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Excitatory glutamatergic neurons are part of most of the neuronal circuits in the mammalian nervous system.
We have used BAC-technology to generate a BAC-Vglut2::Cre mouse line where Cre expression is driven by
the vesicular glutamate transporter 2 (Vglut2) promotor. This BAC-Vglut2::Cre mouse line showed specific
expression of Cre in Vglut2 positive cells in the spinal cord with no ectopic expression in GABAergic or
glycinergic neurons. This mouse line also showed specific Cre expression in Vglut2 positive structures in the
brain such as thalamus, hypothalamus, superior colliculi, inferior colliculi and deep cerebellar nuclei together
with nuclei in the midbrain and hindbrain. Cre-mediated recombination was restricted to Cre expressing
cells in the spinal cord and brain and occurred as early as E 12.5. Known Vglut2 positive neurons showed
normal electrophysiological properties in the BAC-Vglut2::Cre transgenic mice. Altogether, this BAC-Vglut2::
Cre mouse line provides a valuable tool for molecular genetic analysis of excitatory neuronal populations
throughout the mouse nervous system.
.Kiehn@ki.se (O. Kiehn).
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Introduction

Excitatory glutamatergic neurons are located throughout the
mammalian brain and spinal cord and are important components in
the majority of neuronal circuits in the nervous system. Vesicular
glutamate transporters are responsible for transport of glutamate into
presynaptic vesicles and so far three different vesicular glutamate
transporters – Vglut1-3 – have been described (Aihara et al., 2000;
Bellocchio et al., 2000; Fremeau et al., 2002; Herzog et al., 2001;
Takamori et al., 2002; Takamori et al., 2000, 2001; Varoqui et al.,
2002). Today these transporters are used as tools for functional
studies of glutamatergic neurons, since the combined expression of
the Vglut isoforms seems to cover all known glutamatergic neurons
(Fremeau et al., 2004a; Fremeau et al., 2004b; Moriyama and
Yamamoto, 2004) with a distribution of expression that to a large
extent is complementary. Vglut1 expression is high in the cerebral
cortex and hippocampus, while Vglut2 is expressed in thalamus,
hypothalamus, inferior and superior colliculi, many nuclei in the mid-
and hindbrain, and in the spinal cord (Bai et al., 2001; Fremeau et al.,
2001; Varoqui, et al., 2002). Vglut3 is more sparsely expressed in
selected nuclei in the midbrain (Fremeau, et al., 2002; Herzog et al.,
2004; Schafer et al., 2002). In addition glutamate transporters are
expressed in certain non-glutamatergic neurons that may use
glutamate as a co-transmitter such as dopaminergic, GABAergic,
serotoninergic and peptidergic neurons (Dal Bo et al., 2004; Gras et al.,
2002; Kawano et al., 2006; Ponzio et al., 2006). All three isoforms have
also been detected in astrocytes (Montana et al., 2006). Concordant
with the expression pattern, previous studies have shown that Vglut1
is important for glutamatergic transmission in hippocampus (Fremeau,
et al., 2004b; Wojcik et al., 2004), while studies of Vglut2 knockouts
have shown impaired thalamic glutamatergic transmission (Moechars
et al., 2006). In addition the Vglut2 knockoutmice die at birth due to the
disruption of the respiratory local network in the brainstem (Moechars,
et al., 2006; Wallen-Mackenzie et al., 2006).

Genetically modified mice have become a powerful tool in the
analysis of neuronal networks (Callaway, 2005; Crone et al., 2008
2009; Dougherty and Kiehn, 2010; Gosgnach et al., 2006; Hinckley et
al., 2005; Kullander et al., 2003; Lanuza et al., 2004; Luo et al., 2008;
Sohal et al., 2009; Tan et al., 2006; Tan et al., 2008; Thoby-Brisson et
al., 2009; Tsai et al., 2009; Wilson et al., 2005; Zhang et al., 2007;
Zhang et al., 2008). An important approach in such analyses is the use
of cell specific driven expression of Cre recombinase in combination
with conditionalmouse lines. This strategy canprovide both cell specific
labeling and inactivation/ablation or activation of cells (Callaway, 2005;
Crone, et al., 2008; Gosgnach, et al., 2006; Luo, et al., 2008; Sohal, et al.,
2009; Tan, et al., 2006; Tan, et al., 2008; Thoby-Brisson, et al., 2009; Tsai,
et al., 2009; Zhang, et al., 2007; Zhang, et al., 2008).

Local neuronal networks called central pattern generators, or CPGs
control rhythmic motor behaviors. For instance, respiration and
locomotion are two biological functions known to be controlled by
such specialized networks located in the brainstem and spinal cord,
respectively (Feldman and Del Negro, 2006; Grillner, 2003; Kiehn,
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Fig. 1. (A) Schematic overview of the BAC-Vglut2::Cre construct. A targeting cassette
containing 5′ and 3′ sequences surrounding the predicted ATG site of the Slc17a6 gene
together with the iCre sequence and the β-lactamase gene flanked by two FRT sites was
inserted into the RP23-84M15 BAC clone using recombination in bacteria. After the
removal of the β-lactamase gene, the purified and linearized 201 kb BAC clone was
injected into pronuclei obtained from C57BL/6 mice. (B and C) Cre expression in the E
12.5 BAC-Vglut2::Cre embryo. (B) Para-sagittal section of a E 12.5 embryo showing Cre
expression in the spinal cord (SC), the dorsal root ganglia (DRG), the ventral hindbrain
(HB), surrounding themescencephalic (M) and telencephalic (T) ventricles as well as in
the diencephalon (D). (C) Transverse section of the E 12.5 embryonic spinal cord and
dorsal root ganglia at the lumbar level. Scale bars: (B) 1 mm; (C) 0.1 mm.

246 L. Borgius et al. / Molecular and Cellular Neuroscience 45 (2010) 245–257
2006; Kiehn and Butt, 2003). These networks are organized by a
mixture of excitatory and inhibitory neurons. In the mammalian
spinal locomotor CPG, the main excitatory drive appears to be
glutamatergic and the majority of the spinal excitatory glutamatergic
neurons express Vglut2 (Kiehn et al., 2008).

