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Abstract

To facilitate the study of the CaMKlla function /in vivo, a CaMKIlla-GFP transgenic mouse line
was generated. Here, our goal is to provide the first neuroanatomical characterization of GFP
expression in the CNS of this line of mouse. Overall, CaMKIla -GFP expression is strong and
highly heterogeneous, with the dentate gyrus of the hippocampus as the most abundantly
expressed region. In the hippocampus, around 70% of granule and pyramidal neurons expressed
strong GFP. In the neocortex, presumed pyramidal neurons were GFP positive: around 32% of
layer 11/111 and 35% of layer VI neurons expressed GFP, and a lower expression rate was found in
other layers. In the thalamus and hypothalamus, strong GFP signals were detected in the neuropil.
GFP-positive cells were also found in many other regions such as the spinal trigeminal nucleus,
cerebellum and basal ganglia. We further compared the GFP expression with specific antibody
staining for CaMKlla and GABA. We found that GFP+ neurons were mostly positive for
CaMKIlla-IR throughout the brain, with some exceptions throughout the brain, especially in the
deeper layers of neocortex. GFP and GABA-IR marked distinct neuronal populations in most
brain regions with the exception of granule cells in the olfactory bulb, purkinje cells in the
cerebellar, and some layer I cells in neocortex. In conclusion, GFP expression in the CaMKlla-
GFP mice is similar to the endogenous expression of CaMKIla protein, thus these mice can be
used in /n vivoand in vitro physiological studies in which visualization of CaMKlla- neuronal
populations is required.

Keywords

Calmodulin; Ca%*/CaM-activated protein kinase Il alpha; green fluorescent protein; dentate gyrus;
CAL,; cerebellum; neocortex; hypothalamus; thalamus; CNS

INTRODUCTION

In the nervous system, calcium (Ca2*), a universal second messenger in many cellular
functions of eukaryaotic cells, plays an essential role in key cellular processes ranging from
vesicle fusion to enzyme activation. In excitable cells, cytosolic CaZ* is kept at very low
concentrations. A rise in intracellular Ca?* concentration is able to activate Ca2* binding
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protein, calmodulin (CaM) and its downstream targets (Chin and Means, 2000). The binding
of Ca2*/CaM consequently activates a wide range of enzymes including most of Ca2*/CaM-
activated protein kinases (CaMKs), a family of enzymes that can alter the function of
proteins by phosphorylation (Schulman and Greengard, 1978a;Schulman and Greengard,
1978b). Among them, CaMKI| is central to the coordination and execution of Ca2* signal
transduction (Coultrap and Bayer, 2012). In particular, it is an important mediator for
learning and memory /n vivo (Rotenberg et al., 1996;Hudmon and Schulman, 2002). Being a
Ser/Thr protein kinase like most other CaMKs, CaMKI| is also unique in that it undergoes
autophosphorylation (Saitoh and Schwartz, 1985;L ai et al., 1986;Miller and Kennedy,
1986). The autophosphorylation process converts CaMKII to a Ca2*-independent enzyme by
increasing its affinity for calmodulin by a thousand times (Meyer et al., 1992;Coultrap et al.,
2010). This autonomy of CaMKII is shown to be required for memory formation in the
hippocampus (Buard et al., 2010). The downstream targets of CaMKI|I are proteins involved
in many essential cellular functions in synaptic transmission and plasticity. By
phosphorylating tyrosine hydroxylase and tryptophan hydroxylase, CaMKII regulates the
synthesis of neurotransmitters like catecholamine and serotonin (Itagaki et al., 1999;Jiang et
al., 2000). In the synaptic terminals, the Ca2*/ATP-dependent interaction of CaMKIla and
syntaxin plays an important role in the regulation of exocytosis of neurotransmitter vesicles
(Ohyama et al., 2002). CaMKII alters ion channel activity and enhances LTP capability in
the hippocampus CA1 by phosphorylating the GLUR1 subunit of AMPA-R (Soderling and
Derkach, 2000;Nicoll and Malenka, 1999) and the NR2B subunit of the NMDA (N-methyI-
D-aspartate) receptor (Omkumar et al., 1996;Bayer et al., 2006). Inhibitory synaptic
plasticity is also modulated by CaMKII in a synapse-specific fashion through enhancing the
GABA receptor insertion and phosphorylation (Houston, He, and Smart, 2009;Marsden et
al., 2010). The phosphorylation of microtubule proteins including tubulin, microtubule-
associated-proteins (MAPs), and Tau by CaMKIlla can alter the dynamic of neuronal
cytoskeleton and further affect intracellular trafficking and processes outgrowth in
differentiating neurons (Yamauchi and Fujisawa, 1983;Yamauchi and Fujisawa, 1984;Singh
et al., 1996;Drubin and Nelson, 1996). Furthermore, over-expression of CaMKII in neuronal
culture stimulates neurite outgrowth and growth cone mobility (Goshima et al.,
1993;Nomura et al., 1997).

In previous studies, /n situ hybridization and immunohistochemistry have been used to
examine the regional or cellular distribution of CaMKII in the brain. CaMKII-IR has been
found abundantly throughout the brain. In the rat brain, CaMKII takes up to 1% in the
forebrain and 2% in the hippocampus of all proteins expressed (Erondu and Kennedy, 1985).
CaMKII has four isoform: a, B, y and 6. In early developmental stages of brains, only -y and
& isoforms are expressed (Bayer et al., 1999). In adult brains, y and & isoform expression is
over-casted by high expression levels of a and p isoforms. a isoform is located mainly in
the forebrain, while there are more p and & isoforms in the cerebellum (Miller and Kennedy,
1985). On the subcellular level, CaMKII is present in both cytosol and specific subcellular
compartments. a and p isoforms display a different distribution by light and electron
microscopic analysis both regionally and subcellularly (Tobimatsu and Fujisawa,
1989;Ochiishi, Terashima, and Yamauchi, 1994). Activity-dependent translocation and
clustering of CaMKII mediated by NMDA have also been described (Merrill et al., 2005).

