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Nociceptive stimulation elicits neuroendocrine responses such as arginine vasopressin (AVP) release as well as activation of the
hypothalamo-pituitary-adrenal axis. We have generated novel transgenic rats expressing an AVP– enhanced green fluorescent protein
(eGFP) fusion gene, and we examined the effects of nociceptive stimulation on transgene expression in the hypothalamus after subcuta-
neous injection of saline or formalin into the bilateral hindpaws in these rats. We have assessed (1) AVP levels in plasma and the changes
of eGFP mRNA and AVP heteronuclear RNA (hnRNA) in the supraoptic nucleus (SON) and the paraventricular nucleus (PVN) using in
situ hybridization histochemistry, (2) gene expression changes in distinct magnocellular and parvocellular divisions of the PVN, (3) eGFP
fluorescence in the SON, the PVN, the median eminence (ME), and the posterior pituitary gland (PP). Plasma AVP levels were significantly
increased 15 min after formalin injection. In the same time period, the AVP hnRNA levels in the PVN were increased, especially in the
parvocellular division of the PVN in formalin-injected rats. In the same region, eGFP mRNA levels after formalin injection were also
significantly increased to a much greater extent than those of AVP hnRNA. The eGFP fluorescence in the SON, the PVN, the ME, and the
PP was markedly increased in formalin-injected rats and especially increased in the parvocellular divisions of the PVN. Together, our
results demonstrate robust and rapid changes in the expression of the AVP-eGFP transgene in the rat hypothalamus after acute nocicep-
tive stimulation.

Introduction
Nociceptive stimulation elicits a plethora of neuroendocrine re-
sponses including arginine vasopressin (AVP) release (Kendler et
al., 1978; Onaka et al., 1986, 1996; Onaka and Yagi, 1988) and
activation of the hypothalamo-pituitary-adrenal (HPA) axis
(Aloisi et al., 1995, 1996; Pacák et al., 1995; Culman et al., 1997;
Persoons et al., 1997; Taylor et al., 1998). The formalin test for
nociception is commonly used in rats and mice to assess the
response of an animal to moderate, continuous pain (Abbott et
al., 1982a), and this model is thought to resemble clinical pain

(Dubuisson and Dennis, 1977; Dennis and Melzack, 1980; Abbott et
al., 1982a,b).

AVP-containing neurons in the magnocellular division of the
paraventricular nucleus (PVN) and in the supraoptic nucleus
(SON) project their axons through the internal layer of the me-
dian eminence (ME), to terminations in the posterior pituitary
gland (PP), from where AVP is secreted into the systemic circu-
lation (Vandesande and Dierickx, 1975). However, AVP- and
corticotropin-releasing hormone (CRH)-containing neurons in
the parvocellular division of the PVN project their axons into the
external layer of the ME, from where the neurohormones are
secreted into the pituitary portal circulation (Harbuz and Light-
man, 1992; Antoni, 1993).

Previous studies demonstrated that the plasma concentration
of AVP is increased after subcutaneous injection of formalin into
the bilateral hindpaws (Kurose et al., 2001). Moreover, expres-
sion of AVP heteronuclear RNA (hnRNA) was increased in the
hypothalamic PVN after subcutaneous injection of formalin
(Kurose et al., 2001). However, the role of upregulated AVP after
the formalin test has not been determined.

We have generated novel transgenic rat line expressing AVP–
enhanced green fluorescent protein (eGFP) fusion gene (Ueta et
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al., 2005). Expression of the transgene is characterized by robust
fluorescence in the PVN, the SON, the ME, and the PP, in close
parallel with the biosynthesis, transport, and storage of endoge-
nous AVP gene products (Ueta et al., 2005). In the present study,
using AVP-eGFP transgenic rats, we analyzed the response of the
PVN to acute nociceptive stress activation of the HPA axis using
formalin test model. First, we measured changes in osmolality,
sodium, and AVP in plasma over a time course after formalin or
saline administration. Second, over the same time period, we exam-
ined changes in AVP hnRNA, c-fos mRNA, CRH mRNA, and
eGFP mRNA in the SON and functionally distinct regions of the
PVN. Finally, we examined eGFP fluorescence in the SON, the
PVN, the ME, and the PP after formalin or saline injection. We
propose that this novel AVP-eGFP transgenic rat is useful to
study the changes in the AVP gene expression in the hypothala-
mus under acute nociceptive stress.