Here we report the generation and characterization of a transgenic
mouse line that shows specific expression of Cre in Vglut2 positive
neurons in the spinal cord and in brain areas known to express Vglut2.
This transgenic mouse line provides a valuable tool by itself or in
combination with other conditional alleles containing loxP sites, to
identify and analyze the functional role of excitatory glutamatergic
components in neuronal circuits throughout the nervous system
including the locomotor networks in the spinal cord.

Results

Generation of the BAC-Vglut2::cre transgenic mouse line

We have used bacterial artificial chromosomal (BAC) clone RP23-
84M15 to direct the expression of the codon-improved Cre recombi-
nase, iCre (Shimshek et al., 2002). This clone contained the complete
slc17a6 gene (Vglut2) including a 96 kb sequence upstream and a
56 kb sequence downstream of the gene. BAC-technology was used to
increase the probability for a temporal and cell-specific expression
that does not interfere with the intrinsic gene function. The BAC clone
was modified using a targeting cassette containing 5′ and 3′
sequences that are homologous to sequences surrounding the
predicted ATG site of the slc17a6 gene, the Cre recombinase open
reading frame and the ampicillin resistance gene (bla) flanked by two
FRT sites in the same orientation (see Fig. 1A). The targeting cassette
was inserted into the BAC clone using recombination in bacteria at a
position that ensured the inactivation of the slc17a6 gene. After the
removal of the ampicillin resistance gene, the purified and linearized
201 kb BAC-clone was injected into pronuclei obtained from C57BL/6
mice.

Out of sixteen animals born three were positive founders. These
three founders all showed similar and restricted Cre expression in the
newborn spinal cord, that corresponded well with the previous
published Vglut2 mRNA expression pattern. Due to the similarity
between the founders we have focused on one of these lines.

Analysis of Cre expression

To determine the pattern of Cre expression, we first looked at
embryos from BAC-Vglut2::Cre mice from embryonic day (E) 12.5
(Fig. 1B and C). For expression studies, a specific Cre-antibody
(Kellendonk et al., 1999) was used. At E 12.5, high Cre expression was
detected in the spinal cord, in the dorsal root ganglia (DRG) and
throughout various areas of the brain, such as the ventral hindbrain,
especially the pons and tegmentum, the diencephalon (thalamus,
hypothalamus), the dorsal mesencephalon but also lateral to the
mesencephalic ventricle and surrounding the fourth ventricle. The
expression surrounding the mesencephalon and the telencephalon
was always seen in the post-mitotic cell layers and never in the
ventricular zone immediately bordering the ventricles. In addition
high expression was seen in the septal area and in the trigeminal
ganglion (data not shown). No Cre expression was detected outside
the CNS.

We next looked at Cre expression in the nervous system of
newborn (age 0–2 days) BAC-Vglut2::Cre mice (Fig. 2). In the lumbar
spinal cord (Fig. 2A), there was a distinct pattern of Cre-expressing
cells in the ventral and intermediate area, including the area that
contains the locomotor network (Kjaerulff and Kiehn, 1996; Kremer
and Lev-Tov, 1997). This expression pattern corresponds to previous
reports of Vglut2 expression in the spinal cord (Crone, et al., 2008;
Kullander, et al., 2003).We also found a strong expression of Cre in the
dorsal horn where Cre positive cells constituted 66.8±1.1% (n=2) of
the total number of Cre-GAD67-glycine positive cells in laminae I–IV.
GAD67and glycine-positive cells constituted 28.8±0.8% and 5.0±0.2%,
respectively in these laminae. This expression pattern correlates with
the expression pattern found in previous studies showing that 55–70%
of the cells in the superficial dorsal horn (laminae I–III) are
glutamatergic (Todd et al., 2003; Todd and Sullivan, 1990). A large
number of Cre positive cells were also found in the DRG (Fig. 2B).

In newborn brain from BAC-Vglut2::Cre mice (Fig. 2C–G), high
levels of Cre expression were found in the thalamus, hypothalamus,
superior and inferior colliculi, deep cerebellar nuclei and central gray
and in different nuclei in the hindbrain including the formation
reticularis and the vestibular nuclei. Lower levels of expression were
seen in the frontal cerebral cortex and hippocampus. In addition,
expression was also found in the medial septum and in the cochlear
nucleus. All of these areas have previously been shown to express
Vglut2 (Fremeau, et al., 2001; Herzog, et al., 2001). No expression was
found in areas such as the caudate putamen or cerebellar cortex, areas
known to lack Vglut2 expression (Fremeau, et al., 2001; Herzog, et al.,
2001).

We finally investigated the Cre expression in 4-wk old BAC-
Vglut2::Cre mice (Fig. 3). Overall the Cre expression pattern at this
age resembles the expression pattern seen early postnatally. In the
spinal cord (Fig. 3A) there was a distinct pattern of Cre positive cells in
the ventral and intermediate area, together with a strong expression
in the dorsal horn. In the DRG, (Fig. 3B) Cre expression occurred
mainly in small and medium sized cells, corresponding to previous
studies in adult rat (Brumovsky et al., 2007). In the brain (Fig. 3C–H),
expression was seen in the hindbrain, the formation reticularis, and
the vestibular nuclei. In addition, expression was seen in thalamus,
hypothalamus, superior and inferior colliculi, in the deep cerebellar



Fig. 2. Expression of Cre in the spinal cord, DRG and brain of newborn BAC-Vglut2::Cremice. (A) Transverse section of the lumbar spinal cord showing the laminae borders. (B) Transverse
sectionof the lumbarDRG. (C–G)Coronal sectionsof thebrain showinghighexpressionofCre invariousnuclei in thebrainstem, inferior colliculus (IC) superior colliculus (SC),mammillary
bodies (MB), thalamus (Thal), hippocampus (HP), and medial septum (MS). Expression was also found in the amygdala, especially in the medial nucleus (Me), the ventromedial
hypothalamic nucleus (VMH), and the frontal cortex (CTX). Cerebellar cortex (CBX), spinal trigeminal nucleus (SPV), deep cerebellar nucleus (DCN), vestibular nucleus (Ve), reticular
formation (RF), dorsal cochlear nucleus (DC), dentate gyrus (DG), substantia nigra (SN), caudate putamen (CPu) and claustrum (Cl). Scale bars: (A) 0.2 mm; (B) 0.1 mm; (C–G) 1 mm.
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nuclei and in the medial septum. In hippocampus, expression was
seen throughout the CA3 and in the anterior dentate gyrus. Scattered
expression was also seen in the frontal cerebral cortex. No expression
was found in the caudate putamen or cerebellar cortex.