To study the physiological role of CaMKII /n vivo, CaMKII knock-out mice were generated
and found to have severely impaired LTP in the hippocampus and impaired spatial learning
(Silva et al., 1992). Increased level or mutated forms of other CaMKII subtypes have been
found to alter memory formation as well (Elgersma, Sweatt, and Giese, 2004). Evidently,
either an increase or reduction of CaMKII activities or protein levels leads to impaired
learning and abnormal behavior. These CaMKII mutants provide wealthy information on the
physiological role of CaMKII in hippocampal plasticity, cortical plasticity, and learning and
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memory. CaMKIla-IR is known to be observed in a cell type specific manner, i.e.
glutamatergic neurons in the neocortex, hippocampus and piriform cortex (Jones et al.,
1994;McDonald et al., 2002;Benson et al., 1991;Zou et al., 2002). Further study on the
distribution of CaMKIla expression can provide deeper understanding on the underlying
mechanisms of these findings. However, no current tool provides means to facilitate the
observation of CaMKIlla expression in vivo or in vitro. Green Fluorescence Protein (GFP),
originally from jellyfish Aequorea Victoria, has been widely used in molecular biology as
well as neuroscience to visualize proteins /n7 vivo and further understand many key
biological processes (Shimomura, 2006;Chalfie, 2009;Tsien, 2010). Transgenic mice, in
which GFP expression is under the control of various promoters, have been widely used in
developmental biology, anatomy, and physiological studies. For example, transgenic mice in
which GFP expression is controlled by GAD65/67 promoter have been widely used in
physiological and anatomical studies (Tamamaki et al., 2003;Hanamura et al., 2010;Sosulina
et al., 2010;Zhang et al., 2006;Bagley and Belluscio, 2010). However, transgenic mice in
which GFP expression is regulated under the camkZa. promoter (named CaMKlla -GFP
hereafter)have not been described nor characterized. Our first goal here is to provide an
anatomical survey of CaMKIlla -GFP expression in key regions of the CNS and examine the
specificity of GFP expression using CaMKII-IR. Our second goal is to examine whether
GFP can be used as a cell-type specific marker by examining the colocalization of GFP+
with GABA-IR+ cells in several CNS regions. Our results show that CaMKIlla-GFP mice
can be used for the visualization of CamKlla-expressing neurons in /n vivoand in vitro
physiological studies. This study also helps to provide information on the distribution of
CaMKlIla expression in many CNS regions, which may assist with the understanding of
CaMKIlla function in the CNS.

Conspicuous fluorescence of GFP could be observed through the skull of new born mice
with a blue LED under a dissecting fluorescence microscope with Uvex safety eyeglasses
with orange XTR lenses (Smithfield, RI). Phenotyping of the transgenetic mice could be
achieved by checking the head of mice for the clear GFP signal within first postnatal day
(PO) (shown in Fig. 1). GFP fluorescence was seen throughout the brain, from olfactory
bulb, cerebral cortex to medulla, as shown in a picture of a mouse head taken under a
dissecting fluorescence microscope (Fig. 1). Our initial inspection of GFP expression in the
adult brain was conducted in 30 pm thick sagittal (e.g. Fig. 2, lateral 1.10 mm) and coronal
sections (e.g. Fig. 3) of a perfused adult mouse brain. Overall, the intensity of GFP was
highest in the forebrain and highly heterogeneous across brain regions. GFP was found in
Nissl-stained cell bodies, as well as in neuropil. The highest intensity was emitted from the
dentate gyrus (DG) of the hippocampus (Fig. 2 & 3). Following the rostral to caudal axis,
relatively modest (compared with DG) GFP intensities were also observed in the main
olfactory bulb (MOB), anterior olfactory nucleus (AON), ventral orbital cortex (VO),
caudoputamen (CPu), thalamus (TH), hippocampus CA1 & 3 region, substantia nigra
(SNR), and Inferior Collicullus (IC) (Fig. 2). GFP fluorescence was also found to be
expressed differentially in different layers of neocortex and piriform cortex (Pir), forming a
bright band at roughly layer 11/111 in neocortex and layer Il in piriform cortex (Fig. 3).
Within the midbrain, GFP signals were low to modest. Within the posterior lobes of the
cerebellum (Cb), a bright GFP-positive Purkinje cell layer was readily visible. Varying
degrees of GFP intensity was found within the medulla (Fig. 2).

Within coronal sections of the adult brain (e.g. Fig. 3, Bregma —2.22mm), the highest GFP
signal was detected in the hippocampus, especially within the dentate gyrus (DG) followed
by pyramidal layers of CA1 & 3 (Fig. 3). Conspicuous GFP fluorescence was observed in

the cerebral cortex as well, in addition to the retrosplendial granular cortex (RSG), primary

Brain Res. Author manuscript; available in PMC 2014 June 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 4

somatosensory cortex (S1), auditory cortex (Au), ectorhinal cortex (Ect), perirhinal cortex
(PRh), Piriform cortex (Pir), and posterolateral cortical amygdaloid nucleus (PLCo). In
RSG, S1 and Au, a bright band at layer I1/111 and a dark band at layer IV/V were observed
(Fig. 3A). In the thalamus, a relatively stronger GFP signal was detected in the laterodorsal
ventrolateral section (LDVL), ventrolateral section (VL), and ventral posterolateral nucleus
(VPL), while a weaker GFP signal was detected in the ventromedial nucleus (VM),
mediodorsal nucleus (MD), and posterior complex (Po). In the basal ganglia, moderate GFP
signal was observed in the caudate putamen (CPu), the central and medial amygdala nucleus
(CEALI) in contrast to the dark area in the stria terminalis (str) (Fig. 3A). Apparent lack of
CaMKIlla-GFP was observed in most of the axonal tracts, for instance, fasciculus
retroflexus (fr), mammilothalmic tract (mtt), optic tract (opt), with the exception of the
fornix (fi).

