Int J Biometeorol (2011) 55:319-326

325

in SNL rats. These rates and magnitudes of decompression
are quite near to what are observed while a LP system is
approaching: in the case of a typhoon of which the pressure
change at the authors’ institute was shown in Fig. 2b, the
atmospheric pressure decreased by as much as 50.7 hPa in
12 h (average ca. 4 hPa/h) was reported in the Kyusyu area
(about 900 km away from Nagoya where the present
experiments were taking place) where the typhoon directly
attacked. Thus, the minimum pressure change needed to
induce aggravation of pain behavior in neuropathic rats is
within the range of naturally occurring pressure changes.
Therefore, the presently observed aggravation of pain-related
behavior by LP in SNL rats simulates to some extent the
climatic change-induced aggravation of chronic pain in
humans. There appears to be a notable absence of a
stimulus—response relationship, namely, the smallest baro-
metric pressure decrease (by 5 hPa at 5 hPa/h) induced almost
the full effect, whereas a more intense pressure decrease (e.g.,
by 10 hPa at 5 hPa/h) induced no further augmentation in
pain-related behaviors except for additional responses to the
weaker VFH(s). This might reflect the characteristics of either
a pressure-sensing system or efferent system (possibly the
sympathetic nerve activities described below).

We observed that a faster and higher level of decom-
pression were required to induce pain-related behaviors in
the CCI rats than in the SNL rats. The observation is in
good agreement with the report that signs of ‘mechanical
allodynia’ (foot withdrawal in response to normally
innocuous mechanical stimuli) in SNL rats were stronger
than that in CCI rats, i.e., in the former, evoked pain-related
behavior of greater magnitude was regularly observed (Kim
et al. 1997). We also confirmed it (Fig. 3a, b). In addition,
the present results also exhibited a tendency toward stronger
augmentation of pain-related behavior during LP exposure in
SNL rats than in CCI rats. The more sensitive response to LP
in the SNL rats may be related to the pronounced changes in
their withdrawal response. We observed in the previous
experiment that, although sympathectomized CCI rats
showed no aggravation of their pain-related behavior in
response to LP exposure (Sato et al. 1999), they did exhibit
an augmentation of such behavior under low-temperature
exposure (Sato et al. 2000). These results suggest that
sympathetic nerve activity makes an important contribution
to the LP effect, while it appears to be of little importance to
the low-temperature effect. In addition, activation of the
sympathetic nervous system in response to LP exposure has
been demonstrated by increased blood pressure and heart
rate in both normal and CCI rats (Sato et al. 2001). It has
also been reported that the contribution of sympathetic nerve
activity to pain-related behavior is greater in SNL rats than in
CCI rats (Kim et al. 1997). Taken together, these results
suggest that the mechanism for a higher sensitivity of SNL
rats to LP exposure might be related to a more significant

contribution of sympathetic nerve activity to the aggravation
of pain-related behavior in this model.

‘We have recently found that when the inner ear-lesioned
SNL or CCI rats were exposed to LP, they showed no
augmentation of pain-related behavior (Funakubo et al.
2010). We also observed, though preliminary, that some
neurons in the rat vestibular nucleus responded to lowering
barometric pressure by 40 hPa within 8 min (Funakubo et
al. 2008). These results may suggest that the barometric
sensor/sensing system influencing nociceptive behavior
during LP in rats is located in the inner ear. Further studies
are needed to clarify the neural mechanism of weather-
induced aggravation of pain.
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Patients suffering from neuropathic pain often complain of pain aggravation when the weather is chang-
ing. The exact mechanism for weather change-induced pain has not been clarified. We bave previously
demonstrated that experimentally lewering baremetric pressure (1P} intensifies pain-related behaviors
in rats with cheowic constriction injury {CCIY i the present experimient we examined whether this pain
aggravating effect ef LP exposure in nerve fmgured rats is still present after lesioning of the inner ear. We
used both CCL and spinat nerve ligasion {SNLY models for this study, We injected into the middle ear
sodium arsanilate solution {100 mgfny, 50 pljear), which is known to degenerate vestibular hair cells,
under anesthesia the day before surgery. Rats were exposed te LP {27 bfa decrease over 8 min) 7-0 days
Inngr ear tesion after €C1 ar 3-8 days after SNL surgersy, and pain-related behavior foumber of paw tilts induced by von
Low-prressure exposuie Frey hair stimuwdi} was measurad. Wien the inner gar lesioned SNE or CCl rats were exposed to LP, they
Rats showed no augmentation of pain-related behavior. On the other hand, the pain aggravating uifecr of 2
temperature decrease {from 24 to 17 “C) was maintained in both SNL and CCI rats, These resulis suggest
that the barometric sensatisensiog system inflsencing nociceptive behavior dusing LP in rats is located in
the innes car.

% 2008 European Federation of International Asseciation for the Study of Pain Chapters, Published by
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Weather-sensitive pain
Neurggzarhic pain

Elsevier Led. Al rights reserved.