Analyses of Cre recombination

Cre recombination efficiency was evaluated by crossing the BAC-
Vglut2::Cre mouse with different reporter lines, such as the Z/EG
mouse harboring the GFP transgene (Novak et al., 2000), the ROSA26::
lacZ mouse harboring the lacZ transgene (Soriano, 1999) and the
ROSA26::YFP mouse harboring the YFP transgene (Srinivas et al.,
2001). For all recombination studies, no double transgenic mice were
used for breeding, instead we used the offspring from transgenic mice
carrying either the BAC-Vglut2::Cre allele or the reporter allele.
Embryonic Cre recombination was analyzed using BAC-Vglut2::Cre//
Rosa26::lacZ double transgenic embryos. E 12.5 embryos were
collected and Cre recombination was visualized by β-galactosidase
staining (Fig. 4A). At E 12.5, the lacZ expression was strong in the
spinal cord but weaker in the brain and DRG. This indicates that the
Cre expression is either turned on earlier or is higher in the spinal cord
at this age compared to other areas of the nervous system although no
obvious differences in expression levels were detected with immu-
nostaining against the Cre protein. No recombination was seen
outside the CNS.

In the newborn mice, we used the lumbar spinal cord from double
transgenic BAC-Vglut2::Cre//Z/EG mice to look for cell-specific
recombination. The analysis showed a clear overlapping expression
of Cre and GFP (Fig. 4B–E). We quantified the overlap in the ventral
and intermediate spinal cord (laminae VII–X) where 82.6±3.7%
(n=3) of the Cre positive cells also expressed GFP. The recombination
efficiency was similar using the ROSA26::YFP reporter mice where
81.7±3.5% (n=3) of the Cre positive cells also expressed YFP. In
addition, 11.1±4.5% (n=3) of the GFP positive cells lacked Cre
expression, indicating a transient expression of Vglut2. A few of the
GFP positive but Cre negative cells showed expression of glycine. This
observation suggests that some spinal glycinergic cells may have a
transient glutamatergic phenotype similar to what has been reported
for glycinergic cells in retina (Sun and Crossland, 2000).

To evaluate the Cre recombination efficiency in the brain we used
BAC-Vglut2::Cre//ROSA26::lacZ mice (Fig. 4F–H). Recombination was
found in the majority of areas where Cre was expressed, such as the
thalamus, hypothalamus, superior and inferior colliculi and deep
cerebellar nuclei. Recombination was also evident in the hippocampus
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Fig. 3. Expression of Cre in the spinal cord, DRG and brain of 4-wk old BAC-Vglut2::cre mice. (A) Transverse section of the lumbar spinal cord. Dorsal horn (DH), ventral horn (VH).
(B) Transverse section of lumbar DRG. (C–H) Coronal sections of the brain showing high expression of Cre in various nuclei in the brainstem, superior and the inferior culliculus (SC, IC),
medialmammillarynucleus (MM), thalamus (Thal) andmedial septum(MS). Expressionwas also found in the amygdala, especially the ventromedial hypothalamicnucleus (VMH) and in
the frontal cortex (CTX). Cerebellar cortex (CBX), spinal trigeminal nucleus (SPV), reticular formation (RF), deep cerebellar nucleus (CBN), vestibular nucleus (Ve), dorsal cochlear nucleus
(DC), pons (P), hippocampal formation (HPF), substantia nigra (SN), caudate putamen (CPu). Scale bars: (A and B) 0.2 mm; (C–H) 1 mm.
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and amygdala together with different nuclei in the hindbrain including
the formation reticularis and the vestibular nuclei. No recombination
was seen in the cerebellar cortexor caudate putamen.Althoughwehave
not quantitatively studied the cell specific recombination in the
newborn brain, it appears that the overall recombination pattern
overlaps with the Cre protein expression pattern.

We further analyzed the efficiency of the Cre-mediated recombi-
nation, by crossing the BAC-Vglut2::Cre mouse with a Vglut2flox/flox

mouse line that has conditionally targeted the Slc17a6 gene by
insertion of loxP sites surrounding exon 2 (Hnasko et al., 2010). Since
Vglut2 knockout mice die at birth, brains and spinal cords were
sampled from E 18.5 mice and analyzed for Vglut2 protein content by
Western blot analysis. As shown in Fig. 4I, double transgenic
BACVglut2::Cre//Vglut2flox/flox mice lack the Vglut2 protein, showing
that the Cre expression was effective enough to drive a strong and
universal recombination of the floxed Slc17a6 alleles in these animals.

Finally, we determined the potential germline expression of Cre by
crossing double transgenic BAC-Vglut2::Cre//ROSA26::lacZ males
with wild-type females. The pattern of recombination was investi-
gated at embryonic day E 12.5 (n=8). Fifty percent of the offspring
carrying both transgenic alleles showed specific recombination only
in brain and spinal cord, overlapping with the Cre expression pattern.
Fifty percent of the offspring showed recombination both in brain and
spinal cord but also outside the CNS. None of the offspring carrying
only the ROSA26::lacZ allele showed any recombination.
Cre is expressed specifically in Vglut2 positive cells in the spinal cord
and DRG

The cell specificity of Cre expression was evaluated in detail in
lumbar spinal cords from newborn BAC-Vglut2::Cre mice by combining
in situ hybridization against Vglut2 mRNAwith immunohistochemistry
against the Cre protein (Fig. 5A–C). Overall, Cre expression co-localized
withVglut2mRNAexpression. In theventral spinal cord 86±2% (n=2)
of Cre positive cells also expressed Vglut2mRNA. Half of the Cre positive
and Vglut2 mRNA negative cells were located close to the central canal.
In the dorsal horn, despite theweaker in situ hybridization signal, a clear
cellular co-localization could be seen between Cre and Vglut2 mRNA
(Fig. 5B). The weaker in situ hybridization signal in cells located in the
dorsal horn and close to the central canal is most likely due to the small
soma sizes of these cells, leading to lower mRNA levels that are close to
or below the limits of detection using in situ hybridization.