To further investigate the distribution of GFP fluorescence within local circuits of specific
nucleus, we used Nissl staining to mark the neuronal population and took microphotographs
with higher magnification using either an epifluorescent or a confocal microscope.

Hippocampus

As shown in Fig. 4A, the strongest GFP fluorescence signal observed in hippocampus was
due to strong expression of GFP in the granular layer of DG, as well as the pyramidal cell
layer within field CA1 and CA3. Polymorph layer of DG (PoDG), stratum oriens (Or),
stratum lucidum (Slu), and radiatum (Rad) were also marked with robust GFP. DG showed
the highest intensity of GFP signal among all subregions of the hippocampus, due to the
highest GFP-positive cell density (8920 cells /mm?); intense GFP fluorescence was also
found in the nerve fibers in stratum molecular (MoDG) and polymorphic layers (PoDG) (Fig
4C1 & C2). In different subregions, somatic GFP signal was distributed in a different
laminar fashion: in DG, only granular layer expressed conspicuous GFP, leaving
interneurons appearing as dark hollow areas (marked with asterisks in Fig. 4C) in the
background of GFP+ dendrites in MoDG and PoDG. Similarly, in CA1 and CA3, GFP-
positive neurons were exclusively found to be large pyramidal neurons in the stratum
pyramidale (Py), while dark hollow areas were formed by presumed interneurons (marked
with asterisks in Fig. 4B and D) in stratum oriens and stratum radiatum. Proximal CA3
pyramidal dendrites near mossy fibers had the strongest GFP fluorescence, appearing as
bright puncta located near the proximal dendrites (marked with white arrows in Fig. 4D2).
In the case of GFP-positive granule cells and pyramidal neurons in DG, CA1 and CA3, both
somata and large diameter processes (presumed apical dendrites) were clearly GFP positive
(e.g. Fig. 4B2, C2 & D2). In field CA1, we found that 69% (69 + 10%, n=3 sections) of
Nissl positive cells were GFP-positive. GFP fluorescence was expressed in somata (Py) and
dendrites (Or), as well as fine processes (presumed axons) or terminal-like puncta in the
neuropil region (Rad, Fig. 4B2). Fig. 4C shows that in DG, GFP fluorescence was also
expressed in both somata (72 + 8%, n=5 sections) and dendrites of presumed granule
neurons. In the pyramidal layer of CA3 (Py), 74% (74 + 4%, n=3 sections) of the Nissl
stained neurons expressed modest levels of GFP, however, GFP signal was significantly
stronger in the mossy fibers of the stratum lucidum (Slu, Fig 4D). Modest to low levels of
GFP expression were detected in presumed axons or terminal-like puncta in the neuropil
region (Fig. 4D2).

Neocortex cortex

According to layers defined by cell density and morphology in Nissl-stained brain sections
(e.g. Fig. 5A1), we could observe non-uniform distributions of GFP fluorescence between
layers throughout neocortical regions (e.g. Fig. 3 & 5). In the primary somatosensory cortex
layer 1, scattered fine processes (both vertical and horizontal) emitted moderate GFP signals,
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but very few GFP positive somata were seen. In layer 11/111, 32 + 2% (n=5 sections) of
Nissl-positive cells were GFP-positive. GFP expressing cells mostly appeared to be small-
sized pyramidal neurons, based on the shape of the somata and apical dendrites.
Immunofluoresent GABA staining showed that these GFP+ cells were not GABAergic cells
in this layer (Fig. 5B). Presumed long apical dendrites of pyramidal neurons were also
marked with GFP. In layer IV, which consisted of a variety of spiny stellate and star
pyramidal neurons, only 7.14 £ 0.2% (n=5 brain slices) of the Nissl population emitted a
GFP signal. Interestingly, in layer V where large pyramidal neurons are located, lower than
10% (9.5 + 0.5%, n=5 sections) of the neurons expressed GFP. In some presumed large
pyramidal cells, GFP were entirely absent, leaving cell bodies of these cells appearing as
dark holes (marked with * in Fig. 5A). In layer VI, 35 % 2% (n=5 sections) of Nissl-positive
cells were GFP-positive. From their morphology, they appeared as both corticothalamic and
corticocortical pyramidal neurons (Thomson 2010). These cells included both pyramidal
neurons and inverted pyramidal cells. Both cell bodies and presumed apical dendrites were
GFP-positive, and the brightness of GFP expression is similar to that of layer I1/111.

GFP fluorescence was predominantly found in the dense plexus of the neuropil containing
presumed axonal and dendritic processes. As seen in a low magnification photomicrograph
(Fig. 6A), GFP marked neuropil in many thalamic relay nucleuses, leaving cell bodies as
dark hollows (Fig. 6A). With a closer observation under a confocal microscope, as shown in
Fig. 6B, more intense GFP fluorescence was detected in neuropil (*) than neuronal cell
bodies (arrowheads). Sub-regions which expressed stronger GFP fluorescence in the
thalamus were the ventrolateral nucleus (VL), ventral posterolateral nucleus (VPL), nucleus
of reunions (Ro), central medial nucleus (CM), infermediodorsal nucleus (IMD),
laterodorsal nucleus (LDVL), lateral posterior thalamic nucleus, mediorostral part (LPMR),
laterodorsal thalamic nucleus, dorsomedial part (LDDM) and angular nucleus (Ang); sub-
regions that expressed the least GFP fluorescence in thalamus were the mediodorsal nucleus
(MDC, MDL, MDM), dorsal part of rhomboid nucleus (Rh), ventral part of ventromedial
nucleus (VM), posterior complex (Po), reticular nucleus (RT), and central lateral nucleus
(CL). In addition, thalamocortical axons in the internal capsule area were labeled with
modest level of GFP (marked with arrowheads in Fig. 6C). In the thalamic reticular nucleus
(RT), GFP were mostly absent from GABAergic RT cells (marked with * in Fig. 6C).