1. Introduction

There are many patients with chronic pain from such conditions
as neuropathic pain, low back pain and rheumatoid archritis who
complain that their condition is aggravated by changes of the
weather (Mitchell, 1877; Kranzl, 1977; Guedj and Weinberger,
1990: Hendler et al, 19495; Jamison et &, 1995; Verges et al.,
2004). This sympltom is called "weather-sensitive pain”. Regarding
meteorological factors that influence pain, a variety of causes have
been claimed. e.g.. barometric pressure, humidity and remperature
{Hollander and Yeostros, 1963; Verges ¢t al., 20043,

Detection of “weather-sensitive pain” in human studies (Mitch-
ell, 1877; Hollander and Yeostros, 1963: Kranzi, 1977; Gued) and
Weinberger, 1980; Hendler et al., 1995; Jamison et al., 1995;
Verges ¢t al.; 2004) is always complicated by psychosocial factors,
which is considered to be minimal, if not lacking, in animal exper-
iments {Sato, 2003). We have therefore previcusly examined the
effects of lowering barometric pressure {LP} on pain-related behav
iors in animals and have demonstrated that LP {27 bPa deerease in
8 min) augments pain-relsted behaviors of chronic constriction in-

* Corresponding auther, Tel.r +81 52 788 3861 fax: +81 52 789 3889,
E-mutit address: mizu@ricornagoya-wac.jp (K Muusnera),

jury rats {Sato et al, 1999) and mongarthritic rats (Sato et al.
2004} In normal animals no aggravation of pain-related behaviors
was detected {Satn et al,, 1999, 2004).

The finding of an [P-induced aggravation of pain suggests the
existence of a specific organ or system that senses atmaspheric
pressure, in birds, sensitivity to small barometric pressure changes
as low as 1-2 hPa has been reporied {Kreithen and Keeton, 1974).
A paratympanic 0rgan in birds innervated by the facial nerve and
projecting to the vestibular brainstem nuclei (von Bartheld,
1990) may mediate barometric perception {(von Bartheld, 14984},
Among mammals, such an organ possibly exists only in bats (von
Barthehd, 1990), aad no other system fer sensing small barometric
pressure changes is presently known. However, in addition to pain
ageravation by LP, evidence for a barometric pressure sensing sys-
term: comes from dilfercnt observations. Activities of mice have
been described to change along with natural barometric fluctua-
tions {Sprott, 1967), and rapid and large pressure changes during
fiight or diving have occasionatly been found to induce transient
and reversible vertigo {alternobaric vertige) in humans {Lundgren,
1965; Lundgren and Malm, 19661 In analogy to the birds, we as-
sumed that the pressure sensing system may be located some-
where inside the ear. Since we have previously shown that
tympanectomy does not influence the augmentation of neuro-

1090-38017536.00 42 2009 Ewropean Federation of International Association for the Study of Pain Chapters, Published by Elsevier L. Al rights reserved,
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pathic paia induced by LP {Takanari et al., 1999), we hypothesized
here that such a sensor may be located in the middle or inner ear
and examined the effect of inner ear lesions on LP-induced aggra-
vation of pain in neurppathic pain models {spinal nerve ligation
{SNL, Kim and Chung, 1992) and chronic constriction injury (CC,
Bennett and Xie, 1988). We used these two madels because contri-
bution of sympathetic nerve activities is reportedly different in
these models {Kim et al.,, 1997), thus effect of inner car lesion
might be different.

Preliminary results have been published as an abstract {Fun-
akubo ef al,, 2005).

2. Methods

Forty-three male Sprague-Dawley (8D} rats, 250-300 g (Japan
SLCY, were used, The animals were housed two ta three per cage
under controlled temperature {24 °C) and on a 12 b light{dark ¢y-
cle, and were given free access to feod and water. Al surgical pro-
cedures described below were performed under sargically clean
canditions and sedium pentobarbital anesthesia {50 mg/ke, i.p.).
All the experiments were conducted according to the Regulations
for Animal Experiments in Nagoya University, and the Fundamen-
tal Guidelines for Proper Conduct of Animal Experiments and Re-
lated Activities in Academic Research Institutions in Japan.

2.1. SNL surgery

The ieft L5 spinal nesve was tightly lgated with silk thread
according to the method described by Kim and Chung (1992), ex-
cept that ooly the L5 spinal nerve was ligated in this experiment,

2.2 CQ surgery

CCl surgery was peripnmed according (o the method previously
described (Bennetr and Xie, 1988). Briefly, the left sciatic nerve was
exposed at the mid-thigh level, and was then constricted with four
loose ligatures using chromic gut (4/0), cach spaced about 1 mm
apart,