We also looked at the cell-specific expression and recombination in
DRG from newborn double transgenic BAC-Vglut2::Cre//Rosa26::YFP
mice (Fig. 5D–G). First, Cre-stainingwas comparedwith YFP expression
and revealed that 83.6±13.0% (n=3) of the Cre positive cells in DRG
also expressed YFP. Secondly, since the Vglut2 protein in the DRG cells
can be detected in the cell soma (Brumovsky, et al., 2007; Tong et al.,
2001) we could identify Vglut2-expressing cells using a Vglut2 specific
antibody. This analysis showed that 90.6±11.3% (n=3) of the Cre
positive and YFP positive cells also were Vglut2 positive.
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Fig. 4. Analysis of Cre-mediated recombination in E 12.5 embryos and newborn mice. (A) Para-sagittal section from E 12.5 BAC-Vglut2::Cre//ROSA26::YFP embryo showing
recombination, visualized by X-gal staining in the spinal cord (SC), dorsal root ganglia (DRG), hindbrain (HB), midbrain (M), diencephalon (D), and telencephalon (T). No
recombination was seen outside the CNS. (B–E) Recombination in the spinal cord from a newborn BAC-Vglut2::Cre//Z/EG double transgenic mouse. The overlays (B and E) show
that the majority of the Cre positive cells also express GFP. The arrowhead points to a Cre expressing, GFP positive cell, while the arrow points to a GFP positive cell lacking Cre
expression. (F–H) Recombination in the brain from newborn BAC-Vglut2::Cre//ROSA26::YFP double transgenic mice. Horizontal (F) and coronal (G and H) sections showing
recombination visualized by X-gal staining, in the inferior colliculus (IC), deep cerebellar nucleus (DCN), vestibular nucleus (Ve), reticular formation (RF), dorsal cochlear nucleus
(DC), hippocampus (HP), thalamus (Thal), medioventral hypothalamic nucleus (VMH), and the medial nucleus of the amygdala (Me). No recombination was seen in the striatum
(ST). (I) Cre expression resulted in a total recombination event in brain and spinal cord shown by the lack of Vglut2 protein in the BAC-Vglut2::Cre//Vglut2flox/flox mice. Western blot
analysis was performed using crude synaptosomal fractions prepared from whole brains and spinal cords from E 18.5 BAC-Vglut2::Cre//Vglut2flox/flox (lane 1) or from E 18.5
Vglut2flox/flox mice (lane 2). Antibodies for Vglut2 and synaptophysin (Syp) were used to detect the two proteins. The same amount of total protein was loaded in lanes 1 and 2. Scale
bars: (B) 0.1 mm; (C–D) 50 μm; (G) 0.5 mm; (A, F and H) 1 mm.
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To further evaluate the Cre expression specificity we assessed the
possible expression in inhibitory neurons and the expression in
known Vglut2 positive neurons in the lumbar spinal cord. Putative
glycinergic neurons were detected with an antibody against glycine
(Fig. 6A–C) while putative GABAergic neurons were detected in BAC-
Vglut2::Cre mice crossed with a GAD67::GFP knock-in transgenic
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Fig. 5. Specific expression of Cre in Vglut2 positive cells in newborn BAC-Vglut2::Cre mice. (A–C) shows in situ hybridization against Vglut2 mRNA in combination with
immunohistochemistry against the Cre protein. (A) shows a hemisegment of a lumbar spinal cord with close-ups from the dorsal (B) and the ventral horn (C). First column Cre
immunoreactivity (red), second column Vglut2 in situ hybridization reaction (black) and third column merged picture. (D–G) In DRG, both Cre expression and recombination,
indicated by YFP expression, are restricted to Vglut2 positive cells. DRG from BAC-Vglut2::Cre//ROSA26::YFP double transgenic mice were immunostained for Cre (D) and Vglut2
(E) and compared with the recombined YFP expression (F). (G) Overlays of the three previous panels. Lower panels D2–G2 are close ups from the panels above. Scale bars: (A, D1–G1)
0.1 mm; (B and C) 50 μm; (D2–G2) 25 μm.
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mouse line (Tamamaki et al., 2003) (Fig. 6D–F). The GAD67::GFP
mouse line expresses GFP in large proportions of GABAergic neurons
throughout the CNS (Tamamaki, et al., 2003), and GFP is reliably
expressed in GABAergic neurons in the spinal cord (Restrepo et al.,
2009). No ectopic Cre expressionwas observed in these populations of
cells. In contrast, Cre expression was pronounced in a number of
molecularly identified Vglut2 positive neuronal populations in the
ventral spinal cord, such as Chx10-expressing neurons (Crone, et al.,
2008; Lundfald et al., 2007) (Fig. 6G–H) and Hb9-expressing neurons
(Wilson, et al., 2005) (Fig. 6K and L). Thus, 95±4% (n=4) of the
Chx10 neurons also co-expressed Cre, while 94±6% (n=4) of the
Hb9 cells showed overlapping although weak Cre expression. In
comparison, no expression of Cre (Fig. 6I and J; n=3) was seen in the
Fig. 6. Restricted expression of Cre in molecularly identified excitatory subpopulations bu
Vglut2::Cre mice. (A–C) Immunohistochemistry against glycine (green), used to visualize a
a lumbar spinal cord with close-ups from the dorsal (B) or the ventral horn (C). Note th
Vglut2::Cre//GAD67::eGFP was used to reveal possible co-expression of Cre (red) in GABA
the dorsal (E) and the ventral horn (F) respectively. Note that there was no expression of
factor Chx10 expressed in Vglut2 positive V2a neurons (green) and Cre (red) shows prono
V2b neurons. (K and L) Vglut2 positive Hb9-expressing neurons express Cre. (H1–3, J1–3, L1
H1–3, J1–3, L1–3) 50 μm.
inhibitory Gata2/3-expressing cells (Crone, et al., 2008; Lundfald, et
al., 2007). Overall, this quantitative analysis in the spinal cord and
DRGs, showed that Cre expression was specific to glutamatergic cells
with no or little ectopic expression.