Materials and Methods
Animals. Adult male AVP-eGFP Wistar transgenic rats, weighing 290 –
430 g, were bred and maintained as described previously (Ueta et al.,
2005). Three rats per cage were housed at room temperature (22–25°C)
with a 12 h light (7:00 A.M. to 7:00 P.M.)/dark (7:00 P.M. to 7:00 A.M.)
cycle with access to food and water available ad libitum. All experiments
were performed in strict accordance with guidelines on the use and care
of laboratory animals as set out by the Physiological Society of Japan and
approved by the Ethics Committee of Animal Care and Experimentation
of University of Occupational and Environmental Health, Japan. All rats
were screened by PCR analysis of genomic DNA extracted from rat tail
biopsies (Ueta et al., 2005). Unless otherwise specified, all standard
chemicals used in this study were purchased from Sigma-Aldrich.

Experimental procedure. The AVP-eGFP transgenic rats were divided
into three groups (n � 18 in each group). In group 1 (untreated), rats
were handled equally to the other groups and no treatment was given. In
group 2 (saline-injected), rats were bilaterally subcutaneously injected
with 100 �l of 0.9% saline into the dorsal surface of each hindpaw using
a sterile syringe with a 27 gauge needle. In group 3 (formalin-injected),
rats were injected with 100 �l of 5% formalin in saline into the dorsal
surface of each hindpaw using a sterile syringe with 27 gauge needle. Care

was taken while handling the animals for these
experiments. Animals from each group were
decapitated 15 min, 2 h, and 6 h after subcuta-
neous injection of formalin or saline during
9:00 A.M. to 10:00 A.M. The rats without treat-
ment were also decapitated at the same time
intervals. To measure the plasma osmolality,
sodium, and AVP, trunk blood was collected in
plastic tubes containing 100 �l of heparin (200
U/ml; Sigma-Aldrich) and centrifuged at
1700 � g at 4°C for 10 min for measurement of
the plasma osmolality, sodium, and AVP. The
brains were rapidly removed and placed onto a
glass plate on dry ice and stored at �80°C until
used for in situ hybridization histochemistry to
detect AVP hnRNA, c-fos mRNA, CRH mRNA,
and eGFP mRNA.

Measurement of plasma osmolality and so-
dium. Plasma concentrations of sodium
(plasma [Na �]) were measured with an au-
tomatic analyzer (Hitachi 710; Hitachi).
Plasma osmolality (15 �l plasma samples)
was measured using a microsample osmom-
eter (model 110; Fiske Associates).

RIA for plasma AVP. Plasma concentrations
of AVP were determined by RIA with specific
anti-AVP antisera as described previously
(Onaka and Yagi, 1990). Coefficients of inter-
assay and intraassay variations were 14 and 6%.
The minimum quantity detected was 0.5 pg/ml.

