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Abstract
Rats have been widely used as one of the most common laboratory animals for biological research, because their physiology,
pathology, and behavioral characteristics are highly similar to humans. Recent developments in rat genetic modification tech-
niques have now led to further their utility for a broad range of research questions, including the ability to specifically label
individual neurones, and even manipulate neuronal function in rats. We have succeeded in generating several transgenic rat lines
that enable visualization of specific neurones due to their expression of fluorescently-tagged oxytocin, vasopressin, and c-fos
protein. Furthermore, we have been able to generate novel transgenic rat lines in which we can activate vasopressin neurones
using optogenetic and chemogenetic techniques. In this review, we will summarize the techniques of genetic modification for
labeling and manipulating the specific neurones. Successful examples of generating transgenic rat lines in our lab and usefulness
of these rats will also be introduced. These transgenic rat lines enable the interrogation of neuronal function and physiology in a
way that was not possible in the past, providing novel insights into neuronal mechanisms both in vivo and ex vivo.
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Introduction

Reliable and efficient methods of gene transfer are desired to
successfully establish genetically modified animal models,
and to determine how genotype affects phenotype. The first
genetically modified animal was generated by Jaenisch et al.
in 1974 (Jaenisch and Mintz 1974). They inserted a DNA
virus into an early-stage mouse embryo and the inserted genes
were present in every cell; however, theywere not inherited by
the offspring. Gordon et al. (Gordon and Ruddle 1981),
Costantini et al. (Costantini and Lacy 1981), and Brinster
et al. (1981) were the first to succeed in transmission of the
modified genome to the subsequent generation by injecting
purified DNA into single-cell mouse embryo. Classically,
the transgenic method involves insertion of a foreign gene at
a random position in the genome. In the past decades, howev-
er, several novel genome editing technologies have enabled us

to now potentially manipulate any gene in many different cell
types and organisms, typified by zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases
(TALENs), and CRISPR/Cas-based RNA-guided DNA endo-
nucleases (Meek et al. 2017).

Arginine vasopressin (AVP) and oxytocin (OXT) are syn-
thesized in the magnocellular neurosecretory cells (MNCs) of
the supraoptic (SON) and paraventricular (PVN) nuclei of the
hypothalamus. They project axon terminals to the posterior
pituitary and secrete AVP and OXT into the systemic circula-
tion with action potential-dependent regulation (Brownstein
et al. 1980). Plasma AVP acts on the kidney as an anti-
diuretic hormone via the V2 receptor (Holmes and Russell
2004), while plasma OXT regulates well-characterized pro-
cesses in uterine contraction and lactation (Marshall 2011).
Somato-dendritic release of AVP and OXT from the MNCs
can also mediate various central actions (de Kock et al. 2003;
Ludwig and Leng 2006).

In the past, it was difficult to identify or visualize neurones
unless they were fixed and stained using immunohistochem-
istry or in situ hybridization. The ability to identify specific
neurones without the need for antibodies or probes signifies a
major methodological refinement, making the experiment
much easier as well as providing deeper understanding. For
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example, it is extremely useful when we conduct electrophys-
iology from Blive^ neurones, which can be readily identified
in a rat line with fluorescent-tagged neurones (Ohbuchi and
Ueta 2014; Ohkubo et al. 2014a, b). In addition, rapid devel-
opment of chemogenetics and optogenetics has more recently
enabled us to better understand the relationship between cen-
tral nervous activity and diverse behaviors (Deisseroth 2011;
Magistretti and Allaman 2013). Importantly, we can now in-
sert genetically modified channels or receptors into specifical-
ly targeted neurones. This ensures that only the specific neu-
ronal type can be manipulated by the experimental stimuli of
specific wavelength light in optogenetics or specific drug in
chemogenetics.

Our group has established several transgenic rat lines to
date. In this review, we will summarize the brief description
of the methods of gene transfer into the central nervous sys-
tem. We will also present examples of the transgenic rat lines
in our lab, including novel technologies of optogenetics and
designer receptors exclusively activated by designer drugs
(DREADDs).

Methods of the gene transfer

There are various methods for gene transfection. The ideal
method of gene transfer depends on the cell type and purpose
for which researchers want to conduct. They should have high
transfection efficiency, low cell toxicity, minimal effects on
normal physiology, and be easy to use and reproducible
(Kim and Eberwine 2010). Here, we outline representative
examples of the main methods used for gene transfer into
the central nervous system, and briefly address their advan-
tages and disadvantages. Summary figure of the methods of
the gene transfer into central nervous system is also presented
(Fig. 1).