2.3, Inner eor lesion

The bilateral inner ears of the SD rats were lesioned one or two
days belore CC or SNL surgery by an injection of sodium arsanilate
solution conducted according to the methed previously described
{Hunt et al,, t987), This solution is known to degenerate the vestib-
ular hair cells when injected into the middie ear cavity {Anniko and
Wersall, 1977). Under pentobarbital anesthesia {50 mg/ke. ip.}, a
disposable needle (25 G} was inserted through an otoscope and ad-
vanced inte the middle ear through the tympanic membrane,
Through this needie the solution of sodium 4-aminophenylarson-
ate {100 mg/ml saline, 50 slfear, Tokyo Kasei Kogyo Co., Ltd, Tokyo,
Japan) was then slowly injected into the middie ear, which was
then packed with a piece of gelatin sponge to prevent the solution
from flowing back. The effect of the inner ear lesion was confirmed
24-48 h after injection by a contact-righting test {Ussenkopp et al.,
1990): the rats were put ify a supine position on a horizontal sur-
face and an acrylic plate was lightly placed in contact with the
plantar side of the animat's feet. In this situation normal animals
auickly tum upright.{normat righting response). Asimals with in-
ner ear lesion do not turn upright by themselves, instead they re-
main in the supine position, with their soles in contact with the
plastic plate and ‘walk’ about under the plate (abnormal righting
response}. Therefore, when rats showed this abnormal righting re-
sponse, it was concluded that cheir inner ear was lesioned, In addi-
tion these animals tended to move back and showed exaggerated

head dorstflexion, similar to surgically labyrinthectomized rass
{Tang and Wy, 1937 requoted from Hung et al.. 1987), i the unilat-
eral inner ear was lesioned, the animals tilted their head on le-
sioned side, turned heavily to lesioned side when they were
suspended by their tails. These rats were omitted from the exper-
iment. There was no change in appetite and body weight after in-
ner ear lesion,

The vestibular lesion was histologicatly examined in three ani-
mais. The rats 8 days after arsanilate injection into bilateral inner
ears were perfused with 4% paraformaldehyde in 0.1 M phos-
phate-bufiered saline {PFA, pH 7.4) under deep pentobarbital anes-
thesia. The temporal bone was removed, post-fixed with PFA for 3
days, and then immersed in a solution of 10% EDTA (pH 7.4, Wako,
Japan) for 7 days at 4 °C. After decalcification, the temporal bone
was embedded in paraffin and then sliced on a micretome into se-
rial 5-pm sections, Every section was stained with hematoxylin-
cosin {Mayer's hematoxylin solution followed by Mayer's method
and 1% eosin in ethanol, Sakura, Japan) and observed with a light
microscope {Eclipse E800, Nikon, lapan). The cochlea-vestibule
was photographed with a computer-aided CCD-camera (KP-C231,
Nikon, Japan}, For comparison, histological examination of the in-
ser ear of a control rat without arsanilate injection was done using
the same method.

24, Measurement of naciceptive behaviors

241, Measurement of punctate hyporalgesin

Each ral was individuaily placed beneath an inverted (ranspar-
ent plastic cage (11 = 17 = 11 cm) with a wire mesh bottom. Pain-
refated behaviors induced by mechanical stimulation were mea-
sured with home-made von Frey hairs {VFHs, diameter: 0.5 mm,
bending forces 34,3, 92.2. and 197.2 mN). £ach VFH was applied
ten times {once every 2-3 5) to the plantar surface of the nerve-in-
jured paw, and the number of [oot withdrawals was then counted.
Stimulation of normal human skin with the weak {34.3 mN} and
then the stronger {92.2 and 197.2 mN) VFHs elicits a sensation of
pressure and painful pricking, respectively. A significant increase
in the frequency of foot withdrawals in response o these mechan-
ical stimali was interpreted as puncrare hyperalgesia (Zhou et al,
1996; Ta ¢t al.. 2000). Because of typical abnormal behaviors of in»
ner ear fesioned rats {Hunt eral, 1987), it was impossible to blind
the experimienter to which group animals belonged.

2.4.2. Low-pressure exposure

We examined the effects of inner car lesions on the low pres-
sure-induced aggravation of nociceptive behavior in a climate-con-
trolled room instalied in our Institute, which was used in previous
experiments {Sato ot al., 1999, 2001, 2004). The rats of this exper-
mertal series received an injection of sodium arsanilaie one or
two days before CCI or SNL surgery. Seven to nine davs after CCH
or 5-8 days after SNL, they were exposed to jow-pressure. The
barometric pressure of the climate-controlied room was lowered
by 27 hiPa below the atmosphersic pressure, which is the type of
change often observed when a typhoon passes. This was accom-
plished over 8 min. The pressure was maintained at this level for
80 min, and then returned to the baseline pressure over 8 min.
The ambient temperature was controtled at 24 °C, with relative
humidity at 50%. Behavioral tests were carried out five times:;
6{1 min before exposure {Pre), twice at the lowered pressure {just
after {Mid 1), and 60 min (Mid 2) after reaching the pre-set low-
pressure levet), and 60 {Post 1) and 120 min (Post 2) after exposure
{Fig. 1, upper panet).