Interestingly, in crosses between BAC-Vglut2::Cre mice and Z/EG
mice we sometimes observed fluorescent reporter protein in the skin
(data not shown). This skin expression of GFP is most likely due to
expression of fluorescent reporter in the peripheral axon of Cre
positive cells located in the DRG. Previous reports have shown Vglut2
immunoreactivity originating from DRG Vglut2 positive cells both in
deep dermal nerve bundles and in close relation to the epidermis
(Brumovsky, et al., 2007). No Cre expression was detected in the skin
in the BAC-Vglut2::Cre mice at any age (data not shown).
t no expression in inhibitory neurons in the lumbar spinal cord from newborn BAC-
ll putative glycinergic neurons in the spinal cord, and Cre (red). (A) Hemisegment of
at there was no co-expression of Cre and glycine immunoreactivity. (D–F) The BAC-
ergic neurons (green). (D) Hemisegment of a lumbar spinal cord, with close-ups from
Cre in putative GABAergic cells. (G and H) Antibody staining against the transcription
unced co-localization. (I–J) No Cre expression was seen in inhibitory Gata2/3 positive
–3) Close-ups from the panels above. Scale bars: (A, D, G, I and K) 0.1 mm; (B, C, E, F,
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Fig. 7. Electrophysiological characterization of GFP and Cre positive neurons in the anteroventral cochlear nucleus (AVCN) (A–F) and themedial nucleus of the trapezoid body (MNTB)
(G–K) from P 13–P 17mice. GFP positive bushy cells (A) in the AVCNof BAC-Vglut2::Cre//Z/EGmicewere filledwith Alexa 633 (B). (C) shows the overlay picture, and (D) shows theGFP
positive Calyx ofHeld terminals in theMNTB originating fromGFPpositive bushy cells. Arrows in (A–C) showaGFP labeled bushy cell. (E) Intracellular recordings fromGFP positive bushy
cells show outward rectification and an initial bursting in response to positive current steps. The GFP positive bushy cells do not fire action potentials at rest (−59.8±0.4 mV, n=5).
(F) Elongated, GFP negative AVCN cells show tonic frequency and sag voltage response in response to positive current steps. (G) Recording fromCalyx ofHeld synapse located in theMNTB
in BAC-Vglut2::Cremouse showing high frequencyfiring in response to current injection. (H) Single burst firing inMNTBprinciple cell. (I–J) Calyxof Held synapses stained for Vglut2 protein
(I) and MNTB principle cells (J) filled with Alexa 633. (K) shows the overlay picture of (I–J). Arrows in panels (I–K) point to a Calyx of Held synapse. Scale bars: (C, D and K) 50 μm.
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Functional characterization of known Vglut2 positive neurons

To test that Cre expression and activity did not interfere with
neuronal activity, we performed intracellular recordings from known
Vglut2 positive neurons with well-characterized firing properties.
Although there is an abundance of Vglut2 positive neurons in the
spinal cord, none of them have firing properties that can be
recognized as specific for Vglut2 positive neurons (see Dougherty
and Kiehn 2010). We therefore looked at cell-types in the brain that
fulfill these criteria. Bushy cells located in the anteroventral cochlear
nuclear (AVCN) express Vglut2 and they project either ipsilaterally to
the lateral superior olive or contralaterally to the medial nucleus of
the trapezoid body (MNTB) (Billups, 2005). In the MNTB, bushy cells
give rise to the Calyx of Held synapses, one of the most comprehen-
sively studied glutamatergic synapse in the brain. In the AVCN of BAC-
Vglut2::Cre//Z/EG mice (ages ranging from P13–P17), we observed a
large number of spherical GFP positive neurons with morphology
resembling bushy cell morphology (Fig. 7A–C). In the MNTB of these
mice, we found GFP positive Calyx of Held synapses (Fig. 7D).
Recordings from GFP-positive bushy cells showed electrophysiolog-
ical properties, including outward rectification and single spiking
(Fig. 7E), similar to that previously demonstrated for GFP-negative
bushy cells (Leao et al., 2006). GFP negative elongated non-bushy cells
in the AVCN showed tonic firing (Fig. 7F) and a depolarizing sag in
response to large hyperpolarizing current pulses also similar to what
has been shown before (Leao, et al., 2006). In the MNTB of BAC-
Vglut2::Cre mice, Vglut2 positive Calyx of Held synapses (Fig. 7I–K)
showed high frequency firing in response to current steps (Fig. 7G)
and had a firing threshold of 83.3±16.7 pA (n=3) in agreement with
the known firing properties of Calyx of Held synapses in Cre-negative
mice (Leao et al., 2005). The MNTB principle cells showed single burst
firing and a firing threshold of 170±12.3 pA (n=5) (Fig. 7H). Resting
membrane potentials in Calyx of Held synapses and MNTB principle
neurons were −73.9±1.5 mV (n=3) and −62.5±0.8 mV (n=5).

Together our electrophysiological recordings from GFP and Cre
labeled cells show that GFP or Cre expression does not interfere with
normal electrophysiological properties.

Discussion

The ability to perform genetic manipulations is fundamental for
the analysis of neuronal networks, and the most common technique
used to target specific cell types involves cell specific expression of Cre
recombinase combined with mice carrying conditional targeted
alleles.

One strategy to obtain a reproducible and efficient cell-specific
gene expression in vivo is to use BAC technology to create transgenic
mice. (Giraldo andMontoliu, 2001; Gong et al., 2003; Heintz, 2001). In
addition, this strategy limits the effect on the endogenous gene ex-
pression since both endogenous alleles are left intact and the expres-
sion from the BAC clone is disrupted. This is of particular interest
when looking at neurotransmitter function where knock-in
approaches will interfere with the normal function even if only one
allele is affected (Heisler et al., 1998; Moechars, et al., 2006).

In this paper we describe the generation and characterization of a
transgenic mouse line based on the modified BAC-clone encompass-
ing the complete slc17a6 gene that expresses Cre recombinase under
the control of the regulatory elements for the Vglut2 protein. We
demonstrate that this transgenic mouse line had a specific and
restricted expression of Cre in Vglut2 positive cells in the spinal cord
and that there was no ectopic expression in inhibitory neurons. The
BAC-Vglut2::Cre mice also showed specific Cre expression in DRG
and in known Vglut2 positive structures in the brain.

In BAC-Vglut2::Cre mice, cell specific recombination was demon-
strated by reporter protein expression in the spinal cord, DRG and the
brain. The expression of reporter protein overall correlated with the
Cre expression pattern. Furthermore, the double transgenic mice BAC-
Vglut2::Cre//Vglut2lox/lox were completely lacking the Vglut2 pro-
tein, demonstrating the efficiency of the recombinase.