In vivo viral transfection directly into the specific
brain area

Virus-mediated transfection, also known as transduction, is
one of the most commonly used molecular intervention
methods in clinical and experimental research (Pfeifer and
Verma 2001; Bostick et al. 2007). It is highly efficient and
easy to achieve sustainable transgene expression in dissociat-
ed neurones, slices, and in vivo (Kim and Eberwine 2010).
Local administration of viral vectors containing the foreign
gene is introduced into neurones by exploiting the cell entry
system originally possessed by the virus. Each viral vector
infects into neurones via a unique receptor present on the
neurones surface. Adeno-associated virus (AAV), adenovirus,
retrovirus, and lentivirus are commonly used for the transduc-
tion (Technologies 2012). Besides its utility, there are some
drawbacks, including immunogenicity and cytotoxicity. As

viral vectors integrate into the host genome randomly, they
can result in an insertional mutation. Mutations of this type
are particularly problematic when they cause disruption of
tumor suppressor genes, activation of oncogenes, or interrup-
tion of essential genes (Woods et al. 2003). There are also
potentially hazards to laboratory personnel to consider when
working with viruses. Another notable restriction is that this
method can often be inappropriate for inserting larger-sized
genes (Hacein-bey-abina 2002; Woods et al. 2003; Kim and
Eberwine 2010). The method is also highly dependent on
technical proficiency, due to the degree of difficulty in
microinjecting accurately into discrete nuclei within targeted
regions of a rodent brain. In addition, variability in the infec-
tivity of the viral vector preparations make it difficult to
achieve consistent expression levels of foreign genes
(Vorburger and Hunt 2002; Kim and Eberwine 2010).

Viral-mediated transfection has still been widely used de-
spite these disadvantages because high transfection efficiency
and sustainable expression can be easily achieved, thus advan-
tages surpass disadvantages. Many excellent studies have
been published by using this method on AVP and OXT
neurones (Fields et al. 2012; Knobloch et al. 2012; Ponzio
et al. 2012; Eliava et al. 2016; Grund et al. 2017; Menon
et al. 2018).

Transgenic approach

Insertion of foreign genes at random positions in the genome

When DNA containing a specific gene is injected into a germ
cell or a fertilized egg, the DNA is inserted at a random posi-
tion in the genome and will be inherited to the next generation.
Gene expression can be restricted to specific tissues or
neurones by engineering the relevant promoter, an enhancer,
an intron, and a polyadenylation signal. However, the expres-
sion level of the transgene will mainly depend on the position
of its insertion in the genome and the copy number. In case of
rats, pronuclear microinjection of fertilized eggs has been used
to generate transgenic rats, mainly for gain-of-function studies
(von Horsten et al. 2003; Popova et al. 2005; Leon et al.
2010). Usually, foreign genes are inserted in one place in the
genome with multiple copies forming a concatemer.
Pronuclear microinjection is widely used; however, the inser-
tion efficiency of the foreign gene is often poor. Several hun-
dred fertilized eggs are normally required. In addition, since
the cytoplasm of fertilized eggs is opaque, accurate pronuclear
injection is sometimes difficult and efficiency is further
reduced.

Recently, a method using lentivirus, which is a kind of
retrovirus, has attracted attention (Cockrell and Kafri 2007;
Pfeifer et al. 2010). Notably, lentivirus can easily infect non-
dividing cells. Foreign genes delivered by lentiviral transduc-
tion are also less susceptible to silencing by host cells.
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Fig. 1 Representative methods of the gene transfer into the central nervous system. Methods of gene transfer into the central nervous system are described

Cell Tissue Res (2019) 375:311–327 313



Lentivirus can be microinjected into the perivitelline space
which is outside of the egg cell, resulting in much higher
efficiency of gene transfer than pronuclear microinjection.

Another possible candidate for gene transfer is the transpo-
son method (Burns and Boeke 2012; Hemantha 2014). The

transposon method combines retroviral DNA integration with
DNA cleavage events involved in immunoglobulin gene for-
mation. Therefore, the foreign gene is inserted using the same
mechanisms that allow transposons to be inserted into the
genome. To date, various transposons suitable for gene
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transfer in vertebrates and invertebrates have been identified
(Hamlet et al. 2006; Sasakura et al. 2007; Ivics et al. 2009).

Insertion of a foreign gene at a specific position
on the genome

Insertion of a foreign gene into a specific position on the
genome is called gene targeting (Kolb and Siddell 1996;
Persic et al. 1997; Shashikant et al. 1998). Strictly, animals
created by gene targeting are defined as transgenic animals.
However, they are often distinguished from those created by
inserting foreign genes at a random position, because homol-
ogous recombination is used for the recombination (Agarwal
et al. 2007; Trudeau et al. 2013). Using this method, an en-
dogenous gene can be destroyed by replacing an essential part
of the gene with a foreign gene, this enabling us to generate
Bknock-out^ as well as Bknock-in^ animals. Furthermore, this
type of homologous recombination can generate proteins that
have altered thermo- and mechanical stability, enzyme sub-
strate specificity, and optogenetic properties (Trudeau et al.
2013). However, the species for which targeted gene recom-
bination techniques have been established is very limited.
LoxP DNA sequences, recognized by the DNA recombinase
BCre,^ are often inserted flanking specific genes (Kolb and
Siddell 1996; Akagi et al. 1997; Nagy 2000). This technique

can also be used for generating conditional knockout animals
in which a specific gene is disrupted in a specific cell popula-
tion and at a specific timing.