In situ hybridization histochemistry. In situ hybridization histochemis-
try was performed on frozen 12-�m-thick coronal brain sections cut on
a cryostat at �20°C, thawed, and mounted onto gelatin/chrome alum-
coated slides. The location of the SON and the PVN was determined
according to coordinates given by the atlas of Paxinos and Watson
(1982). The sections including the SON matched plate 24 in the atlas. The
sections including the PVN matched plate 25 in the atlas. The localization
of sections from each rat was checked by microscopic observation. Two
sections containing the SON and the PVN were used from each rat to
measure the density of autoradiography. In situ hybridization procedures
were followed as described previously (Ueta et al., 1995). Briefly, hybrid-
ization was done at 37°C overnight in a 45 �l buffer solution consisting of
50% formamide and 4� SSC (1� SSC: 150 mM NaCl, 15 mM sodium
citrate), which contained 500 �g/ml sheared salmon sperm DNA
(Sigma-Aldrich), 250 �g/ml baker’s yeast total RNA (Roche Molecular
Biochemicals), 1� Denhardt’s solution, and 10% dextran sulfate with
molecular weight of 500,000 (Sigma-Aldrich). The hybridization was
done under a Nescofilm coverslip (Bando Chemical IMD). 35S-3�-end-
labeled deoxyoligonucleotides complementary to transcripts coding for
AVP hnRNA (5�-GCA CTG TCA GCA GCC CTG AAC GGA CCA CAG
TGG TAC-3�), c-fos mRNA (5�-CAG CGG GAG GAT GAC GCC TCG
TAG TCC GCG TTG AAA CCC GAG AAC ATC-3�), CRH mRNA (5�-
CAG TTT CCT GTT GCT GTG AGC TTG CTG AGC TAA CTG CTC
TGC CCT GGC-3�), and eGFP mRNA (5�-CGG CCA TGA TAT AGA
CGT TGT GGC TGT TGT AGT TGT ACT CC-3�) were used as specific
probes. The specificity of the probes has been described previously (Har-
buz et al., 1993; Nomura et al., 1999; Ueta et al., 2005). Total counts of
6 � 10 5 cpm/slide were used. Hybridized sections containing the PVN
were exposed to autoradiography film (Hyperfilm; GE Healthcare) for
7 d. The autoradiographic images were quantified using an MCID imag-
ing analyzer (Imaging Research). The images were captured by a charge-
coupled device camera (Dage-MTI) at 40� magnifications. The mean
absorbance of the autoradiographs was measured and compared with
simultaneously exposed 14C microscale samples (GE Healthcare). The
standard curve was fitted by the absorbance of the 14C microscale on the
same film. To quantify the AVP hnRNA, c-fos mRNA, and eGFP mRNA
levels in the magnocellular and parvocellular division of the PVN sepa-
rately, areas expressing CRH mRNA in the adjacent section were delin-
eated, and the counts of those areas were overlaid on the digitized image

Figure 1. Quantitative analysis of AVP hnRNA, c-fos mRNA, and eGFP mRNA in the parvocellular (B) and magnocellular (C)
divisions of the paraventricular nucleus. In situ hybridization histochemistry was performed and the contour of the corticotropin-
releasing hormone mRNA positive area (A) was overlaid on the digitized image of AVP hnRNA, c-fos mRNA, and eGFP mRNA
obtained from the adjacent section. Scale bar, 100 �m. 3V, Third ventricle.

Figure 2. Changes in plasma osmolality (A), plasma [Na �] (B), and plasma AVP (C) in untreated rats, saline subcutaneously
injected rats, and formalin subcutaneously injected rats. Points, Mean (n � 6); error bars, SEM. **p � 0.01 compared with each
control.

Suzuki et al. • Nociception in AVP-eGFP Transgenic Rats J. Neurosci., October 21, 2009 • 29(42):13182–13189 • 13183



of AVP hnRNA, c-fos mRNA, and eGFP
mRNA using the MCID imaging analyzer as
described previously (Itoi et al., 1999) and
shown in Figure 1.

Fluorescence microscopy. AVP-eGFP rats
were divided into three groups (untreated, sa-
line subcutaneous, and formalin subcutane-
ous; n � 6 in each group) and treated with the
method as described above. Six hours after the
injection, the rats were deeply anesthetized by
intraperitoneal administration of sodium pen-
tobarbital (50 mg/kg). They were perfused
transcardially with 0.1 M phosphate buffer
(PB), pH 7.4, containing heparin (1000 U/L)
followed by 4% paraformaldehyde in 0.1 M PB.
The brains and pituitaries were removed and
then divided into three blocks that included the
hypothalamus. The blocks were postfixed with
4% paraformaldehyde in 0.1 M PB for 48 h at
4°C. The tissues were then cryoprotected in
20% sucrose in 0.1 M PB for 48 h at 4°C. Fixed
brains were cut at 30 �m with a microtome
(Komatsu Electronics). The sections were
rinsed twice with 0.1 M PB and spread on the
glass slides. The sections containing the SON,
the PVN, the ME, and the PP were observed
through a fluorescence microscope (ECLIPSE
E 600; Nikon) with a GFP filter (Nikon) to in-
vestigate AVP-eGFP expression. The eGFP
fluorescence-positive cells in the SON and the
magnocellular and parvocellular divisions of
the PVN were counted separately. The images
were captured with a digital camera (DS-L2,
DS-Fi1; Nikon).