2.4.3. Low-temperature exposure
To confirm that the effects of inner ear jesion were distinctive
to pressure change-induced effects, inner ear lesioned rats were
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fig. L. Time schedule of tovw-pressure {upper pawel) or low-temperature exposure ({ower paned ) Behavioral wests {von Frey rest: VET} were carriet out 5 times on the day of
low-pressure of lewe-temperature exposure: 60 s belore exposure [Pre), twice 31 the Jowest prossure o0 femperature Jiust after IMid ) and 60 ain (Mid 21 after reaching
the pre<set fow-pressure of temperange levell and 60 {Post 12 and 120 min [Post 2) after exposure.

also exposed to low temperature between 5 and 11 days after CCl
or 3 and 7 days after SNL surgery. The ambient temperature was
lowered by 7 °C, which is a typical daily temperature drop in Ja-
pan: the drop, from 24 to 17 “C, wok 30 min. The temperature
was then maintained at 17 °C for 80min, and it teok another
36 min to return to the baseline. Relative humidity was Kept at
50%. and barometric pressure was left at its natural level. Exper-
iments were done oa days when no abrupt barametric pressure
change was forecast. Behavioral nociceptive tests were carnied
out on the same time schedule as that during P esposure
{Fig, 1, lower panel),

2.4.4, Statisticol analysis :

The results of LP and LT exposures were expressed as the mean
and standard errar of the mean (SEM), and the difference from the
Pre value was analysed with non-parametric one way analysis of
variance with repeated measures on ranks followed by the Stu-
dent-Newman-Keuls methed, Differences were considered signif-
icant at the P < 0.05 Jevel in both experiments.

3. Results

A group of ten rats received 3 sodium arsanilate injection into
the middle ear cavity. None of the injected rats showed normal
contact-righting response, instead, they remained supine and
‘walked” with their soles in contact with the tower surface of the
plate that was put on them, thus confirming inner ear lesion. For
further confirmation, a histological examination was carried out
on three rats (Fig. 2). Except one ear, hair cells were enlarged
ani vacuolar degeneration or complete degeneration was observed
in ¢rista ampuilaris, macula sacculi and macula utricli. Sample
photographs of vacuolar degeneration are shown in Fig. 2B. Even
in the animal with remained hair cells in one car {Fig. 2C), con-
tact-righting reflex was abnormal and no unilateral titting of the
head was observed, thus it is considered that inner ears of all rags
examined lost their function. The inper ear lesion itself induced

stight increase in number of paw withdrawals but it was not signif-
icant {(Fig. 3A).

We carried out VFI on SNL (Fig, 3B) and CCY (Fig. 3C) rats with
inner car lesiened, with the same procedures as LP or LY experi-
ment but without changing pressure or temperature, and con-
firmed that placing animals in the climate chamber and
repeating VT induced no change i VFT.

We also confirmed that rats with inner ear lesions became
liyperalgesic after SNL surgery (Fig. 3B, Pre), and on days of low-
pressure exposure they remained so (Fig. 4B, Pre}, The intact inner
ear SNL rats showed an increase in the number of paw lifts in re-
sponse o noxious stimuli immediately after reaching the low-
pressuare level {Fig. 4A. Mid 1), This increase, however, was tran-
sient, and the number of paw lifts had already returmed 1o baseline
levels on the second measurement during low-pressure exposure
GO mn later {Fig. 4A, Mid 2), confirming the previous result {Sato
et at, 1999). in contrast, the SNL rats with inner ear lesions showed
neither an increase nor a decrease in the number of paw lifts dar-
ing the entire period of low-pressure exposure {Fig. 48},

Next, we examined the effect of low-temperature exposure (o
inner ear lesioned SN rats to see whether the inhibitory effect of
inner ear lesions was not due to motor deficit, and whether inner
ear is distinctively needed for low-pressure effects. Confirming
the previous result (Sate et al, 2000}, low-temperature exposure
augmented the responses of inner car intact SNL rats 1o noxious
mechanical stimuli, and this augmentation not only lasted during
exposure period but (ended to be further intensified atr Mid 2,
showing a slower time course than low-pressure expasure
{Fig. 5A, Mid 1 and 2). tnner ear lesioned SNL rats showed almost
the same augmentation of nociceptive behavior upon exposure to
low temperature as inner ear intact rats (Fig. 5B). These results
demonstrated that the inner ear was distinctively  needed for
low-pressure effects.

When we also examined low-pressure effects in inner ear le-
sioned CCl rats, they showed mechanical hyperalgesia after CCl
surgery (Pre in Figs. G and 7), but the change tended to be less than
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A. Intact

crista ampuliaris

B. Arsanilate treated |

C. Arsanilate treated 1l

crista amputiaris

crista amputiaris

macuta utricuti

macuia iriculi

Fig, Z. Histelogical sections of the inver ear. A7 laner ear of iMact 1ot wathoot reatment. B: Compietety fesione imter 2ar alter arsenilate treatment. 7 An ear less injuted
after arsanilate injection. Arsanilate imection info the middle car was done 8 days befare. The hair cefts of vrista ampuilaris and macula saveuli had vacuolar degeneration in
{B). but they are still Telt in (C) although theie shapes ate irregedar and ateophic. Despite some hair cells remained in oxe cac {C), 1his animal showed abnormal contact-sighting

reflex. Scale: 500 .,

that in SNL rats. Again, quite similar to SNL rats, inner ear lesioned
CCl rats (n = 11) showed no augmentation of nociceptive hehavior
upon exposure to low-pressure (Fig. 6A and B). leaving the noci-
ception aggravating effect of low temperature intact (Fig. 7A and
B).

