showed only a
few neurons positive for RFP in the hypothalamus (Fig. 6c), suggestive of low level of leaky
expression. However, with Tam administration, these mice showed substantial number of
RFP positive neurons in the hypothalamus (Fig. 6d), reminiscent of Rip-Cre expression.
These results suggest that Rip-CreER is expressed in the adult hypothalamus, and therefore
can be used to study the function of adult brain neurons. Taken together, the finding that
Rip-Cre (Rip-CreER), Ngn3-Cre and Pdx1-Cre all express Cre in the hypothalamus suggests
that hypothalamic activities of these promoters might be intrinsic. According to the
developmental paradigm of the pancreas, insulin-expressing β cells are a subset of Ngn3-
expressing endocrine cells, and the latter are a subset of the endocrine part of Pdx1-
expressing pancreas (Gu et al., 2003). However, in the hypothalamus, Rip-Cre expresses in
the Arc, SCN, VHM, DMH and mTu; Ngn3-Cre only expresses in the VMH whereas Pdx1-
Cre expresses in the Arc, DMH, LH, and MPA, but not in the VMH or SCN. Therefore, it
seems that the transcriptional profiles of these promoters in the hypothalamus are distinct
from those in the pancreas.

METHODS
Mice

Rip-Cre transgenic mice (B6.Cg-Tg(Ins2-cre)25Mgn/J), Ngn3-Cre transgenic mice
(B6.FVB(Cg)-Tg(Neurog3-cre)-C1Able/J), Z/EG transgenic mice (Tg(CAG-Bgeo/
GFP)21Lbe/J), Ai9 reporter mice (B6.Cg-Gt(ROSA)26-Sortm9(CAG-tdTomato)Hze/J) and Rip-
CreER (Tg(Ins2-cre/Esr1)1Dam/J) were purchased from the Jackson Laboratory. Pdx1-Cre
mice were obtained from Dr. Doug Melton of Harvard University. To permit the
identification of Cre-expressing neurons in the brain, these Cre lines were mated either with
a Cre-dependent expression of GFP reporter line E/ZG mice or with a Cre-dependent
expression RFP reporter line Ai9 mice. The Cre genotyping primers were: 5′GCG GTC
TGG CAG TAA AAA CTA TC 3′ and 5′ GTG AAA CAG CAT TGC TGT CAC TT 3′. Z/
EG genotyping primers were 5′ AAG TTC ATC TGC ACC ACC G 3′ and 5′ TCC TTG
AAG AAG ATG GTG CG 3′. Pdx1-Cre or Ngn3-Cre mice were first crossed with
Vgatflox/flox mice. The resulting mice with both Cre and Vgatflox/+ positive (Cre,Vgatflox/+)
were further crossed with Vgatflox/flox mice to generate Cre,Vgatflox/flox mice. Study
subjects were littermates of breeding pairs of Cre,Vgatflox/flox mice and Vgatflox/flox mice.
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All animal experiments were approved by the Institutional Animal Care and Use Committee
of Beth Israel Deaconess Medical Center and the Animal Welfare Committee of the
University of Texas Health Science Center at Houston.

Immunostaining and Histology
Adult Mouse (eight weeks old) brains were obtained after transcardiac perfusion with 10%
neutral buffered formalin and sectioned into five series of 25 μM thickness (Sliding
Microtome, Leica). For Z/EG reporter mice crossed with various Cre lines, one of the series
was immunostained for GFP with an anti-GFP serum (Invitrogen, Carlsbad, CA) and
visualized with a secondary antibody conjugated to avidin-biotin complex and further
development in diaminobenzidine solution (brown) (Jackson ImmunoResearch Lab, West
Grove, PA), or with a secondary antibody conjugated to alexa 488 (green flurorescein)
(Jackson ImmunoResearch Lab, West Grove, PA). For Ai9 reporter mice crossed with
various Cre lines, red fluorescent protein (RFP) expression was directly visualized under the
fluorescent microscope. Results were visualized and recorded by fluorescence or bright-field
microscopy (Zeiss Axioskop Microscope).