Statistical analysis. All data are given as
mean � SEM calculated from the results of
the in situ hybridization histochemistry.
Each group within an experiment was com-
pared with the control group. The data were
analyzed using a one-way factorial ANOVA
followed by a Bonferroni correction for mul-
tiple comparisons. Statistical significance
was defined as p � 0.05.

Results
Effects of formalin injection on plasma
osmolality, [Na �], and AVP
Plasma osmolalily and [Na�] did not
change significantly between untreated
and saline- or formalin-injected rats, and
did not change with the passage of time
over a 6 h time course (Fig. 2A,B). Plasma
AVP was markedly but transiently in-
creased 15 min after injection of formalin
compared with untreated or saline-injected
rats, with levels decreasing to those of con-
trols after 2 and 6 h (Fig. 2C).

Effects of formalin injection on AVP hnRNA in the PVN
In situ hybridization histochemistry revealed that AVP hnRNA
levels in the SON (Fig. 3A), the whole PVN (Fig. 3B), the magno-
cellular division of the PVN (Fig. 3C), and the parvocellular di-
vision of the PVN (Fig. 3D) did not change in saline-injected rats.
However, the levels of AVP hnRNA were markedly increased in
the whole PVN and in the parvocellular division 15 min and 2 h after
formalin injection. However, the levels of the AVP hnRNA signifi-

cantly increased in the SON, which includes magnocellular neurons
alone, and the magnocellular division of the PVN 2 and 6 h after the
formalin injection. The images of emulsion-dipped sections hybrid-
ized to a 35S-labeled oligodeoxynucleotide probe for AVP hnRNA in
the PVN show that AVP hnRNA levels did not change in saline-
injected rats but were increased in parvocellular division of the PVN
at 15 min and 2 h after the formalin administration and increased as
well in magnocellular division of the PVN at 2 and 6 h after the
formalin administration (Fig. 3E).

Figure 3. In situ hybridization histochemistry for detecting the AVP hnRNA levels in the SON (A), the whole PVN (B), magno-
cellular division of the PVN (C), and parvocellular division of the PVN (D) in untreated rats, saline subcutaneously injected rats, and
formalin subcutaneously injected rats. Points, Mean (n � 6); error bars, SEM. **p � 0.01 compared with each control. The
micrographs of emulsion-dipped sections hybridized to a 35S-labeled oligodeoxynucleotide probe complementary to hnRNA for
AVP in the PVN in untreated rats (Ea, Ed, Eg), saline subcutaneously injected rats (Eb, Ee, Eh), and formalin subcutaneously
injected rats (Ec, Ef, Ei). Sections were obtained at 15 min (Ea–Ec), 2 h (Ed–Ef ), and 6 h (Eg–Ei) after injection. Scale bar, 100 �m.
3V, Third ventricle.
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Effects of formalin injection on c-fos mRNA in the PVN
The levels of c-fos mRNA in the SON (Fig. 4A), the whole PVN (Fig.
4B), the magnocellular division of the PVN (Fig. 4C), and parvocel-
lular division of the PVN (Fig. 4D) were markedly increased at 15
min after both saline or formalin injection. Levels of c-fos mRNA had
returned to normal 2 h after the injection. In all cases, the extent of
c-fos mRNA induction by saline was much lower than that induced
by formalin. The images of emulsion-dipped sections hybridized to a
35S-labeled oligodeoxynucleotide probe for c-fos mRNA in the PVN

show that transcript levels increased mainly
in parvocellular division of the PVN at 15
min after saline and formalin injection.
However, the extent of increase was much
greater in formalin-injected rats compared
with saline-injected rats (Fig. 4E).

Effects of formalin injection on CRH
mRNA in the PVN
The levels of CRH mRNA in the PVN did
not change in saline-injected rats but were
increased at 2 h after formalin injection,
returning to control levels by 6 h (Fig. 5A).
The images of emulsion-dipped sections
hybridized to a 35S-labeled oligodeoxynu-
cleotide probe for CRH mRNA in the
PVN show that transcript levels were in-
creased in the PVN at 2 h after formalin
injection (Fig. 5B).