4. Discussion )

The present experiments clearly demonstrate that the nocicep~
tion aggravating effects of low-pressure exposure were lost foliow-
ing an inngr car fesion. The nuciception aggravating effects of low-
temperature exposure, on the other hand, were not altered at all in
these rats, proving that inner ear was needed for low-pressure ef-
fects, This result suggests that a barometric sensor and/or sensing
system relating with the Jow-pressure effect on nociceptive behave
ior is located in the inner car of rats.

It is known that changes in ambient pressure {though a major
pressure change is required) can elicit vertigo and bodily disequi-
tibrium, known clinically as alternobaric vertigo {Lundgren, 1965;
Lundgren and Malm, 1966). In their neurophysiological study
addressing the underlying miechanism of this vertigo, Suzuki
et al, (1998} have reported that vestibular activities were altered
by changes in middle car pressure, though they used a much more
rapid pressure change {100 mmH,0/s) than we did in the present
experiment. We also observed, though preliminary, that some neu-
rons in the rat vestibular nucleus responded to lowering baromet-
ri¢ pressure by 40 hPa within 8 min (Funakubo et al., 2607), Such a
pressure reduction temporarily renders pressure in the middle ear
relatively positive to barometric pressure, that of the perilymph
relatively negative to the middle ear and that of the endolymph
relatively positive to the perilymph, thus producing a transient
pressure difference between peri- and endolymph. These authors
have suggested that this pressure difference between the peri-
and endotymph induced vestibular nerve activity. However, posi-

tive middle ear pressure does not scem necessary for nociception
aggravating effects of low-pressure, since @ previous report from
our lab showed that a tympanectomy had no influence on the pain
aggravating effect of low-pressure {Takanari et al., 19%9). Even in
that case, temporary pressure difference between the peri- and
endolymph can be produced by lowering the barometric pressure,
though the pressure difference would be opposite. For the mo-
ment, though the exact location and mechanism of pressure sens-
ing remain unknown, the importance of the inner ear in barometric
pressure detection relating with nociception was clearly demon-
strated in this experiment,

in this experiment we found no noticeable difference in the ef-
fect of inner ear lesion on LP-induced aggravation of hyperaigesia
in SNL and CCI rats, although contribution of sympathetic nerve
activities were reported to be different (Kim ¢t al, 1997). Usage
of a rather large and guick pressure change (27 hPa/8 min} might
have hindered from detecting difference. In fact, using slower
and smatler pressure change we have observed different magni-
tude and speed threshold of pressure change in inducing aggrava-
tion of hyperalgesia in SNL and €U models {Funakubo et af, 2008).

How could LP aggravate mechanical hyperalgesia? Since LP-in~
duced aggravation of nociception was sbserved only in animals
with chrenic pain, and not in normal animals (Sato et al, 19593,
sone mechanisin involved in mechanical hyperalgesia might be
influenced by inner ear activities. Many factors and mechanisms
are involved in nerve injury-induced mechanical hyperalgesia
(Devor 2005 for review). e.g. ectopic novel mechanoscensitivity
along injured nerves, in peuromas and DRGs, novel sensitivity
to noradrenaline {Sato and Perl, 19891} and adrenaline {Khasar
et al, 1999; Chen and Levine, 2003), changed expression/trafficking
of ¢hannels (Lindia et al, 2005) and changed expression of
neuropeptides {Noguchi et al., 1995). Of these many factors and
mechanisms: {1} hormonal changes, {2) descending control system
of nociception and (3) sympathetic activities could be modified
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within several minutes of low-pressure exposure, while others
might require too much time 1o explain LP-induced hyperalgesia.
The first possibility, hormonal changes, is based on the report that
neurens in vestibutar nuclei project to the hypothatamus (Matsuy-
ama et al., 1995; Markia et al., 2008}, thus passibly modulating the
enviromnent of hormones such as adrenaline, The second possibil-
ity is that descending inhibitory control system might be madified
by inner ear inputs becaase the vestibular nuclei that receive inner
ear inputs also project to the nuclei {raphe magnus, locus ceruieus,
periaqueductal gray matter, etc.) that are involved in descending
inhibitory contral. The third possibility is thar the profound influ-
ence of vestibular stimulation on autonomic functions (resulting
in pale face, nausea, vomiting, sweating, etc.), which occurs
through modification of autonomic centers in brain stem, also af«
fects sympathetic and vagal nerve activities (Yates et al., 1995; Por-
ter and Balaban, 1997). The influence of sympathetic nerve
activities on cutaneocus thin-fiber afferents after nerve injury but
not in normai animals has been well dacumented {Saro and Perl,
1591; Devor et al, 1994; Bossut and Perl, 1995). n addition, our

group showed that there was no LP-induced aggravation of
mechanical  hyperalgesia  after  sympathectomy,  suggesting
mvolvement of sympathetic nerve activity in this phenomenon
(Sato et al, 1999). We also showed clevation of blood pressure
and heast rate during exposure to LP, which also suggest sympa-
thetic activation during LP {Sato et al, 2000). Thus linkage from
the inner car through sympathetic activarion o increased nocicep-
tor activities in LP has been the most addressed of these three pos-
sibifities. Yet all are worthy of future study.