Embryo Collection and Tamoxifen Injection
For embryo collection, adult males and females (eight weeks old) were paired for one night.
The morning of visual appearance of vaginal plug was designated as embryonic day 0.5
(E0.5). E7 and E10 embryos were obtained and genotyped for the presence of both Cre and
reporter transgenes. The bigenic embryos were sectioned using cryostat microtome and
examined for reporter expression. For Tamoxifen (Tam, Sigma) injection, eight weeks old
Rip-CreER,Ai9 mice were administrated intraperitoneally with either Tam (dissolved in
corn oil) at the concentration of 20 mg/kg or vehicle (corn oil) once a day for continuous
three days. After one week of last injection, the mice were perfused, the brain was obtained
for sectioning and RFP expression was examined.
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FIG. 1.
The expression of Rip-Cre in the brain. GFP immunostaining was performed in brain
sections of Rip-Cre, Z/EG mice and visualized with a secondary antibody conjugated to
avidin-biotin complex and further development in diaminobenzidine solution. Note that GFP
immunoreactivity is mainly located in the hypothalamus. a: At Bregma level of −0.34 mm, a
subset of SCN neurons, and scattered neurons in the cortex and striatum are positive for
GFP. (a’) The enlarged view of the boxed area in a showing GFP-positive neurons in the
SCN. Note that the arrowhead points to glia-like immunoreactive structure. (b) At Bregma
level of −1.82 mm, a subset of VMH neurons, mTu neurons and DMH neurons, numerous
Arc neurons and scattered neurons in the cortex and striatum are positive for GFP. (b’) The
enlarged view of the boxed area in the cortex in b showing GFP-positive neurons in the
cortex. (b”) The enlarged view of the boxed area in b showing numerous Arc neurons and a
subset of VMH neurons are GFP positive. The arrowhead points to glial-like structure. (c)
At Bregma level of −6.12 mm, a subset of glia-like structures in the gigantular and raphe
areas of the brain stem are also positive for GFP. (c’) The enlarged view of GFP-positive
glia-like structures in the boxed area in c. The arrowhead points to glial-like structure. Cx,
cortex; St, striatum; SCN, suprachiasmatic nucleus; Th, thamalus; Hy, hypothalamus; VMH,
ventromedial hypothalamus; mTu, medial tuberal region; DMH, dorsal medial
hypothalamus; Arc, arcuate nucleus; Gt, gigantular area. 3: the third ventricle. Scale bar =
100 μM (in a–c) or 25 μM (in a’, b’, and b”) or 12.5 μM (in c’).
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FIG. 2.
The expression of Ngn3-Cre and SF1-Cre in the hypothalamus. GFP immunostainings were
performed in Z/EG mice bred with Ngn3-Cre or SF1-Cre mice. a and b show GFP
immunoreactivity at Bregma level of −1.70 mm; c and d show GFP immunoreactivity at
Bregma level of −1.94 mm. a and c show GFP immunoreactivity in Ngn3-Cre, Z/EG mice
whereas b and d show GFP immunoreactivity in SF1-Cre, Z/EG mice. In Ngn3-Cre, Z/EG
mice, some scattered neurons in the DMH and Arc are also positive for GFP (arrows in a). a’
and b’: The enlarged views of the boxed areas in a and c, respectively, showing GFP-
positive neurons in the VMH. Note that, within the VMH, Ngn3-Cre expressing neurons are
more concentrated in the ventrolateral part of the VMH whereas SF1-Cre expressing
neurons are more concentrated in the dorsal medial part of the VMH. VMH, ventral medial
hypothalamus; Arc, arcuate nucleus; DMH, dorsal medial hypothalamus; Dm, dorsal medial;
vl, ventral lateral; 3, the third ventricle. Scale bar = 100 μM (in a-d) or 25 μM (in a’ and b’).
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FIG. 3.
Expression of Pdx1-Cre in the brain. GFP immunostaining was performed in Pdx1-Cre, Z/
EG mice. (a–e) GFP-positive structures in brain sections from rostral to caudal regions. GFP
positive neurons were found in the anterior part of the MPA (a); the Arc, DMH, and LH, but
not in VMH (c); in the raphe nucleus (d) and in the ION (e). GFP positive fibers were found
in the PVH (b). a’–c’: The enlarged views of boxed areas in a, b, and c, respectively,
showing GFP-positive neurons (a’ and c’) and fibers (b’). Note that Pdx1-Cre expressing
neurons are not found in the PVH or the SCN (c). MPA, medial preoptic area; PVH,
paraventricular hypothalamus; SCN, suprachiasmatic nucleus; Arc, arcuate nucleus; VMH,
ventromedial hypothalamus; DMH, dorsal medial hypothalamus; LH, lateral hypothalamus;
DR, dorsal raphe; ION, inferior olivary nucleus; 3, the third ventricle. Scale bar = 100 μM
(in a–c) or 25 μM (in a’–c’).
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FIG. 4.
Projections from the ION to the cerebellum. GFP immunostaining was performed in PDX1-
Cre, Z/EG mice and developed with flurorescein-conjugated secondary antibody. The
immunoreactive structures were then converted into a white pseudocolor when the pictures
were taken using a fluorescent microscope. GFP immunoreactive neurons and fibers
emanating from ION (a), GFP immunoreactive fibers extended toward the cerebellum (b)
and diffused into the cerebellum (c). Numerous GFP positive fibers were found running
transversely through the cerebellar cortex reminiscent of climbing fibers (d). ICP, inferior
cerebellar peduncle; ION, inferior olivary nucleus; CF, climbing fibers; ML, molecular
layer; PC, purkinjie cell layer. Scale bar = 100 μM.
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FIG. 5.
Function of Pdx1-Cre neurons in growth regulation. (a) Vgatflox/flox allele and the cre-
mediated inactivation; (b) genomic PCR for the presence for loxP and the deletion of loxP
flanked genomic sequence in Vgatflox/flox allele using primers indicated in a in various types
of tissues indicated. P1 and P2 are the primers for detecting the presence of the loxP site
whereas P1 and P3 for detecting the deletion of the loxP flanking sequence. Pt, pituitary;
Hyp, hypothalamus; Ceb, cerebellum; Cox, cortex; St, striatum; Pan, pancreas; Duo,
duodenum; Mus, muscle; Kid, kidney. c; body weight of Pdx1-Cre, Vgatflox/flox mice and
their controls at two, three, and five weeks old, *<0.05.
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FIG. 6.
Developmental expression of Pdx1-Cre and adult expression of Rip-CreER. Both Pdx1-Cre
and Rip-CreER mice were bred with Ai9 mice. In Pdx1-Cre, Ai9 mice, RFP was looked for
in the sections of embryos E10. A specific group of neurons in the brain region of the
embryo express intense RFP (a, arrow). (b) The amplified picture of the boxed area in panel
a, demonstrating RFP-positive neurons (arrow). Rip-CreER, Ai9 mice were administrated
with either vehicle or Tam at eight weeks old. A few neurons were RFP positive with
vehicle treatment (c) while abundant neurons were found to express RFP with Tam
treatment (d). VMH, ventromedial hypothalamus; Arc, arcuate nucleus; 3, the third
ventricle; −Tam, without Tam treatment; +Tam, with Tam treatment. Scale bar = 100 μM.
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