Effects of formalin injection on eGFP
mRNA in the PVN
In situ hybridization histochemistry re-
vealed that eGFP mRNA levels in the SON
(Fig. 6A), the whole PVN (Fig. 6B), and in
the magnocellular division of the PVN
(Fig. 6C) and the parvocellular division of
the PVN (Fig. 6D) did not change in
saline-injected rats. However, a marked
increase was observed in these regions 2
and 6 h after formalin injection. Although
the levels of eGFP mRNA in parvocellular
division of the PVN decreased 6 h after the
formalin injection compared with 2 h,
they were still high compared with un-
treated rats. The images of emulsion-dipped
sections hybridized to a 35S-labeled oligode-
oxynucleotide probe for eGFP mRNA in the
PVN revealed that transgene transcript lev-
els did not change in saline-injected rats but
were increased both in magnocellular and
parvocellular division of the PVN at 2 and
6 h after the formalin injection (Fig. 6E).

The changes of eGFP fluorescence in
the PVN, the ME, and the PP
The eGFP fluorescence-positive cell counts
did not change in saline-injected rats.
However, a marked increase was observed
in the SON (Fig. 7A), the whole PVN (Fig.
7B), the magnocellular division of the
PVN (Fig. 7C), and the parvocellular divi-
sion of the PVN (Fig. 7D) after formalin
injection. The images of eGFP fluores-

cence revealed that formalin injection elicited a remarkable in-
crease of fluorescence in the SON, the magnocellular and
parvocellular divisions of the PVN, the internal and the external
layers of the ME, and the PP (Fig. 7E).

Discussion
The present study demonstrates the effects of acute nociceptive
stress elicited by formalin injection into the paw on the expres-
sion of the AVP-eGFP fusion gene in the hypothalamus of trans-

Figure 4. In situ hybridization histochemistry for detecting the c-fos mRNA levels in the SON (A), the whole PVN (B), magnocellular
division of the PVN (C), and parvocellular division of the PVN (D) in untreated rats, saline subcutaneously injected rats, and formalin
subcutaneouslyinjectedrats.Points,Mean(n�6);errorbars,SEM.**p�0.01comparedwitheachcontrol.Themicrographsofemulsion-
dipped sections hybridized to a 35S-labeled oligodeoxynucleotide probe complementary to mRNA for c-fos in untreated rats (Ea, Ed, Eg),
saline subcutaneously injected rats (Eb, Ee, Eh), and formalin subcutaneously injected rats (Ec, Ef, Ei). Sections were obtained at 15 min
(Ea–Ec), 2 h (Ed–Ef ), and 6 h (Eg–Ei) after injection. Scale bar, 100 �m. 3V, Third ventricle.
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genic rats. Plasma AVP was promptly and
remarkedly increased at 15 min after the
injection of formalin, without affecting
plasma osmolality or sodium concentra-
tions. Plasma AVP levels had returned to
normal by 2 and 6 h after formalin injec-
tion. It is known that nociceptive stimula-
tion can facilitate AVP release into the
circulation, and pain perception processes
are altered by a variety of peptides (Lut-
tinger et al., 1984). The neurohypophysial
hormones AVP and oxytocin have been
shown to modify the nociception thresh-
old induced by noxious heat stimuli, such
as tail flick test or hot-plate test (Lut-
tinger et al., 1984), and the administra-
tion of AVP antisera to the cerebral
ventricle results in a small reduction in
tail flick latency (Bodnar, 1986). When
AVP was injected into the central nu-
cleus of the amygdala, with subsequent
monitoring of the nociceptive jaw open-
ing reflex in freely moving rats, AVP
showed an analgesic effect in diagnostic
electromyograms that was inhibited by a
V1, but not a V2, receptor antagonist
(Ahn et al., 2001). In addition to the
capacity of administered AVP to show
antinociception, studies on nociceptive
conditions in Brattleboro rats, which
are naturally deficient in AVP, are infor-
mative concerning the role of AVP in
pain sensitivity. Brattleboro rats have a
hyperanalgesic state in flinch–jump
threshold test and impaired stress analge-
sia (Bodnar et al., 1982). It could be in-
ferred from these observations that AVP
plays a role as an endogenous analgesic
substance.