Maintaining the homeostasis of the physical conditions is
essential for organisms, and organisms are able to respond also
to minute changes in barometric pressure induced by elimatic
change. This mechanism may exist also in human beings, although
such responses may not be detectable by those in good health as
concluded from the absence of effects en nociception in normat
rats (Sato et 3i, 1999, 2004). The present results, by elucidating
the aggravation of nociception in pathological conditions, indicate
the existence of such responses and the important role of the inner
ear in barometsic pressure detection.
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A recent genome-wide association study showed that a variant
{(rs1344706) in the ZNF804A gene was associated with schizo-
phrenia and bipolar disorder. Replication studies supported the
evidence for association between this variant in the ZNF804A
gene and schizophrenia and that this variant is the most likely
susceptibility variant. Subsequent functional magnetic resonance
imaging studies in healthy subjects demonstrated the association
of the high-risk ZNF804A variant with neural activation during a
memory task and a theory of mind task. As these cognitive
performances are disturbed in patients with schizophrenia, this
‘gene may play a role in cognitive dysfunction in schizophrenia.
The aim of the current study was to investigate the potential
relationship between this ZNF804A polymorphism and memory
function. The effects of the high-risk ZNF804A genotype, diag-
nosis, and genotype—diagnosis interaction on verbal memory,
visual memory (VisM), attention/concentration, and delayed
recall (measured by the Wechsler Memory Scale-Revised) were
analyzed by two-way analysis of covariance in 113 patients with
schizophrenia and 184 healthy subjects. Consistent with previous
studies, patients with schizophrenia exhibited poorer perfor-
mance on all indices as compared to healthy control subjects
(P<0.001). A significant ZNF804A genotype—diagnosis interac-
tion was found for VisM performance (P = 0.0012). Patients with
the high-risk T/T genotype scored significantly lower on VisM
than G carriers did (P = 0.018). In contrast, there was no genotype
effect for any index in the healthy control subjects (P > 0.05). Our
data suggest that rs1344706 may be related to memory dysfunc-
tion in schizophrenia. © 2010 Wiley-Liss, Inc.

Key words: ZNF804A; memory; schizophrenia; polymor-
phism; rs1344706
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Schlzophrenla (OMIM: 181500) is a common complex psychiatric
disease with a lifetime risk of approximately 1%. There are strong
genetic components of this disease, with an estimated heritability of
approximately 80% [Cardno and Gottesman, 2000; Tsuang, 2000].
In a genome-wide association study and follow-up studies, a single
nucleotide polymorphism (SNP) in the ZNF804A gene (rs1344706)
was found to be associated with schizophrenia and bipolar disorder
[O’Donovan et al., 2008]. Subsequent replication studies demon-
strated the association between schizophrenia and the ZNF804A
gene and that rs1344706 remained the most strongly associated
marker in the gene after fine mapping of ZNF804 locus [Riley et al.,
2010; Steinberg etal., 2010; Williams et al., 2010; Zhang et al., 2010].

The ZNF804A gene (OMIM: 612282) is located on chromosome
2932.1 and.consists of four exons and three introns spanning
341 kb. Although little is known about the encoded protein and
its function, the sequence contains predicted zinc ion and DNA-
binding domains, suggesting a role in the regulation of gene
expression. Two Iimaging genetics studies using functional
magnetic resonance imaging (fMRI) have demonstrated associa-
tions between the high-risk ZNF804A variant and neural activation
during a memory task and a theory of mind task in healthy subjects
[Esslinger et al., 2009; Walter et al., 2010]. The high-risk ZNF804A
variant had impact on brain functional dysconnectivity between
dorsolateral prefrontal cortex (DLPFC) and hippocampal forma-
tion during an N-back memory task in healthy subjects [Esslinger
et al., 2009]. This altered connectivity between DLPFC and hippo-
campal formation might be a basis of human memory function.

Patients with schizophrenia have pronounced deficits in aspects
of neurocognitive function such as speed of processing, attention/
vigilance, working memory, verbal learning and memory, visual
learning and memory, reasoning and problem solving, and social
cognition [Nuechterlein et al., 2004]. Cognitive impairments are
strongly related to functioning in areas such as work, social relation-
ships, and independent living in schizophrenia. The lack of marked
cognitive benefit of present antipsychotics has led to the investiga-
tion of alternative drugs and mechanisms for the treatment of these
impairments [Buchanan et al., 2007]. Intermediate phenotypes/
endophenotypes represent simpler clues to genetic underpinnings
than the disease syndrome itself, promoting the view that psychi-
atric diagnoses can be decomposed or deconstructed, which can
result in more straightforward and successful genetic analysis
[Gottesman and Gould, 2003; Preston and Weinberger, 2005].
Memory deficits are prominent trait markers of schizophrenia,
with impairments also observed in first-degree relatives [Snitzet al.,
2006]. Genetic risk for schizophrenia could affect functional activi-
ty in the brain; such changes have been shown to mediate disturbed
memory function [Meyer-Lindenberg and Weinberger, 2006]. In
the present study, we examined the effect of the genome-wide
supported variant in the ZNF804A gene on memory functions in
patients with schizophrenia.