The use of gene targeting has been somewhat limited due to
difficulties associated with low insertion rate of foreign genes.
However, the recent development of novel gene targeting
techniques, including zinc-finger nucleases (ZFNs), transcrip-
tion activator-like effector nucleases (TALENs), and CRISPR/
Cas-based RNA-guided DNA endonucleases, has now
allowed us to generate genetically modified animals with
greater efficiency and confidence (Urnov et al. 2005;
Christian et al. 2010; Morbitzer et al. 2010; Gasiunas et al.
2012; Jinek et al. 2012). These techniques utilize engineered
nucleases composed of sequence-specific DNA-binding do-
mains fused to a non-specific DNA cleavage module (Meek
et al. 2017). With these types of advances, it is expected that
gene recombination in various animal species will be simpli-
fied and more available in the future.

Examples of transgenic rat lines in our lab

Fluorescent visualization of AVP and OXT neurones

Electrophysiological studies have characterized the electri-
cal properties of AVP and OXT in the SON and PVN of the
hypothalamus both in in vivo and in ex vivo brain prepara-
tions (Yamashita et al. 2002). The patch-clamp methodology
has been used for single-cell dye labeling in cultured
neurones, brain slices, and in vivo preparations with fluores-
cent probes via patch pipettes. While individual neurones
can be identified by dye uptake during in vivo experiments,
then confirmed using immunohistochemistry with specific
antibodies, it is more difficult to distinguish between differ-
ent types of Blive^ neurones in ex vivo brain preparations
(Armstrong et al. 1994). Therefore, the ability to easily iden-
tify these neurones or nerve terminals would be greatly ben-
eficial during physiological characterization of AVP and
OXT.

In 2005, we designed a fusion gene of AVP and enhanced
green fluorescent protein (eGFP) (Tsien 1998) by using
pRVP[S-E/BD-S]Not (Zeng et al. 1994), and generated a
transgenic rat line (Ueta et al. 2005) (Fig. 2a–a^B). The
AVP-eGFP transgenic rats maintain normal body fluid ho-
meostasis and intact humoral responses of both AVP and
OXT (Fujio et al. 2006). Interestingly, AVP-eGFP fusion
protein expression fluctuates in response to chronic salt load-
ing, bilateral adrenalectomy, and nociceptive stimulation
(Fujio et al. 2006; Shibata et al. 2007; Suzuki et al. 2009)
(Fig. 2b–b^’). It was also upregulated in kainic acid-induced
seizure (Iwanaga et al. 2011; Ohno et al. 2012). In particular,
the AVP-eGFP transgenic rat line has been extremely
useful for the characterization of AVP neurones in

�Fig. 2 Fluorescent visualization of AVP andOXT neurones. Endogenous
fluorescence of enhanced green fluorescent protein (eGFP) in the
supraoptic nucleus (SON) (a), paraventricular nucleus (PVN) (a’),
suprachiasmatic nucleus (SCN) (a^), infundibulum (a^’), and posterior
pituitary (PP) (a^B) in an AVP-eGFP transgenic rat line. Scale bars,
50 μm. OT optic tract, 3V third ventricle, IL intermediate lobe, AP
anterior pituitary. AVP-eGFP was upregulated after chronic salt loading
in the SON (b’) and PVN (b^’) compared to control (b, b^) in an AVP-
eGFP transgenic rat line. Scale bars, 50 μm. OT optic tract, 3V third
ventricle. Endogenous florescence of monomeric red fluorescent protein
1 (mRFP1) in the SON (c), PVN (c’), median eminence (ME) (c^), and
PP (c^’) in an OXT-mRFP1 transgenic rat line. Chronic salt loading
increased OXT-mRFP1 (c^B–c^BB’) compared to control (c–c^’). Scale
bars, 100 μm (c^B–c^BB) and 1 mm (c^BB’). OT optic tract, 3V third
ventricle. Endogenous mRFP1 (d, d^’, e, e^’) with AVP-like-
immunoreactivity (LI) (d’, d^B, e’, e^B) in the SON (d–d^B’) and PVN
(e–e^B’) obtained from 3-month-old (d–d^, e–e^) and 24-month-old
(d^’–d^B’, e^’–e^B’) OXT-mRFP1 transgenic rat line. Merged images
are displayed (d^, d^B’, e^, e^B’). Scale bars, 50 μm. OT optic tract, 3V
third ventricle. Reproduced modification from ref. Ueta et al. (2005)
Transgenic expression of enhanced green fluorescent protein enables
direct visualization for physiological studies of vasopressin neurons and
isolated nerve terminals of the rat. Endocrinology 146:406–413, Fig. No.
2; ref. Katoh et al. (2011) Highly visible expression of an oxytocin-
monomeric red fluorescent protein 1 fusion gene in the hypothalamus
and posterior pituitary of transgenic rats. Endocrinology 152:2768–
2774, Fig. No. 4 with permission of the Endocrine Society; and ref.
Ohno et al. (2017) Increased oxytocin-monomeric red fluorescent
protein 1 fluorescent intensity with urocortin-like immunoreactivity in
the hypothalamo-neurohypophysial system of aged transgenic rats.
Neurosci. Res., Fig. No. 6 with the permission of Elsevier
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electrophysiology (Ohbuchi et al. 2009, 2010a, b; Ohkubo
et al. 2014a, b) and in calcium imaging (Kortus et al. 2016).
Recently, a novel system using an optical fiber has enabled
us to monitor the intensity of eGFP signals from within the
brains of living AVP-eGFP transgenic rats (Iijima et al.
2017). AVP-eGFP can be observed in extra-hypothalamic
regions as well. We observed AVP-eGFP in the piriform
cortex, reticular thalamic nucleus, medial amygdala,
Edinger-Westphal nucleus, and median raphe nucleus after
colchicine i.p. injection (unpublished data). Other groups
have revealed that AVP-eGFP was also detectable in the
olfactory bulb (Tobin et al. 2010) and retinal ganglions
(Tsuji et al. 2017) by using this transgenic rat line.