Hypothalamus

Within the hypothalamus, the distribution of GFP fluorescence was stronger in neuropil than
somata in most regions (Fig. 7). Weaker than average GFP signals were shown in a few
regions, such as the ventromedial nucleus (VM), lateral nucleus (LH), dorsal-medial nucleus
(DM), and lateral part of arcuate nucleus (ArcL). In the fornix (fi), which consists of axons
from the hippocampus to mammillary bodies and septal nuclei, the highest intensity of GFP
fluorescence was observed (Fig. 7A2). Hypothalamus also had several sub-regions with
bright but scattered GFP-positive neuronal cell bodies, such as the dorsal part of arcuate
nucleus (ArcD) and paraventricular nucleus (Pa), and to a lesser extent in ArcL, DM, and
LH.

Inferior Collicullus (IC)

Throughout IC, modest GFP fluorescence in both neuropil and somata was observed, with
higher densities in the somata. The brightness of neuropil as well as somata in the rostral or
caudal portion of the periphery region was stronger than the central region (Fig. 8).
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As shown in Fig. 2B, the cerebellum showed an uneven distribution of GFP between
anterior, posterior lobes and throughout different layers within each lobe. In the posterior
lobes, especially the 9th and 10th lobes, purkinje neurons in the Purkinje cell layer (Pc) were
brightly marked with GFP fluorescence in both somata and processes (dendrites) (marked
with + in Fig. 9A). There was also modest GFP fluorescence emitted from neuropil in the
molecular layer (Mol), leaving presumed interneurons and granule neurons appearing as
dark hollows in the neuropil (marked with * in Fig. 9A1). In the granule cell layer, GFP was
expressed at low levels in cell bodies of presumed granule cells (Fig. 9A2). However, very
weak GFP fluorescence was emitted from anterior lobes and no significant number of GFP-
positive neurons was detected (Fig. 2& 9B).

In the medulla, GFP fluorescence was most conspicuous in the spinal nucleus of trigeminal
(SP5). There was only sparse signal in the medial vestibular nucleus (MVe), medullary
reticular nucleus, dorsal part (MdD), rostal periolivary region (RPO), and lateral reticular
nucleus (Lrt) compared to surrounding regions (Fig. 2). The facial nucleus and its root (7N
and 7n) showed an absence of GFP. Under higher magnification, very low density of GFP
positive somata, along with virtually negative GFP in neutrophil, was shown in the
medullary reticular nucleus, dorsal part (MdD). In contrast, 45 + 4% (n=3) GFP+ cells were
found in the spinal trigeminal nucleus (Sp5, Fig. 10). Within this nucleus, GFP fluorescence
in the neuropil was stronger than MdD region, where large neuronal cell bodies appeared as
black hollows surrounded with weak GFP+ puncta (Fig. 10).

Other regions

In the basal ganglia, as described in previous studies (Benson et al., 1992), caudate-putamen
(CPu) and nucleus accumbens (Acbh) were strongly labeled with GFP, but not globus
pallidus and entopeduncular nucleus. In CPu, both cell bodies and processes were brightly
labeled (e.g. Fig. 11D1). Striatum terminals were only lightly labeled (mostly in neuropil),
in contrast to the stronger labeling in the neighboring lateral amygdaloid complex. Among
amygdalar nucleuses, the central lateral nucleus (CEAI) was labeled both in cell bodies and
the neuropil, while the lateral nucleus (AL) was labeled more in the cell bodies. Medial
lateral amygdalar nucleus (AM) was only lightly labeled with GFP in the neuropil (e.g. Fig.
2&3).

Colocalization of CaMKIl a-GFP with GABA-IR

We examined the colocalization between GFP with GABA-IR in several brain regions. As
shown in previous figures (Fig. 5 & 6), there was virtually no overlap between GFP+ with
GABA-IR somata in the neocortex and thalamus. In the hippocampus CAl & 3, this was
also the case (Fig. 11B). In other three-layered cortices (such as Pir, Ect and PRh), no
overlap between GFP+ and GABA-IR positive somata (e.g. Fig. 11F) was observed. The
similar situation was also seen in several sub-cortical areas such as thalamus (Fig. 11C),
CPu nucleus (Fig. 11D) and hypothalamus (Fig. 11E). However, there were very high
percentages of overlap between GFP+ and GABA-IR somata in the olfactory bulb especially
in granule cells (not shown) as previously described (Zou et al., 2002).

Colocalization of CaMKIl a -GFP with CaMKII-IR

Next, we examined the overlapping between GFP with CaMKII-IR in two selected forebrain
regions: the primary somatosensory cortex (S1) and the hippocampus. In different layers of
the S1, nearly all GFP expressing cells were CaMKII-IR positive (table 1) but a significant
number of CaMKII-IR positive cells were not marked with GFP (table 2). For example, in
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layer 11/111, as shown in Fig. 12A and table 2, 60 + 4% (n=3 sections) CaMKII-IR positive
neurons also expressed GFP signal. In layer 1V shown in Fig. 12B and table 2, only 33 £ 2%
(n=3 sections) of the CaMKII-IR positive cells were GFP-positive. This indicates a partial
expression of GFP in cells in CaMKII-expressing cell population in the somatosensory
cortex, presumably due to an incomplete CaMKIlla promoter function used in the
transgenetic mouse line. Fig. 13 shows the colocalization of the CaMKII antibody and GFP
in three sub-regions of the hippocampus: CA3 (Fig. 13A), CA1 (Fig. 13B) and DG (Fig.
13C). Again, all GFP expressing cells were also CaMKII-IR positive. At the same time, a
very high percentage of CaMKII-IR also expressed GFP throughout the hippocampus: 92.2
+ 2%, 97.3 £ 3%, 98.1 + 1% for CA1, CAS3, and DG, respectively (n=3 sections). Therefore,
we conclude that the partial expression of GFP was region-specific. Furthermore, in the
hippocampus, the GFP signal was more robust than in the CaMKII-IRs (marked with white
arrowheads in Fig. 13). Colocalization rates in sub-regions of somatosensory cortex and
hippocampus are shown in table 1 and 2.