In the spinal cordwe identified a proportion of Cre negative cells in
which recombination had occurred as revealed by the expression of
GFP or YFP. This might be due to ectopic expression of the reporter,
however, the consistency between animals and reporters instead
indicates an early and transient expression of Vglut2 in certain cells in
the spinal cord, something that has not been reported before. A
fraction of these potentially transiently Cre expressing cells showed
co-expression of glycine suggesting either that some glycinergic cells
transiently co-express Vglut2 in the spinal cord similar to what has
been reported in cells in retina (Sun and Crossland, 2000) or that
Vglut2 positive neurons switch to an inhibitory phenotype. We also
detected areas in the brain such as the frontal part of the
hypothalamus and the CA1 area of the hippocampus that had very
low Cre expression in combination with a strong recombination
event. Although we did not look for it, other areas of the brain might
show a similar pattern that probably reflects a transient Vglut2
expression during embryonic development that is later down-
regulated (Fremeau, et al., 2004b; Boulland et al., 2004). For example,
some phenotypes seen in Vglut1 knockout animals in the early
developmental stages are believed to partially be caused by a
compensation by transiently expressed Vglut2 in neurons that in
adulthood predominantly express Vglut1 (Takamori, 2006). The
phenomenon of transient expression is not specific to Vglut2 or to
the BAC-Vglut2::Cre mouse line but has been seen in other studies
(Gong et al., 2007; Sahly et al., 2007; Sato et al., 2007; Xu et al., 2008)
and is an unavoidable consequence of dynamic gene regulation during
embryonic life.

A proportion of the Cre positive cells in the spinal cord did not
recombine. Again, thismight correspond to a temporal aspect of Slc17a6
driven Cre expression where a sudden strong Cre expression gives rise
to a weak reporter expression since the recombination event has not
yet occurred. We also identified areas in the brain with strong Cre
expression but with a comparably weaker reporter expression, such as
the more dorsal areas of the medial nucleus of the amygdala. It is,
however, important to remember that the level of expression from the
reporter is not directly correlated to the level of Vglut2 expression but
instead reflects the intensity of the ROSA26 or Z/EG promoter itself. By
using the BAC-Vglut2::Cre mice, the combined analysis of Cre
expression and the recombination event together with neurotransmit-
ter phenotyping will make it possible to dynamically monitor Vglut2
regulationduringdevelopmentof thenervous systemorwhenplasticity
is induced.

One obvious feature of our transgenic mouse line is the large
number of Cre expressing cells, both in the spinal cord but also
throughout the brain often with a broader expression than previously
revealed by in situ hybridization against Vglut2 mRNA. One reason for
this discrepancy is probably that the antibody we use is very sensitive
and detects low amounts of Cre protein with high specificity. This
BAC-Vglut2::Cre transgenic mouse line will, therefore, be of great
assistance in identifying Vglut2 expressing neurons throughout the
CNS.

Importantly, our electrophysiological studies demonstrated that
the firing and electrical properties of the Cre or GFP positive bushy
cells in the AVCN and their terminals in the MNTB (Calyx of Held)
were identical to the neuronal properties found in non Cre- and GFP-
expressing mice.

Functional use

The reliable and widespread expression of Cre in known Vglut2
expressing cells in the rodent nervous system makes the present
mouse line an asset for functional studies of neuronal networks and
cellular properties. Targeting of fluorescent proteins to Vglut2
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expressing cells will immediately facilitate electrophysiological and
anatomical studies of glutamatergic neurons throughout the brain
and spinal cord (Al-Mosawie et al., 2007; Crone, et al., 2008).
Genetically driven activation and inactivation studies of molecularly
defined neuronal populations that have a combination of Vglut2
expressing cells and other neurotransmitter phenotypes (Lanuza et al.
2004; Goulding, 2009) will also be possible with the present mouse
line. Finally, the BAC-Vglut2::Cre line is ideal to be used together with
viral vectors that carries floxed gene constructs (Abbott et al., 2009;
Adamantidis et al., 2007; Cardin et al., 2009; Gradinaru et al., 2009;
Petreanu et al., 2009; Sohal, et al., 2009; Zhang, et al., 2007). The
promotor specificity provided by both the viral vector and the
transgenic mouse will allow intersectional specificity of paramount
importance for attempts to decipher the function of complex neuronal
circuitries in the mammalian brain and spinal cord.

Experimental methods

Generation of the BAC-Vglut2::Cre mouse

The mouse BAC clone (RCPI23-84M15) encompassing the slc17a6
gene from the female C57BL/6 J mouse BAC library was obtained from
CHORI-USA and was modified by homologous recombination in EL250
bacteria. A modified pConst plasmid was used as a targeting construct
containing the open reading frame of iCre followed by the ampicillin
resistance gene (bla), flanked by two FRT-site in the same orientation.
The targeting cassette was created by first generating the 5′ and 3′
Vglut2 homology arms by PCR using primers 5′-GTTTAAACCGGGAATT-
TACGTTGTTTTTCG-3′ and 5′-ATCCATTCTTGTAAAGACTGGTGTCCAG-3′
or 5′-CATGTCTAGAGTAAGAGACTGCAACCCCATGCT-3′ and 5′-CATGGC-
TAGCGTTTAAACAAAGACAGGCTTTATGAGCAG-3′. The 5′ homology arm
was inserted upstream of the ATG codon for the iCre recombinase gene.
The 3′ homology arm was inserted downstream of the ampicillin
resistance gene. The targeting cassette was excised by PmeI digestion,
and inserted by homologous recombination into the BAC clone. The
recombinationwas performed as previously described (Lee et al., 2001).
Briefly, EL250 bacteria, containing the BAC84M15 clonewere incubated
for 15 min at 42 °C to induce recombination enzymes, followed by
transformation of the targeting cassette and selection on ampicillin
plates. Correctly targetedBAC clones, identifiedby restrictiondigest, still
in EL250, were incubated with 0.1% L-arabinose for 1 h to induce Flpe
recombinase expression, allowing the excision of the ampicillin
resistance gene. Again, restriction pattern analyses were used to verify
the recombination. The 200 kb-insertwas excised byNot1 digestion and
purified using Sepharose CL4b (Amersham) before injection into
pronuclei of fertilized C57BL/6 zygotes.