A transgenic rat line that expresses monomeric red fluores-
cent protein 1 (mRFP1) fused to OXT was created in 2011
(Katoh et al. 2011) (Fig. 2c–c^BB’) by microinjection of a chi-
meric OXT-mRFP1 bacterial artificial chromosome (BAC)
construct into fertilized eggs. The OXT-mRFP1 appears to be
regulated similarly to the endogenous OXT gene.
Intraperitoneally administered cholecystokinin (CCK)-8,
which selectively activates oxytocin (OXT) neurones in the
hypothalamus, also significantly increased OXT-mRFP1

intensity (Katoh et al. 2014; Motojima et al. 2016).
Consistent with endogenous OXT, OXT-mRFP1 signal was
also upregulated as the rats grow older (Ohno et al. 2017)
(Fig. 2d–d^B’, e–e^B’). Since oxytocin is known to be involved
in various functions including sensory modulation and auto-
nomic nervous function, the OXT-mRFP1 transgenic rat line
has already proved very useful for observing altered OXT syn-
thesis in many experimental conditions. Matsuura et al. have
reported that mRFP1 fluorescence was significantly increased
in the hypothalamus after acute and chronic nociceptive stimuli
(Matsuura et al. 2015, 2016) (Fig. 3a–a^B’, b). Interestingly,
they could even observe mRFP1 granules in axon terminals in
the spinal cord, due to OXT neuronal projections from the
parvocellular neurones of the PVN (Matsuura et al. 2015).
OXT-mRFP1 was also increased in cisplatin-induced anorexia
(Arase et al. 2017), which is unsurprising because OXT is
recognized as one of the anorexic hormones. As with the
AVP-eGFP transgenic rat line, this transgenic rat line is a very
powerful tool for investigating the characteristics of OXT
neurones in electrophysiology (Ohkubo et al. 2014a, b) and
calcium imaging (Kortus et al. 2016) (Fig. 3c–c^’, d–d^’).
We should note that, both in AVP-eGFP andOXT-mRP1 trans-
genic rat lines, upregulation of fluorescent protein intensity
does not always mean the upregulation of AVP or OXT syn-
thesis. Because it could be possible that transportation or re-
lease of AVP or OXT is obstructed and we may just be observ-
ing the fluorescent signal from accumulated AVP or OXT.

Double transgenic rats, which carry both AVP-eGFP and
OXT-mRFP1 fusion genes, can be generated by crossing an
AVP-eGFP transgenic rat and an OXT-mRFP1 transgenic rat
(Katoh et al. 2011) (Fig. 3e–e^B’). These transgenic rat lines
could be utilized in the study of the physiological role of
AVP and OXT neurones in the central nervous system.
Further, the dynamics of AVP and OXT synthesis and secre-
tion in living neurones, either in dispersed culture,
organotypic culture, or living slices or, indeed, by using ad-
vanced imaging techniques in the intact organism could be
assessed. In addition, in vivo fiber-optic probes could be
used to monitor fluorescent protein levels in the hypothala-
mus and in the pituitary and, possibly, coupled with in vivo
electrophysiological recordings.

Fluorescent visualization of neuronal activity

Induction of immediate early genes (IEGs) has been used to
map neuronal activity in the brain (Armario 2006; Terleph and
Tremere 2006), as they are activated transiently and rapidly in
response to a variety of cellular stimuli. Many IEG products
are naturally transcription factors or other DNA-binding pro-
teins; however, other important classes of IEG products have
been proposed as secreted proteins, cytoskeletal proteins, and
receptor subunits. About 40 cellular IEGs have been identified
to date (de Bartolomeis et al. 2017).