DISCUSSION

As here we report the first case of transgenic mice expressing GFP under the control of the
promoter for CaMKIlla, our discussion will focus primarily on the relationship between
CaMKIlla -GFP expression and CaMKIlla expression in various brain regions studied with
immunohistochemical method. An intense expression and substantial heterogeneity in the
distribution of CaMKIla across the brain was observed by both immunohistochemistry and
biochemical methods (Ouimet et al., 1984;Erondu and Kennedy, 1985;Benson et al., 1992).
A similar expression pattern of GFP was found in the present study. CaMKII antibody used
in the present study recognizes a, &, and y isoforms of CaMKII but not B isoform. Since the
expression levels of & and y isoforms is negligible compared to aisoform, we believe
CaMKII-IRs reflect mostly the distribution of CaMKIla. High colocalization rates have
been observed between CaMKIla -GFP and CaMKII-IR.

Hippocampus

The highest levels of CaMKlla have been found in the hippocampus and are known to
comprise as much as 2% of the total protein in the brain (Erondu and Kennedy, 1985). In the
present study, the hippocampus also showed the strongest GFP signal of the whole brain. In
agreement with /n situ hybridization studies on CaMKlla mRNA, strong GFP signal was
found in cell bodies within pyramidal and granule cell layers of hippocampal formation with
a92.2 + 2%, 97.3 £ 3%, and 98.1 £ 1% colocalization rate between GFP and CaMKII-IR in
field CA1, CA3 and DG, respectively. Therefore, CaMKIla-GFP can be used as an
indicator of CaMKIlla in this region. Further studies should be done on the developmental
expression pattern of GFP in this region to find out whether it can be also used as an
indicator in developmental studies.

Interestingly, although sharing a similar localization profile in the hippocampal formation
with CaMKII-IR, CaMKIlla-GFP showed a more homogenous and stronger expression in
both cell bodies and neuropil than CaMKII-IR. This could be due to extra copies of the
CaMKIla transgenes and its amplification during expression in the transgenic mice.
Previous studies (Burgin et al., 1990) showed that CaMKIlla is denser in the middle and
distal dendrites of pyramidal cells near associational and commissural fiber terminals, rather
than proximal dendrites near mossy fiber terminals. However, in our study, the Slu of field
CA3, where proximal parts of pyramidal dendrites locate, were found with very high density
of dendritic GFP. Mossy fibers are consisted of axons replaying from DG and have been
extensively studied because of their strong influence on the excitability of CA3 neurons. In
contrast to associational and commissural synapses, mossy fiber LTP doesn’t require either
postsynaptic calcium or NMDA (Zalutsky and Nicoll, 1990). However, studies have shown
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that the NMDA-independent mossy fiber LTP can be blocked by the CaMKI|I inhibitor,
suggesting that CaMKII could play an important role in mossy fiber LTP (Kessey and
Mogul, 1997). It has also been shown that intraterminal Ca2* and CaMKI| are necessary for
frequent facilitation of mossy fiber synapses (Salin et al., 1996). A high GFP signal in the
present study could be due to the high density of synaptic contacts, suggesting an important
role of CaMKIla in mossy fiber synapse plasticity. Another explanation would be that a
signal previous neglected was observed in the CaMKIla -GFP line due to the enhanced
function of CaMKIlla-promoter and the brightness of GFP. Of course, a remote possibility
that an altered promoter function leading to ectopic expression in this region cannot be
entirely excluded.

Distinct laminar distribution of CaMKII in the primary somatosensory cortex has been
described in several previous studies (Ouimet, McGuinness, and Greengard, 1984, Erondu
and Kennedy, 1985;Jones et al., 1994;Burgin et al., 1990). Present study showed that the
GFP signal was more robust in layer I1/111 and VI than layer I, IV and V, which is consistent
with Burgin et al’s findings. This is reflected by the expression rates in cell bodies: 32 + 2%
of neurons in layer 11/111 are GFP-positive, whereas only 7.1 + 0.2% of layer 1V are GFP-
positive, and only 9.5 + 0.5% in layer V. Noticeably, GFP expression in the neuropil is
higher in layer 1I/111, and VI rather than layer 1. Converging apical dendrites of all
pyramidal neurons from layer IV and V may contribute to the stronger GFP signal in layer
[1/111. A weak GFP signal in Layer I is mainly due to a lack of GFP-positive cell bodies,
however, a moderate GFP can still be observed from neuropil. This pattern is consistent
throughout the cerebral cortex: retrosplenial granular cortex, somatosensory cortex, auditory
cortex, ect, PRh and Pir, suggesting a similar functional mapping throughout neocortex and
paleocortex. In the neocortex, colocalization rates of GFP with CaMKII-IR were different
across layers. 66% of CaMKII-IR neurons are negative for GFP in layer 1V and they are
mostly large pyramidal neurons as reported to be positive for CaMKIlla (Table 2) (Jones,
Huntley, and Benson, 1994). This suggests a partial expression pattern of the CaMKlla
promoter used in this transgenic mouse in large pyramidal neurons of this layer. The
molecular and regulatory mechanism responsible for this partial expression requires further
investigation.

as reported in rat brain (Conlee et al., 2000;Ichikawa et al., 1992), in cerebellum, CaMKlla
is found exclusively in Purkinje cells, including cell bodies, dendrites and axons. In the
present study, our results agreed with previous studies in that Purkinje cells were found to
express high level of GFP, particularly in posterior lobes (e.g. Fig. 9). The number of GFP+
Purkinje cells was roughly similar to the number of large Nissl positive cells in the same
layer (see Fig. 9A), suggesting that CaMKIlla was robustly expressed in Purkinje cells.