The sub)ects of this study consisted of 113 patients with
schizophrenia [53.1% males, mean age & standard deviation:

38.3 & 12.1 years] and 184 healthy control subjects [47.8% males,
36.2+11.5 years]. The sex ratio and mean age did not differ
significantly between patients and control subjects (P> 0.05),
whereas the years of education were significantly lower among
patients with schizophrenia (14.2 £ 2.4) than among control sub-
jects (15.4 4+ 2.4) [z= —4.20, P < 0.001]. All subjects were biologi-
cally unrelated Japanese individuals. Subjects were excluded from
this study if they had neurological or medical conditions that could
affect the central nervous system, such as atypical headache, head
trauma with loss of consciousness, chronic lung disease, kidney
disease, chronic hepatic disease, thyroid disease, cancer in an active
stage, cerebrovascular disease, epilepsy, seizures, substance-related
disorders, or mental retardation. Cases were both outpatients and
inpatients at Osaka University Hospital. Each patient with schizo-
phrenia had been diagnosed by a trained psychiatrist according to
the Diagnostic and Statistical Manual of Mental Disorders, fourth
edition (DSM-IV) criteria based on the Structured Clinical Inter-
view for DSM-IV (SCID) for schizophrenia. Healthy control sub-
jects were recruited through local advertisements at Osaka
University. Psychiatrically, medically, and neurologically healthy
control subjects were evaluated using the DSM-IV-Non-Patient
version of the Structured Clinical Interview to exclude individuals
who had current or past contact with psychiatric services or
had received psychiatric medication [Ohi et al., 2009]. Written
informed consent was obtained for all subjects after the
procedures had been fully explained. This study was carried out
in accordance with the World Medical Association’s Declaration of
Helsinki and approved by the Research Ethical Committee of Osaka
University.

Ganotyping

We selected 151344706 in the ZNF804A gene because this SNP has
been found to be associated with schizophrenia and bipolar disor-
derin genome-wide association and follow-up studies [O’Donovan
et al., 2008] and the four replication studies confirmed the associa-
tion [Riley et al., 2010; Steinberg et al., 2010; Williams et al., 2010;
Zhang et al., 2010]. Furthermore, this SNP was related to functional
brain activity in healthy subjects [Esslinger et al., 2009; Walter et al.,
2010]. Venous blood was collected from the subjects, and genomic
DNA was extracted from whole blood according to standard
procedures. The SNP was genotyped using the TagMan 5'-exonu-
clease allelic discrimination assay (Applied Biosystems, Foster
City, CA) as described previously [Hashimoto et al, 2006,
2007]. Detailed information on the PCR conditions is available
upon request.

Phenotype Measures

A full version of the Wechsler Memory Scale-Revised (WMS-R)
[Sugishita, 2001], which is generally used to measure memory
functions, was administered to the subjects. The four indices of
the WMS-R, that is, verbal memory (VerM), visual memory
(VisM), attention/concentration (AC), and delayed recall (DR),
were used for the analysis. Psychiatric symptoms in patients with
schizophrenia were evaluated using the positive and negative
syndrome scale (PANSS) [Kay et al., 1987].
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TABLE I

Schizophrenia (n = 113)

Demographic and Clinical Characteristics of Patients with Schizophrenia and Controls

Control (n = 184]

G carrier

/T [(n=21) (n=92)
Variables Mean SD Mean SD
Age (years) 38.1 11.2 38.4 124
Sex (male/female)® 10/11 49/43
Education {years) 14.2 2.2 14.2 2.4
CPZeq (mg/day) 586.2 5186 5359 4431
Age at onset [years) 237 10.2 24.2 8.6
Duration of iliness [years) 14.4 9.7 14.2 111
Positive symptoms®* 16.0 79 18.2 55
Negative symptoms”* 18.6 7.5 18.6 ?.0

G carrier
T/T {n = 44) (n = 140)

P-value z Mean SD Mean SD P-value z
0.99 0.01 36.5 10.8 36.1 11.8 0.68 0.42
0.94 0.01 24/20 64/76 0.31 1.05
0.80 0.25 14.7 1.9 15.6 2.5 0.05 1.99
0.95 0.06 — —_ — —_ — —
0.76 0.31 — — —_ —_ — —
0.74 0.33 — — _ — —_ —
0.10 1.62 — — — — — —_
0.89 0.14 — — — —_— — —

CPZeq, chiorpromazine equivalents of total antipsychotics; "PANSS, positive and negative syndrome scale; SO, standard deviation. T/T: individuals with T/T genctype of rs1344706. G carriers: individuals
with 6/G and G/T genotypes ofrs1344706. Differences in clinical characteristics between genotype graups were analyzed using the Mann—Whitney U-test, except for axP test. “T/T:n == 18;G carrier:n = 84