It is well known that AVP is secreted under stressful conditions,
and several studies have also reported that AVP-secreting stimula-
tion also caused the secretion of opioid peptides. In the PP, in which
AVP and oxytocin neurons terminate, the hypophysial nerve termi-
nals contain enkephalin peptides together with AVP or oxytocin in
rat pituitary (Martin and Voigt, 1981). Dynorphin immunoreac-
tivity was also localized in AVP and oxytocin in magnocellular
neurons (Watson et al., 1982) and dynorphin is copackaged in
AVP neurosecretory vesicles that are exocytosed from magnocel-
lular neurosecretory cell dendrites and terminals (Brown and
Bourque, 2004). These reports suggested that AVP and opioid
peptides could be secreted from the PP and in the CNS, hence
modifying the nociceptive perception.

Formalin-injected rats show two phases of nociceptive behav-
ior, which seem to involve two distinctly different stimuli (Du-
buisson and Dennis, 1977; Rosland, 1991). The first phase starts
immediately after injection and lasts for �3–5 min. It is probably
attributable to direct chemical stimulation of nociceptors (Du-
buisson and Dennis, 1977), and formalin predominantly evokes
activity in A� and C fibers (Heapy et al., 1987). Subsequently,
there is a period of 10 –15 min when the animals display very little
behavior suggestive of nociception. The second phase starts
�15–20 min after formalin injection and lasts for 20 – 40 min.
The second phase of A� and C fibers activation is not uniform

and their activity reached less than those observed in the first
phase, although the pain intensity and behavior does not change
(Puig and Sorkin, 1996). Therefore, it could be reasonable that
the second phase is related to the development of inflammation
and spinal cord sensitization (Abram and Yaksh, 1994).

We observed that the levels of the AVP precursor hnRNA were
increased in the parvocellular division of the PVN 15 min after
formalin injection. The levels of c-fos mRNA were also increased
in the magnocellular and, more predominantly, in the parvocel-
lular divisions of the PVN in saline- or formalin-injected rats at
15 min after injection. This wave of transcriptional activity may
reflect the first phase of nociceptive behavior, with stress-
receptive neurons in the A2/C2 region of the tractus solitarius
(NTS) relaying sensory information and activating the parvocel-
lular division of the PVN (Cunningham and Sawchenko, 1988).
In addition, the increased levels of c-fos mRNA in saline-injected
rats indicate that noxious stimulation with saline injection also
evoke temporary activation of the magnocellular and parvocellu-
lar divisions of the PVN.

Although levels of c-fos mRNA returned to untreated levels by
2 h after formalin injection, increased levels of AVP hnRNA were
maintained in both the magnocellular and the parvocellular di-
visions of the PVN 2 h after formalin injection. Simultaneously,
the levels of CRH mRNA were also increased in formalin-, but

Figure 5. In situ hybridization histochemistry for detecting the CRH mRNA levels in the PVN in untreated rats, saline subcuta-
neously injected rats, and formalin subcutaneously injected rats (A). Points, Mean (n � 6); error bars, SEM. **p � 0.01 compared
with each control. The micrographs of emulsion-dipped sections hybridized to a 35S-labeled oligodeoxynucleotide probe comple-
mentary to mRNA for CRH in untreated rats (Ba, Bd, Bg), saline subcutaneously injected rats (Bb, Be, Bh), and formalin subcuta-
neously injected rats (Bc, Bf, Bi). Sections were obtained at 15 min (Ba–Bc), 2 h (Bd–Bf ), and 6 h (Bg–Bi) after injection. Scale
bar, 100 �m. 3V, Third ventricle.
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not saline-injected rats at 2 h. The second phase of nociceptive
behavior has been associated with development of peripheral in-
flammation. There is a discrepancy in time between the peak of
the formalin-induced edema, which occurs 	4 h after injection
in rats (Brown et al., 1968), and the second phase of nociceptive
behavior, which is exhibited from 15 to 60 min. This may reflect
that firing in primary afferents subsides after 30 – 60 min because
of toxic effects of formalin on the peripheral nerve fibers, even
though the inflammation still evolves in the peripheral tissue.

Shibata et al. (1989) have suggested an as-
sociation between second phase and pe-
ripheral release of bradykinin acting at B2

receptors and have also implicated pe-
ripheral release of histamine and seroto-
nin in the inflammatory component. It is
possible that those inflammatory media-
tors stimulate AVP neurons in the parvo-
cellular division of the PVN, correlating
with activation of CRH neurons and the
HPA axis in the second phase.