In the molecular layer, modest GFP marked neuropil (e.g. from basket cells or stellate cells)
instead of somata (marked with asterisks in Fig. 9A). However, in anterior lobes, very weak
GFP signal was detected, presumably due to incomplete promoter function in this region.
The molecular and regulatory mechanisms responsible for this partial expression require
further investigation. The GFP expression patterns in the other two layers of the cerebellum
were very different from previous studies. Modest densities of GFP+ “patches’ were found
in granular layers, as well as medullary layers of the white matter (e.g. Fig. 9). In the
granular layer, a large part of the GFP signal comes from the somata of presumed granule
cells, however, further characterization of GFP+ cell types in this region requires
colocalization studies with specific cell markers.
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Thalamus and hypothalamus

CaMKIlla has been reported to be involved in activity-dependent dendritic plasticity in the
thalamus (Willis, 2002; Wu and Cline, 1998). It is also known to be necessary for
mammalian circadian rhythms generated by a hypothalamic suprachiasmatic nuclei (SCN)
clock (Golombek et al., 2004) and leptin-induced plasticity in Arc nucleus (Morishita et al.,
1998). In agreement with immunochemical studies (Erondu and Kennedy, 1985), modest
GFP was seen in the thalamus and hypothalamus. Moreover, the GFP signal was stronger in
the presumed dendritic processes of the thalamic relay nucleus. Bright GFP signal in cell
bodies of the Arc nucleus indicates the role of CaMKIla in neuroplasticity in these areas.
Therefore, we believe that GFP could be used as a functional indicator of CaMKlla in these
regions. Further studies could be done on whether GFP can be used as an indicator of
CaMKIlla protein expression quantitatively in relation to specific activation of these
nucleuses under various physiological conditions (e.g. hyperosmotic challenge).

Other regions

CaMKIlla has been shown to mediate activity-dependent plasticity in basal ganglia
(Kebabian, 1997), reinforcement learning in striatum (Wanjerkhede and Bapi, 2008;Wang et
al., 2004), synaptic signaling (Diez-Guerra, 2010;0ta et al., 2010), memory, and stress
function (Xiao et al., 2009;Bilecki et al., 2009;Musumeci et al., 2009) in amygdala. Our
results showed that the expression of GFP varies greatly throughout different subdivisions of
basal ganglia. With further studies of CaMKII-IR/GFP colocalization in this region, in a cell
specific manner, these transgenic mice could provide more information on the function of
CaMKIlla in these regions and how it is regulated in different plasticity paradigms.

To summarize, the present study described expression patterns of GFP driven by the
CaMKIlla promoter in adult brain tissue. GFP signals were shown to be clearly visible and
differentially expressed throughout the entire brain (e.g. Fig. 1). High levels of
colocalization between GFP and CaMKII-IR throughout the mouse brain suggest that the
distribution of GFP reflects the distribution of functional CaMKlla to a great extent.
Therefore, examination on GFP signal could provide us important insights regarding brain
region specific localization of CaMKIlla. An important application of this information is the
visualization of CaMKIlla-expressing cells /n vivoand in vitro physiological studies. The
bright GFP signal of these mice can also be taken advantage to study carefully how GFP
expression is regulated in each brain region across different developmental stages and
plasticity paradigms. However, further examination should be conducted to determine
whether the distribution and intensity of GFP reflects that functional CaMKilla.

Materials and Methods

CaMKIlla -GFP transgenic mice

We used CaMKIlla -GFP mice, in which GFP is selectively expressed under the control of
the endogenous CaMKIla gene promoter described by previous studies (Mayford et al.,
1996). The DNA construct was provided by Dr. Mayford and the mice were generated by
Gabor Szabo’s group. Briefly, the the 8.5-kbp CaMKIlla. promoter region, as well as 84
nucleotides of the 5" non-coding exon, was fused to the GFP. The entire 3’-UTR of the
CaMKIla mRNA was placed downstream of the GFP coding region. Transgenic mice were
derived by standard pronuclear injection of CBA/C57BI6F2 fertilized eggs. For this study,
heterozygous transgenic mice of the C57BI6 background were used. In this study, these
transgenic mice were called CaMKIla -GFP mice for simplicity. The CaMKIla -GFP
transgenic mouse line was used to study the distribution of CaMKIlla throughout the brain
in vivo. Adult mice (postnatal day 74) were given a lethal injection of Nembutal and
perfused intracardially with 0.9% sodium chloride, followed by 4% paraformaldehyde, and
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the brain was then removed. The tissues were cryoprotected in 30% sucrose and then cut
into 30 pm-thick coronal and sagittal sections.