Additional mice lines used

Three well-characterized reported lines where used for the
recombination studies 1) the Z/EGmouse harboring the GFP transgene
(Novak, et al., 2000), 2) the ROSA26::lacZ mouse harboring the lacZ
transgene (Soriano, 1999) and3) theROSA26::YFPmouse harboring the
YFP transgene (Srinivas, et al., 2001). All of these lines carry promotors
that are ubiquitously expressed in the nervous system. A Vglut2flox/flox

mouse (kindly provided by Drs. T Hnasko and R. Palmiter) (Hnasko,
et al., 2010) was used for the additional recombination test of the BAC-
Vglut2::cremouse. For the specificity studies, the GAD67::GFP knock-in
transgenic mouse was used (Tamamaki, et al., 2003). The genetic
background strain for all mice lines used was C57BL/6.

Mice breeding

Animals were bred and raised under standard animal housing
conditions in a 12 h light/dark cycle. Food and water were available
ad libitum. All animal experiments were performed in accordance
with the European Communities Council Directive (86/609/EEC) and
the National Institute of Health guidelines, and were approved by the
local Animal Care and Use Committee.

Genotyping

BAC-Vglut2::Cre transgenic founders andoffspringwere identifiedby
genotyping PCR using primers 5′-GAAGCTAACAGCAGCCGCTC-3′, 5′-
AGGAGCATCTTCCAGGTGTG-3′, 5′-TTGCATCGCATTGTCTGAGTAG-3′ and
5′-TTCCCACACAAGATACAGACTCC-3′. The Z/EG transgenic mice were
genotypedusingprimers5′-GTCAATCCGCCGTTTGTTCCCACGG-3′ and5′-
GCGTGTACCACAGCGGATGGTTCGG-3′, the ROSA26::YFP transgenicmice
were genotyped (500 bp wildtype, 250 bp mutant fragments) using the
primers, 5′-AAAGTCGCTCTGAGTTGTTAT-3′, 5′-GCGAAGAGTTTGTCCTC-
AACC-3′ and 5′-GGAGCGGGAGAAATGGATATG-3′ and the Vglut2flox/flox

micewere genotypedusingprimers 5′-CAGTGTGCTGTAACTGAGATAGT-
3′ and 5′-TCTTTTGGGGTGCCATTTCAACACT-3′. The BAC-Vglut2::Cre
transgenic lines were maintained on a C57BL/6 background.

Dissections

Embryonic day (E) 12.5, neonatal (postnatal day (P) 0–2) or 4-wk
old mice were used. The morning of plug confirmation was termed E
0.5. Pregnant mice were anaesthetized deeply with isofluran (Abott
Scandinavia, Solna, Sweden) before performing the caesarian section.
The mother was decapitated and the embryos removed. Embryos
were dissected immediately in ice-cold oxygenated (5% CO2 in O2)
10% calcium Ringer's solution composed of (in mM): NaCl, 111,1; KCl,
3.1; NaHCO3, 25; KH2PO4, 1.1; MgSO4, 3.7; CaCl2, 0.25; and glucose,
11.1. Neonatal mice were anaesthetized with isofluoran, decapitated
and eviscerated before the spinal cord or brain was dissected out in
ice-cold-oxygenated ringer (Kiehn and Kjaerulff, 1996). 4-wk old
mice were anaesthetized with intra-peritoneal injection of sodium
pentobarbital (3 mg/35 g, Apoteket, Stockholm, Sverige). Animals
were perfused trans-cardially with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS), where after the spinal cord, dorsal
root ganglia, and brains were dissected out.

Immunohistochemistry and X-gal staining

Spinal cords from neonatal mice were fixed for 20 min, brains for
2 h and embryos for 1 h on ice in 4% PFA-PBS and cryoprotected in 20%
sucrose overnight prior to final embedding in Tissue-Tek (Sakura
Finetek, Zoeterwounde, the Netherlands) and stored at −80 °C.
Brains, spinal cords, and dorsal root ganglia from 4-wk old mice
were post-fixed in 4% PFA-PBS before cryo-protected and stored at
−80 °C. Tissues were sectioned on a cryostat (spinal cords 12 μm
sections, brains and embryos 20 μm sections). Immunohistochemistry
was performed as described before (Lundfald, et al., 2007; Restrepo,
et al., 2009). To block nonspecific binding sites, slices were incubated
with 1% Donkey Serum (Jackson), 1% Goat Serum (Jackson) and 0.1%
Triton-X (Sigma) for 1 h in PBS before processing with primary
antibodies against glycine (Immunosolution (Jesmond, Australia), rat
polyclonal, IG1002, 1:7000), Chx10 (guinea pig polyclonal, 1:20,000,
gift from Dr. Kamal Sharma, see Peng et al. 2007), Gata2/3 (guinea pig
polyclonal, 1:6-8000, gift from Dr. Kamal Sharam, Peng et al. 2007),
Hb9 (rabbit polyclonal, 1:16,000, gift from Dr. Thomas Jessell), Vglut2
(guinea pig polyclonal, 1:2500, gift from Drs. M. Watanabe and T.
Hökfelt, see Brumovsky et al 2007,) GFP (chicken polyclonal, 1:2000,
Abcam #13970) and Cre (rabbit polyclonal, 1:6000, a kind gift from
Dr. G. Shutz, see Kellendonk et al JMB 1999). The specificity of the
primary antibodies except the Cre antibody has been tested before
(Brumovsky, et al., 2007; Crone, et al., 2008; Lundfald, et al., 2007;
Restrepo, et al., 2009; Wilson, et al., 2005). The Cre antibody was
tested in brain and spinal cord tissue from wild-type mice embryos
and newborns where it showed no staining. Pre-absorption with the
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bovine serum albumin did not diminish the Cre-staining in BAC-
Vglut2::Cre mice. Species-specific secondary antibodies from Jackson
Immuno Research (FITC, CY2, CY3 or CY5) were used as recom-
mended by the manufacturers. For X-gal staining, sections were
incubated at room temperature for 4–5 h in 0.01 M PBS pH 7.4
containing 10 mM K4Fe(CN)6, 10 mM K3Fe(CN)6, 2 mM MgCl2, 0.1%
Tween 20 and 1 mg/ml X-gal.