�Fig. 3 Functional studies of AVP-eGFP and OXT-mRFP neurones.
OXT-mRFP1 in the PVN (a–a^B’) after chronic nociceptive model
obtained from an OXT-mRFP1 transgenic rat line. Sections were
obtained at days 1 (a, a^’), 15 (a’, a^B), and 22 (a^, a^B’) in control
(a–a^) and adjuvant arthritis (AA) model (a^’–a^B’) rats. Fluorescent
signals from the magnocellular (m) and parvocellular divisions (p) of
the PVN were measured separately. The mPVN and pPVN are
surrounded with a white dotted line. Scale bar, 100 μm. The average
mRFP1 intensities are shown for mPVN and pPVN (b). Values are
presented as means ± SEM (n=6–8 per group at each point). *P < 0.05,
**P < 0.01 compared with each control. Whole-cell patch-clamp
recordings from magnocellular neurosecretory cells (MNCs) isolated
from the SON obtained from AVP-eGFP (c–c^’) and OXT-mRFP1
transgenic rat lines (d–d^’). The depolarization induced by kainic acid
(KA) (100 μM) could trigger a different pattern of action potentials in
AVP neurone (c^’) and OXT neurone (d^’). The depolarization and
action potentials were highly attenuated by CNQX [6-cyano-7-
nitroquinoxaline-2,3(1H4H)-dione] (10 μM). Scale bars, 50 μm.
Endogenous mRFP1 (e, e^’) and eGFP (e’, e^B) in the SON (e–e^) and
PVN (e^’–e^B’) could be observed in an AVP-eGFP and OXT-mRFP1
double transgenic rat. Merged images are also represented (e^, e^B’).
Scale bar, 100 μm. OT optic tract, 3V third ventricle. Reproduced
modification from ref. Matsuura et al. (2015): Fluorescent visualization
of oxytocin in the hypothalamo-neurohypophysial/-spinal pathways after
chronic inflammation in oxytocin-monomeric red fluorescent protein 1
transgenic rats. J Neuroendocrinol 27: 636–646, Fig. No. 3 and 4; ref.
Ohkubo et al. (2014b) Electrophysiological effects of kainic acid on
vasopressin-enhanced green fluorescent protein and oxytocin-
monomeric red fluorescent protein 1 neurones isolated from the
supraoptic nucleus in transgenic rats. J Neuroendocrinol 26, Fig. No. 1
with permission of John Wiley and Sons; and ref. Katoh et al. (2011)
Highly visible expression of an oxytocin-monomeric red fluorescent
protein 1 fusion gene in the hypothalamus and posterior pituitary of
transgenic rats. Endocrinology 152:2768–2774, Fig. 4 with permission
of the Endocrine Society
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Among the IEGs, Fos has been used as one of the most
popular markers for neuronal activity (Morgan et al. 1987;
Herrera and Robertson 1996; Harris 1998; Armario 2006;
Shi et al. 2008). We believed that Fos detection could be
greatly facilitated by the use of a fluorescent reporter, and thus
generated a c-fos-eGFP transgenic rat line that carries a fusion
gene consisting of the c-fos coding sequence in frame with
eGFP under the control of c-fos gene regulatory sequences
(Katoh et al. 2014) (Fig. 4a–a^BB’). The c-fos-eGFP BAC
transgenic construct was purified and microinjected into the
perinuclear of the fertilized eggs. c-fos eGFPwas merged with
the endogenous Fos protein (Fig. 4b–b^). The fluorescent-
tagged Fos was visible after acute and chronic osmotic chal-
lenges (Katoh et al. 2014; Yoshimura et al. 2014). Acute no-
ciceptive stimuli, which was induced by formalin or capsaicin,
also induced c-fos-eGFP in the hypothalamus and spinal cord
(Motojima et al. 2017). The induction of c-fos-eGFP follow-
ing exposure to acute nociceptive stimuli was more sensitive
than endogenous Fos, suggesting that this transgenic rat line
could be a useful model for the study of nociceptive pathways
and processing (Motojima et al. 2017).

We also generated a c-fos-mRFP1 transgenic rat line
(Fujihara et al. 2009). The purified c-fos-mRFP1 BAC trans-
genic construct was microinjected into the pronuclear of fer-
tilized eggs donated from Wistar rats. Consistent with our
findings for c-fos-eGFP, we could observe robust induction

of c-fos-mRFP1 located in the nuclei in response to acute
and chronic osmotic challenges by using this transgenic rat
line (Fujihara et al. 2009; Yoshimura et al. 2013) (Fig. 4c–
c^BB, d–d^BB, e–e^BB, f). The induction of c-fos-mRFP1 was
also upregulated by nociceptive stimuli (Ishikura et al. 2012).
According to our previous study, the c-fos-mRFP1 expression
may be maintained longer than the endogenous c-fos in the
spinal cord and the PVN (Ishikura et al. 2012).

As with AVP-eGFP and OXT-mRFP-1 double transgenic
rats, we are able to generate double transgenic AVP-eGFP and
c-fos-mRFP1 rats by simply cross breeding them (Fujihara
et al. 2009). In these transgenic rats, we were able to simulta-
neously observe increased intensities of both mRFP1 and
eGFP after acute osmotic challenge in the SON and PVN
(Fujihara et al. 2009) (Fig. 5a–a^B’).