Fluorescent labeling and microscopy

For GABA immunostaining, sections were incubated in 0.6% H,O, for 30 min, PBS
washed, switched to 50% alcohol for 10 min, PBS washed, and then incubated in TBS with
0.5% Triton X-100, 2% BSA, 10% normal goat serum for 2 h at room temperature and
incubated in primary antibodies directed against GABA (1:10,000; Sigma A2052; raised in
rabbit using GABA-BSA as the immunogen) overnight. The next day, after PBS rinsing,
sections were incubated in goat anti-rabbit 1gG (1:1000; Invitrogen, Carlsbad, CA) for 3 h,
rinsed, mounted, and coverslipped. For CaMKlla immunostaining, MOM (mouse on
mouse) kit (\VVector laboratories, Burlingame, CA) was used. Sections were incubated in
0.6% H202 for 30 min, PBS washed, switched to 50% alcohol for 10 min, PBS washed,
incubated in TBS with 0.5% Triton X-100, 2% BSA, 10% normal goat serum for 2 h, MOM
Ig Blocking Reagent for 3 h, MOM dilution for 2 h at room temperature and then incubated
in primary antibodies directed against CaMKII (1:500; Millipore, AB3111) overnight. The
next day, after PBS rinsing, sections were incubated in working solution of MOM
biotinylated anti-mouse LgG Reagent for 3 hours, Texas Red Avidin D(1:250, Vector
laboratories, Burlingame, CA) in PBS for 2 h, rinsed, mounted, and cover slipped. The
immunofluorescent specimens were examined using an epifluorescence microscope (Zeiss,
Thornwood, NY) equipped with AxioCam digital color camera. Double-immunofluorescent
images were analyzed using an AxioVision LE imaging suite (Zeiss). Cell counting was
conducted with the automeasure function of the AxioVision LE imaging suite. Confocal
imaging was conducted using FVV10i confocal microscope (Olympus) and ECLIPSE E800
microscopes (Nikon). For Nissl staining, NeuroTrace™ Fluorescent Nissl Stains kit
(Molecular Probes, invitrogen, Carlsbad, CA) was used. Fresh sections were washed in
0.1M PBS plus 0.1% Triton® X-100 before being applied with NeuroTrace staining (1:300)
for 20 minutes. After washed with PBS with Triton® X-100, the sections were washed for 2
hours in PBS at room temperature, mounted with ProLong® Antifade Kit (P-7481) and
coverslipped.
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Table of Abbreviations

7n Facial nucleus root

7N Facial nucleus

Acb Accumbens nucleus

Aco Anterior commissure

AM Amygdalar nucleus, medial
AL Amygdalar nucleus, lateral
Ang Angular thalamic nucleus
AON Anterior olfactory neucleus
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ArcD
ArcL
Au
CAl
CA3
Cb
CEAI
CL
CM
CPu
DG
DM
Ect

Fr
FrA
Geb
ar
GrDG
HPF
HY
IC
IMD
LDDM
LDVL
LPMR
LH
Lmol
Lrt
LSO
MB
MO
MDC
MdD
MDL
MDM
ME

Arcuate hypothalamic nucleus, Dorsal part
Arcuate hypothalamic nucleus, Lateral part
Auditory cortex

Field CA1

Field CA3

cerebellum

Central amygdalar nucleus, lateral

Central lateral nucleus of the thalamus
Central medial nucleus of the thalamus
Caudoputamen

Dentate gyrus

Dorsal medial nucleus of the hypothalamus
Ectorhinal cortex

Fasciculus retroflexus

Frontal association cortex

Gelatinous layer of the caudal spinal trigeminal nucleus

granule layer of cerebellum

Granular layer of Dentate gyrus

Hippocampal formation

Hypothalamus

Inferior collicullus

Infermediodorsal nucleus of the thalamus
Laterodorsal thalamic nucleus, dorsomedial part
Laterodorsal thalamic nucleus, ventrolateral part

Lateral posterior thalamic nucleus, mediorostral part

Lateral hypothalamus area

stratum lacunosum molecular

Lateral reticular nucleus

Lateral superior olive

Midbrain

Motor cortex

Mediodorsal nucleus of the thalamus, Central part
Medullary reticular nucleus, Dorsal part
Mediodorsal nucleus of the thalamus, Dorsal part
Mediodorsal nucleus of the thalamus, Medial part

Median eminence
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mmt

M o5
MOB
MoDG
MRN
MY
MVe
Opt
Or

Pa
PARN
PAG
PC
Pir

Pc
PLCo
Po
PoDG
PRh
Rad
Re
RPO
RSG
RT
S1

Slu
SNR
Sp5
SPvVC
Str
Sub
TH
Tu
VIS

mammilothalmic tract

Motor trigeminal nucleus

Main olfactory bulb

Dentate gyrus, molecular layer
Midbrain reticular nucleus

Medulla

Medial vestibular nucleus

optic tract

stratum oriens

Pons

Paraventricular hypothalamic nucleus
Parvicellular reticular nucleus
Periaqueductal gray

Paracentral nucleus

Piriform cortex

Purkinje cell layer of cerebellum
Posterolateral cortical Amygdaloid nucleus
Posterior complex of the thalamus
Polymorph layer of the dentate gyrus
Perirhinal cortex

stratum radiatum

Nucleus of Reunions

Rostal periolivary region
Retrosplenial granular cortex
Reticular nucleus of the thalamus
Primary somatosensory cortex
Superior colliculus

stratum lucidum

Substantia nigra, reticular part of amygdaloid area
Spinal trigeminal nucleus

Spinal nucleus of the trigeminal, caudal part
striatum terminals

Subparafascicular nucleus

Thalamus

Olfactory tubercle

Visual cortex
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VL Ventrolateral nucleus of thalamus

VO Ventral orbital cortex

VPM Ventral posteromedial nucleus of thalamus
VPL Ventral posterolateral nucleus of thalamus
Wm White matter
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Fig. 1.

The visualization for CaMKIlla -GFP in an intact new born mouse head. CaMKlla -GFP in
the head of a postnatal day 1 mouse visualized under a dissecting microscope. White arrows
mark the olfactory bulbs. A) Dorsal aspect; B) Lateral aspect. Scale bar =1mm.
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Fig. 2.