The levels of transgene-encoded eGFP
mRNA responded robustly to formalin
injection. Indeed, the response was greatly
exaggerated compared with that of the en-
dogenous AVP hnRNA in the PVN (four-
fold to sixfold induction compared with
only twofold). This exaggerated response
of AVP-eGFP transgene to formalin injec-
tion is very similar to that of the 5-VCAT-3
transgene to osmotic stimulation (Waller
et al., 1996), and it may be a transcrip-
tional or a posttranscriptional effect. One
possibility could be that the eGFP mRNA
may have a shorter half-life than its wild-
type counterpart, resulting in much lower
steady-state levels under basal conditions,
or that the increase in eGFP mRNA could
be the result of decreased eGFP mRNA
degradation. We have previously shown
that AVP-eGFP transgenic rats showed
exaggerated increases in eGFP expression
in magnocellular neurons in salt-loaded
rats (Fujio et al., 2006) and in both mag-
nocellular and parvocellular neurons in
adjuvant-induced arthritic rats (Suzuki et
al., 2009). Thus, it seems that changes in
eGFP expression are a more sensitive in-
dicator of changes in specific neuronal ac-
tivity, readily revealing evident increases
that are undetectable in wild-type rats.

Monitoring of eGFP fluorescence also
allowed us to readily monitor the fate of
the tagged AVP-fusion protein. As a con-
sequence of formalin injection, eGFP flu-
orescence, encoded by the AVP-eGFP
transgene, is apparently increased in the
SON and both parvocellular and magno-
cellular divisions of the PVN. Increased
fluorescence in the external layer of the
ME reflects axonal flow from the cell bod-
ies in the parvocellular division of the
PVN to axon terminals located adjacent to
the portal vein (Aguilera and Rabadan-

Diehl, 2000). Fluorescence in the internal layer of the ME was also
increased, reflecting increased axonal flow from the cell bodies in
the SON and the magnocellular division of the PVN to axon
terminals in the PP (Vandesande and Dierickx, 1975), resulting
in increased fluorescence in the PP of formalin-injected rats.

In conclusion, the present study demonstrates that formalin-
induced nociceptive stimulation causes a rapid but transient ele-
vation of plasma AVP levels; by 2 h plasma AVP levels had
returned to normal. This correlated closely with a transient up-

Figure 6. In situ hybridization histochemistry for detecting the arginine vasopressin-eGFP mRNA levels in the SON (A), the
whole PVN (B), magnocellular division of the PVN (C), and parvocellular division of the PVN (D) in untreated rats, saline subcuta-
neously injected rats, and formalin subcutaneously injected rats. Points, Mean (n �6); error bars, SEM. **p �0.01 compared with
each control. The micrographs of emulsion-dipped sections hybridized to a 35S-labeled oligodeoxynucleotide probe complemen-
tary to mRNA for eGFP in the PVN in untreated rats (Ea, Ed, Eg), saline subcutaneously injected rats (Eb, Ee, Eh), and formalin
subcutaneously injected rats (Ec, Ef, Ei). Sections were obtained at 15 min (Ea–Ec), 2 h (Ed–Ef ), and 6 h (Eg–Ei) after injection.
Scale bar, 100 �m. 3V, Third ventricle.
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regulation of the expression of c-fos in the parvocellular and mag-
nocellular divisions of the PVN. AVP hnRNA was also rapidly
upregulated, but unlike c-fos expression, this was maintained for
a much longer period. The upregulation of the AVP gene in the
parvocellular division of the PVN may activate the HPA axis,
correlating with induction of the CRH gene in the second phase
of the nociceptive behavioral response. Moreover, because AVP-
eGFP transgenic rats can demonstrate AVP expression in the
form of green fluorescence, we can detect these changes in AVP
expression more easily than by using other approaches, such as
immunohistochemistry. AVP-eGFP transgenic rats allow moni-
toring of the amplified AVP gene activation compared with wild-
type rats, since the response of the eGFP gene was more sensitive
and exaggerated compared with that of AVP hnRNA. These rats
can thus be used to investigate the dynamics of the synthesis and
secretion of AVP in living neurons/terminals and the resolution
of the physiological role of AVP neurons by monitoring their
biological effects.
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