Double transgenic rats, which express both c-fos-eGFP and
OXT-mRFP1, were also generated (Katoh et al. 2014).
Nuclear eGFP appeared in OXT-mRFP1 neurones in the
SON and PVN 90 min after i.p. administration of CCK-8. In
these neurones, abundant OXT granules in the cytoplasm
could clearly be visible by an image obtained from a higher
magnification of confocal laser microscopy (Katoh et al.
2014) (Fig. 5b–b^B’).

In these double transgenic rats, neurones activated by a
specific neurochemical identity can be readily detected. It
would also be possible that 3D reconstruction image may
enable us to observe the vesicle dynamics in the cytoplasm
in live cells (Fig. 5c–c^). These transgenic rats are particularly
valuable tools for visualizing activation of AVP and OXT
neurones, especially for live imaging or electrophysiological
studies after physiological stimulation.

Novel technology to manipulate AVP and OXT
neurone activity

Rapid development of chemogenetic and optogenetic technol-
ogy has been a great advance in the field of neuroscience
(Deisseroth 2011; Magistretti and Allaman 2013). These tech-
niques have been used to understand the linkage between
central nervous activity and behaviors. Optogenetics uses
light-sensitive channels such as channel rhodopsin 2 (ChR2)
so that neurones expressing these channels can be manipulat-
ed by light. Chemogenetics uses molecularly engineered re-
ceptors and exogenous ligands that are specific for those re-
ceptors, also known as designer receptors exclusively activat-
ed by designer drugs (DREADDs), to activate only neurones
expressing the Bdesigner receptors.^ Human muscarinic ace-
tylcholine receptor (hM3Dq) is one of the pharmacologically
modulated G protein coupled receptors (GPCRs) which en-
ables us to exploit the Gq signaling pathway. Clozapine-N-
oxide (CNO), which is a ligand of hM3Dq, activates Gq-
mediated signaling. Recently, chemogenetics seems to be fa-
vored over optogenetics because of its spatial resolution,

�Fig. 4 Fluorescent visualization of neuronal activity. Expression of
nuclear c-fos-eGFP in the median preoptic nucleus (MnPO) (a, a^B),
subfornical organ (SFO) (a’, a^B’), supraoptic nucleus (SON) (a^,
a^BB), paraventricular nucleus (PVN) (a^’, a^BB’) 90 min after
intraperitoneal administration of 0.9% saline (a–a^’), 9% hypertonic
saline (a^B–a^BB’) in a c-fos-eGFP transgenic rat line. Scale bar
100 μm. Endogenous c-fos-eGFP (b) and Fos-like immunoreactivity
(LI) (b’) was merged (b^) in the SON 90 min after acute osmotic (9%
saline) stimulation. Scale bar, 50 μm. Examples of c-fos-mRFP1
expression patterns in c-fos-mRFP1 transgenic rat line. The white
dotted lines show the location of analysis (c, d, e) in the SFO (c–c^BB),
SON (d–d^BB), and PVN (e–e^BB). E ad libitum to water (c, d, e),D 12 h
water deprivation for 12 h (c’, d’, e’), D 24 h water deprivation for 24 h
(c^, d^, e^),D 48 hwater deprivation for 48 h (c^’, d^’, e^’), R 2 hwater
deprivation for 46 h + ad libitum to water for 2 h (c^B, d^B, e^B), R 6 h
water deprivation for 46 h + ad libitum to water for 6 h (c^B’, d^B’, e^B’),
R 12 h water deprivation for 46 h + ad libitum to water for 12 h (c^BB,
d^BB, e^BB). Scale bar 500 μm. Changes in number of c-fos-mRFP1
positive cells after chronic osmotic stimulation in c-fos-mRFP1
transgenic rat line (f). Values are presented as means ± SEM (n = 4–12
each). *P < 0.05, **P < 0.01 compared to E and R 12 h. Reproduced
modification from ref. Katoh et al. (2014) Fluorescent visualisation of
the hypothalamic oxytocin neurones activated by cholecystokinin-8 in
rats expressing c-fos-enhanced green fluorescent protein and oxytocin-
monomeric red fluorescent protein 1 fusion transgenes. J
Neuroendocrinol 26, Fig. No. 1 and 2 and ref. Yoshimura et al. (2013)
A c-fos-Monomeric Red Fluorescent Protein 1 Fusion Transgene is
Differentially Expressed in Rat Forebrain and Brainstem after Chronic
Dehydration and Rehydration. J Neuroendocrinol 25, Fig. No. 2 and 4
with permission of John Wiley and Sons
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though optogenetics is still useful for investigating functional
neuronal circuitry. Light scattering or the distance between the
targeted neurones and the light source do not always allow us
to activate all of the neurones which express the light-sensitive
channels. However, chemogenetics compensate for these dis-
advantages and therefore would achieve a higher spatial reso-
lution (Roth 2016).