In situ hybridization for Vglut2

Digoxygenin in situ hybridization was performed essentially as
previously described (Restrepo, et al., 2009) on 12 μm cryosections
using digoxygenin-labeled probe antisense to vesicular glutamate
transporter 2 (using a Vglut2 probe spanning the base pairs 540–983.;
produced by Dr. L. Borgius). Hybridizationwas carried out at 60 °C and
digoxygenin probes were visualized by development with BCIP/NBT
overnight. No specific signal was detected using the sense probe. The
sections were then counter-stained with rabbit anti-Cre antibody
followed by anti-rabbit fluorophore conjugated secondary antibody.

Cell counts and analysis

All images were obtained using either a Zeiss LSM 510 laser
scanningmicroscope equippedwith Argon 488, helium-neon 543 nm,
helium-neon 633 nm laser for excitation and appropriate filters for
detection, or with an Olympus BX51 X-Cite 120 fluorescence and light
microscope with appropriate filter settings for excitation and
detection of the different flourophores and bright light.

For cell counting, estimates of labeled cells (labeled by immuno-
reactivity or in situ hybridization) were obtained from 3–5 slices from
2–4 animals. Sections were taken more than 50 μm apart. The ventral
spinal cord was defined as the part of the cord ventral to a horizontal
line extending laterally from the dorsal border of the central canal.
The ventral and intermediate area was defined as the part of the cord
ventral to a horizontal line extending from the ventral border of the
dorsal funiculus. Co-localization was determined from high-resolu-
tion pictures inspected in Adobe Photoshop. For co-localization
studies in DRG, Cre staining was used to identify neuronal profiles.
YFP labeling and Vglut2 staining overlapping that neuronal profile
was counted as co-expression. For the newborn spinal cord, To-Pro-3
that stains nuclei was used together with Cre staining to identify
neuronal profiles. Overlapping labeling (GFP, YFP, Chx10, Hb9 or
Vglut2 mRNA) of that neuronal profile was counted as co-expression.
Any cases in which more than one nucleus was evident within what
appeared to be a single neuronal profile was discarded from the
counting. This procedure is similar to what has been used in previous
publications in our lab (see Restrepo et al. 2009). For reproduction,
quality of images was improved in Adobe Photoshop using only
brightness and contrast scaling.

Western analysis

Spinal cords and brains from E 18.5mice, either BAC-Vglut2::Cre//
Vglut2flox/flox mice or Vglut2flox/flox mice were homogenized in
50 mM Tris–HCl pH 7.5 containing 0.32 M sucrose and 1 mM EDTA
supplemented with protease inhibitor cocktail (Roche #693159).
After mild centrifugation at 2000 rpm for 10 min, the cleared
supernatant was saved and centrifuged at 20,000 rpm for 20 min.
The pellets were re-suspended in ice-cold 50 mM Tris–HCl pH 7.5
containing 1 mM EDTA. 20 μg of the crude synaptosomal fractions
were separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membrane. The membrane was sequentially probed with
antibodies against Vglut2 (rabbit polyclonal, 1:5000, #135403,
Synaptic Systems, Goettingen) and synaptophysin (mouse monoclo-
nal, 1:500, #S5768, Sigma), followed by secondary antibody Alexa
Flour 680 (rabbit or mouse, 1:10,000, Molecular Probes) and
developed using Odyssey Infrared Imaging System ver. 2.1 from Li-
Cor Biosciences.

Electrophysiological recordings from Vglut2 positive neurons

BAC-Vglut2::Cre//Z/EG, BAC-Vglut2::Cre or wild-type P 13-P 17
mice were anaesthetized with isofluoran before being decapitated.
The brains were rapidly removed and placed in ice-cold artificial
cerebrospinal fluid (ACSF, in mM: KCl, 2.49; NaH2PO4, 1.43; NaHCO3,
26; glucose, 10; sucrose, 252; CaCl2, 1.0; MgCl2. 4.0). Horizontal slices
were prepared containing the brainstem and cerebellum and kept in
ice-cold hypertonic sucrose solution. The cerebellum ⁄ brainstem
block was fixed to the stage of a vibrating tissue slicer to obtain
200 μm slices containing the anteroventral cochlear nucleus (AVCN)
and the medial nucleus of the trapezoid body (MNTB). Slices were
kept in a submerged holding chamber containing ACSF (in mM: NaCl,
124; KCl, 3.5; NaH2PO4, 0.25; MgCl2, 1.5; CaCl2, 1.5; NaHCO3, 30;
glucose, 10), bubbled with 95% O2/5% CO2, and incubated at 35 °C for
1 h. For recordings, slices were transferred to a submerged recording
chamber under an upright microscope equipped with infrared and
differential interference optics. Whole-cell recordings were per-
formed using either an Axopatch 200B or an Axoclamp 2A amplifier
(Molecular Devices). Glass pipettes were pulled from borosilicate
glass and filled with an internal solution containing (in mM): KCl,
17.5; K-gluconate, 122.5; NaCl, 9; MgCl2, 1; Mg-ATP, 3; GTP-Tris, 0.3;
HEPES, 1; EGTA, 0.2 to obtain a final tip resistance between 3 and 7
MΩ pH was adjusted to 7.2 using KOH. Recordings with series
resistance N15 MΩ were discarded. Data was digitized using
WinWCP (Dr. John Dempster, http://spider.science.strath.ac.uk/
sipbs/software_ses.htm) and analyzed in Matlab (Mathworks).
Firing properties and membrane resting potential were obtained
(in fast current clamp mode in the Axopatch 200B or bridge mode in
the Axoclamp 2A) by applying 200 ms-current steps ranging from−50
to 350 pA. After recordings, slices were rescued and fixed in 4% PFA in
PBS overnight for immunohistochemistry assessment. After fixation,
slices were washed in 0.1 M PBS, and blocked using PBS containing 1%
normal donkey serum and 0.1% Triton for 30 min. Sections were
incubated with antibodies against Cre (see above) and/or GFP (chicken
polyclonal, 1:2000, Abcam #13970). Species-specific secondary anti-
bodies from Jackson Immuno Research were used as recommended by
the manufacturers. Slices were then washed in PBS and mounted for
confocal microscopy.
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