The sagittal view of CaMKIlla -GFP in an adult mouse brain. Confocal image montage
shows GFP (AI), Nissl (A2) in a 30um sagittal section (lateral 1.10mm) from a postnatal
day 83 mouse brain. Bis a merged image of AZand AZ. Scale bar = 500 um.
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Fig. 3.

The coronal view of CaMKIla -GFP in an adult mouse brain. GFP (AZ) and Nissl (A2)in a
30um coronal section (Bregma —2.22mm) from a postnatal day 83 mouse brain. Bis a
merged image of AZand AZ. Scale bar = 500 pum.
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Fig. 4.

The coronal view of CaMKIlla -GFP in the hippocampus. GFP in hippocampus in a 30um
coronal section (Bregma —-2.22mm) (A). Higher magnification confocal microscopic images
of GFP (B2 C2 and D2) and Nissl (B1 C1 and DI) in CALl field (B), dentate gyrus (C) and
CAZ3 field (D). Scale bar = 100pum in A and 20pm in the other panels.
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Fig. 5.

CaMKlla -GFP in the somatosensory cortex. CaMKlla -GFP (A2) and Nissl (AZ7in
primary somatosensory cortex (S1) in a 30um coronal section (Bregma -2.22mm). B) Image
of GABA-IR (BI) and GFP (B2) in S1 layer I1/111 region showing that there is virtually no
overlap between GFP cells (asterisk *) and GABA-IR positive cells (arrowheads). Scale bar
=20um.
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Fig. 6.

CaMKIlla -GFP in the thalamus. A) GFP in thalamus in a 30um coronal section (Bregma
-2.22mm). B) Confocal microscopic image showing the double labeling for Nissl (BZ) and
GFP (B2). C) Microscopic image of GFP (CZ) and GABA-IR (C2) in VPL region showing
that there are virtually no overlap between GFP positive fiber (arrowheads) and GABA-IR
positive cells (asterisk *). Scale bar = 50um in A and 20pum in Band C.
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Fig. 7.

CaMKlla -GFP in the hypothalamus. Nissl (AZ & B1) and GFP (A2 & B2) in
hypothalamus in two 30um coronal sections (A Bregma —0.94mm; B: Bregma —1.70mm)
from a postnatal day 83 mouse brain. Scale bar = 50um.
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Fig. 8.

CaMKIlla -GFP in the inferior colliculus. Nissl (A) and GFP (B) in inferior colliculus in a
30pm sagittal section (lateral 1.10mm) from a postnatal day 83 mouse brain. Scale bar =
50um.
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Fig. 9.

CaMKIlla -GFP in the cerebellum. Nissl (A1 and BI) and GFP (A2and B2) in cerebellum
in two 30um sagittal sections (lateral 1.10mm). A) 9" cerebellum lobe. B) 6™ cerebellum
lobe. Scale bar = 50 pm. + mark purkinje cells; asterisks mark granule cells, basket, and
stellate cells.
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Fig. 10.

CaMKIlla -GFP in the medulla. Nissl (A) and GFP (B) in a 30um medulla sagittal section
(lateral 1.10mm) from a postnatal day 83 mouse brain. Asterisks mark cells that are GFP
negative. Scale bar = 50um.
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GABA

Fig. 11.

Colocalization of CaMKIla -GFP and GABA-IR in different brain regions. A CI1 D1, E1
and FZshow GFP. C2 D2 EZand FZshow GABA-IR. B1 B2 C3 D3 E3and F3are merged
images of GFP (Green) and GABA-IR (red). A) GFP expression in a 30um coronal section
(Bregma —-2.22mm) of postnatal day 83 mouse brain. Bto Fare higher magnification images
of highlighted regions in A: B1) hippocampal CAS3 field; B2) hippocampal CA1 field; C)
thalamus; D) CPu; £) hypothalamus; F) Ect. White arrowheads mark cells positive for GFP
but not GABA-IR. Black asterisks indicate cells positive for GABA-IR but not GFP. Scale
bar =500pum in A and 50um in Bto ~.
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Fig. 12.

Colocalization of CaMKIla -GFP and CaMKIlla-IR in the somatosensory cortex. GFP (AZ
& B1) and CaMKlla-IR (A2 & B2) in a coronal section of the somatosensory cortex
(Bregma —-2.22mm) of a postnatal day 83 mouse brain. White arrowheads show cells
positive for both the CaMKIla-IR and GFP. Asterisks mark CaMKIlla-IR positive cells
lacking GFP. Scale bar = 25um.
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Fig. 13.
Colocalization of CaMKIla -GFP and CaMKIlla-IR in the hippocampus. Double labeling

for GFP (A1 B1 & CI) and CaMKlla-IR (A2 B2 & C2) in a coronal section of
hippocampus (Bregma —2.22mm) from a postnatal day 83 mouse brain. White arrowheads
show cells positive for both CaMKII-IR and GFP. Asterisks mark CaMKII-IR positive cells
lacking GFP. A) CA3 field. B) CALl field. C) Dentate gyrus. Scale bar = 20um.
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Percentage of CamKlla-GFP cells that are positive for CaMKII-IR in selected brain areas

! Somatosensory " :
Region cortex Region | Hippocampus
Layer | 100% (n=5) CAl 100% (n=3)
Layer I1/111 | 81.6% (n=5) CA3 100% (n=3)
Layer IV 100% (n=5) DG 100% (n=3)
Layer V 100% (n=5)
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Percentage of CaMKII-IR positive cells that are positive for CamKlla-GFP in selected areas of neocortex

Region Somatosensory | Region | Hippocampus
cortex

Layer | 30.1+2% (n=3) | CA1 92.20 + 2% (n=3)

Layer 11/111 | 160+ 4% (n=3) | CA3 97.30 + 3% (n=3)

Layer IV 33+£2% (n=3) | DG 98.10 * 1% (n=3)

Layer V 26.6 £ 8% (n=3)
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