To date, we have generated two transgenic rat lines, AVP-
ChR2-eGFP and AVP-hM3Dq-mCherry, for use in
optogenetic and chemogenetic experiments, respectively
(Ishii et al. 2016; Yoshimura et al. 2017). In contrast to our
eGFP and mRFP1 fusion genes with AVP, OXT, or c-fos,
which produce fusion proteins, we used only promotor se-
quences of AVP in the AVP-ChR2-eGFP and AVP-hM3Dq-
mCherry transgenic rat lines. SV40 poly A sequences were
framed to the ChR2-eGFP and hM3Dq-mCherry sequences
just before the exon of AVP. This means that AVP is not
produced from the transgene, but instead ChR2-eGFP or
hM3Dq-mCherry protein is produced under the control of
the endogenous AVP promoter. All of our transgenic rat lines

Fig. 6 Optogenetic approach to manipulate AVP neurones’ activity.
Example of a Channel rhodopsin (ChR2)-eGFP neurone in the
paraventricular nucleus (PVN) obtained from an AVP-ChR2-eGFP
transgenic rat line (a–a^’). ChR2-eGFP is located mainly in the
membrane (a’, b), while AVP-like immunoreactivity (LI) is distributed
diffusely in the cytoplasm (a^, b’). Merged image is also represented
(a^’). The fluorescence intensity profiles of ChR2-eGFP and AVP-LI
were measured at the location of dashed line (x–y), respectively (b, b’).

Whole-cell patch cramp recording from a neurone obtained from the SON
(c, c’). Blue light evoked action potentials with depolarization in current
clamp condition. Black bars indicate the time when blue light was on.
Asterisk indicates spontaneous action potential. Reproduced modification
from ref. Ishii et al. (2016) Transgenic approach to express the
channelrhodopsin 2 gene in arginine vasopressin neurons of rats.
Neurosci Lett 630, Fig. No. 2 and 3 with permission of the Elsevier

�Fig. 5 Neuronal activation visualized by generating double transgenic
rat. Endogenous AVP-GFP (a, a^’) and c-fos-mRFP1 expression (a’,
a^B) after intraperitoneal administration of 0.9% saline (a–a^) or 9%
hypertonic saline (a^’–a^B’) in the SON obtained from an AVP-eGFP
and c-fos-mRFP1 double transgenic rat. Merged images (a^, a^B’) are
shown. Scale bar 40 μm. OT optic tract. Endogenous OXT-mRFP1 (b,
b^’) and c-fos-eGFP expression (b’, b^B) 90 min after intraperitoneal
administration of cholecystokinin (CCK)-8 in the SON (b–b^) and
PVN (b^’–b^B’) obtained from an OXT-mRFP1 and c-fos-eGFP
double transgenic rat. Merged images are represented (b^, b^B’). Scale
bars 10 μm in lower, and 40 μm in higher magnification image. Three-
dimensional (3D) reconstruction images with confocal laser scanning
microscopy (c–c^). Images in these panels are obtained from a same
neurone in an OXT-mRFP1 and c-fos-eGFP double transgenic rat.
Scale bar 10 μm. Reproduced modification from ref. Fujihara et al.
(2009) Robust upregulation of nuclear red fluorescent-tagged fos marks
neuronal activation in green fluorescent vasopressin neurons after
osmotic stimulation in a double transgenic rat. Endocrinology
150:5633–5638, Fig. No. 4 with permission of the Endocrine Society
and ref. Katoh et al. (2014) Fluorescent visualization of the
hypothalamic oxytocin neurones activated by cholecystokinin-8 in rats
expressing c-fos-enhanced green fluorescent protein and oxytocin-
monomeric red fluorescent protein 1 fusion transgenes. J
Neuroendocrinol 26, Fig. No. 3 and 4 with permission of John Wiley
and Sons
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are maintained as heterozygotes since it may lead to being
lethal or infertile if they are maintained as homozygous.

In the AVP-ChR2-eGFP transgenic rat line, the expression
of ChR2-eGFP was specific in the SON and PVN which are
known to contain AVP neurones. ChR2-eGFP was densely
localized in the membrane in AVP neurones (Fig. 6a–a^’, b–
b’). This indicates that ChR2-eGFP could be transported to the
plasma membrane to form functional channels. Blue light
(435~480 nm of wave length) evoked action potentials repeat-
edly in ChR2-eGFP neurones that were dissociated from the
SON (Ishii et al. 2016) (Fig. 6c–c’).

Vivid mCherry fluorescence could be observed in the su-
prachiasmatic nucleus (SCN), SON, and PVN where AVP
neurones are localized in the AVP-hM3Dq-mCherry transgen-
ic rat line. Fos-like-immunoreactivity (-LI) was induced in the
hM3Dq-mCherry neurones in the SON and PVN after

intraperitoneally administered CNO (1 mg/kg). AVP-LI was
completely merged with mCherry neurones in the SON and

Fig. 7 Chemogenetic approach to manipulate AVP neurones’ activity.
Digital images of immunohistochemistry for Fos (a, b) and AVP (a^,
b^) in the SON (a–a^’) and PVN (b–b^’) 90 min after intraperitoneal
administration of clozapine-N-oxide (CNO) (1 mg/kg) obtained from an
AVP-hM3Dq-mCherry transgenic rat line. Endogenous hM3Dq-
mCherry can be observed (a’, b’). Merged image are demonstrated
(a^’, b^’). Scale bar, 200 μm. OT optic tract, 3rd V third ventricle.

Reconstructed 3D images of an AVP neuron in the PVN 90 min after
i.p. administration of CNO (1 mg/kg) obtained from an AVP-hM3Dq-
mCherry transgenic rat line (c–c^’). Fos-LI was observed as green round
shaped nucleus (c). Endogenous hM3Dq-mCherry is expressed mainly
around the membrane of a neurone and dendrite (c’), whereas AVP-LI is
expressed diffusely in the cytoplasm (c^). Merged image is represented
(c^’). Scale bar, 20 μm

�Fig. 8 Activation of AVP neurones after CNO administration.
Endogenous hM3Dq-mCherry (a, a^’, b, b^’), Fos-LI neurons (a’, a^B,
b’, b^B), and their merged images (a^, a^B’, b^, b^B’) of the SON (a–
a^B’) and PVN (b–b^B’) are displayed that are obtained from an AVP-
hM3Dq-mCherry transgenic rat line. The group given saline as control
(CTR) (a–a^, b–b^) or CNO (1 mg/kg) (a^’–a^B’, b^’–b^B’) were
compared 90 min after intraperitoneal administration of each
compound. The percentages of hM3Dq-mCherry neurons expressing
Fos-LI in the SON were counted manually (a^BB, b^BB). Scale bars,
100 μm. **P < 0.01 vs. CTR. Data are presented as means ± SEM (n =
6, each). Plasma AVP concentration was increased at 10, 30, 60, and
120 min after intraperitoneal administration of CNO (1 mg/kg)
compared to saline (n = 4–6 in each group at each time point) in an
AVP-hM3Dq-mCherry transgenic rat line (c). **P < 0.01 vs. CTR. Data
are presented as means ± SEM
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PVN, indicating that these hM3Dq-mCherry neurones are
functioning and specific to AVP neurones (Fig. 7a–a^’, b–
b^’, c–c^’). About 90% of mCherry expressed Fos 90 min

after CNO (1 mg/kg) administration (Fig. 8a–a^BB, b–b^BB).
Plasma AVP concentration was significantly increased until
120min after intraperitoneal administration of CNO (1mg/kg)

Fig. 9 Behavioral change after activation of AVP neurones by
chemogenetics. Cumulative food intake (a), water intake (a’), and urine
volume (a^) was significantly decreased after intraperitoneal
administration of CNO (1 mg/kg) compared with saline in an AVP-
hM3Dq-mCherry transgenic rat line. Data are presented as means ±

SEM (n = 6, each). **P < 0.01 vs. saline. Core body temperature was
disregulated after intraperitoneal administration of CNO (1 mg/kg) in an
AVP-hM3Dq-mCherry transgenic rat line (b–b^’). Data are presented as
mean ± SEM (n = 5, each)
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(Fig. 8c). Strikingly, food intake, water intake, and urine vol-
ume were dramatically decreased after activation of AVP
neurones (Fig. 9a–a^). Locomotor activity and body temper-
ature were also disturbed, thus circadian rhythm could be
disrupted after endogenous AVP activation (Yoshimura et al.
2017) (Fig. 9b–b^’). It is possible that the food intake, in rats
treated with CNO, could be decreased as a result of the de-
creased water intake. There is an interesting report that AVP
neurones in the PVN regulate food intake via the melanocortin
pathway (Pei et al. 2014). Dysregulation of the circadian
rhythmicity could also affect food intake (Yamaguchi 2018).
We have not examined how and which nucleus/nuclei of AVP
altered food intake. However, because all of AVP neurones
might be activated after CNO injection in our DREADDs
transgenic rat line, both of these mechanisms might affect
food intake.

These transgenic rat lines provide us with a novel way to
interrogate neuronal circuits in the rat brain and explore neu-
ronal function both in ex vivo and in vivo cultures. Our future
goal is to further develop the present transgenic techniques for
optogenetic or chemogenetic in vivo and ex vivo experiments
on the role of AVP-mediated signaling in behavioral control.
We are also currently working on the generation of further
novel transgenic rat lines, for example, in which we can con-
trol the OXT neurones by using chemogenetic technique.

Perspective and conclusion

The application of transgenes is a rapidly growing area of
molecular biology. It is predicted that over 300,000 lines of
transgenic animals will be generated (Houdebine 2005). It
could be said that the potential to treat genetic diseases by
using transgenic animals is one of the most promising appli-
cations of transgenes. In the study of neuroscience, much of
the function of proteins or genes, individual difference, and
interaction of proteins and genes have been unveiled through
dramatic progress made in the past decades. To elucidate
mechanisms underlying function, the technical demands for
labelling or manipulating specific neurones will certainly in-
crease. From this perspective, optogenetic and chemogenetic
approaches may be one of the most powerful new tools for the
study of neuroscience.
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