A significant P-value is shown as bald face and underlined

Statistical analyses were performed using SNPAlyze V5.1.1 Pro
software (DYNACOM, Yokohama, Japan) and PASW Statistics
18.0 software (SPSS Japan Inc., Tokyo, Japan). Differences in
clinical characteristics between patients and control subjects as
well as between genotype groups were analyzed using ~ tests for
categorical variables and the Mann—Whitney U-test for continuous
variables. The presence of Hardy—Weinberg equilibrium was ex-
amined using the %~ test for goodness of fit. No deviation from
Hardy—Weinberg equilibrium was detected in cases or in controls
(P> 0.05). To examine the effect of ZNF804A rs1344706 genotype
on memory function, the effects of ZNF804A genotype, diagnosis,
and genotype—diagnosis interactions on four memory domains
were analyzed by a two-way analysis of variance (ANOVA). In
further analysis to control for confounding factors, the genotype
effects, diagnosis effects, and genotype—diagnosis interactions on
the memory functions were adjusted by a two-way analysis of
covariance (ANCOVA) with sex and years of education as cova-
riates (the scores of indices were previously corrected by age). When
genotype—diagnosis interaction was found, cases and controls were
separately analyzed by ANOVA and ANCOVA. The Bonferroni
correction was applied for multiple testing on four indices of the
WMS-R to avoid type I error. Standardized effect sizes were
calculated using Cohen’s d method (http:www.uccs.edu/taculty/
Ibecker). The significance level for statistical tests was set at two-
tailed P < 0.05.

We examined potential associations between the ZNF804A geno-
type and memory functions in patients with schizophrenia and
healthy controls. There was no difference in age, sex, chlorproma-
zine equivalents of total antipsychotics, age at onset, duration of

illness, or PANSS scores between genotype groups. The only
difference in demographic variables was a significantly greater
number of years of education in the control groups (z=1.99,
P=0.05; Table1). The ZNF804A genotype eftects, diagnosis effects,
and genotype—diagnosis interactions on memory functions are
shown in Table II. We found significant effects of diagnosis
(VerM: F| 593 =146.91, P<0.001; adjusted F, .9, =133.70,
P<0.001, VisM: F,9;=114.30, P<0.001; adjusted F, 9 =
103.87, P<0.001, AC: F ,43=>53.46, P<0.001; adjusted
Fy 291 =48.59; P<0.001, DR: F| 593 = 200.36, P < 0.001; adjusted
Fi 291 =186.09, P<0.001) and genotype—diagnosis interac-
tion (VisM: F| 193 =28.21, P=0.0045, adjusted F,,q; = 10.76,
P=10.0012). Significant genotype effects were only found for VisM
(Fi 293 =4.46, P=0.036, adjusted F| ,9; =3.40, P=0.066). The
effect of diagnosis and the diagnosis—genotype interaction
remained positive after correction for multiple tests (corrected
P-values, VerM: P < 0.001, VisM: P<0.001, AC: P< 0.001, DR:
P <0.001, interaction in VisM: P=0.0048), whereas the genotype
effect on VisM did not remain after correction for multiple tests
(P> 0.14). Patients with schizophrenia displayed lower scores on
all memory indices than did controls, and the effect sizes of VerM,
VisM, AC, and DR were —1.72, —1.21, —1.17, and —1.89, respec-
tively. As a genotype~ diagnosis interaction was found for VisM, we
separately analyzed the effects of genotype on VisM in patients and
controls (Fig. 1). There was a significant genotype effect in patients
with schizophrenia (Fy 1, = 5.05, P=0.027; adjusted F, 100 = 5.82,
P=10.018), whereas there was no genotype effect in controls
(Fi 15, =0.88, P=10.35; adjusted F) 130 =1.43, P=0.23). The pa-

. tients with the high-risk T/T genotype scored significantly lower on

VisM than did those who carry a G genotype (effect size: —0.56).

When the two genotypes were divided into three genotype
groups (patients with T/T genotype, T/G genotype, and G/G
genotype), the patients with the high-risk T/T genotype scored
significantly lower on VisM than patients with the T/G genotype
(adjusted F,¢3=28.59, P=0.0046) and marginally lower than
patients with the G/G genotype (adjusted F, 53=2.89, P=0.09;
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TABLE Ill. Effects of the ZNFB04A Genotype on Memory Performance
Schizophrenia (n = 113) Control {n = 184) ANCOVA (adjusted)
T T/6 G/G 7T T/6 G/G Diagnosis Genotype

(n=21) (n="51) [n=41) [n=44) [n=85) [n=55) effect effect Interaction

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD P-value F2285 P-value F; 25 P-value Fp g9
VerM ‘826 146 839 191 855 173 110.2 141 1125 128 1094 132 <Q’3 168.5 061 0.49 0.2 0.66
VisM 817 182 932 202 91.1 193 1105 8.3::1084 10.0 109.7 109 <_1__(1‘3 1116 015 194 0.0028 5.99
AC 92.0 165 89.9 146 921 159 1051 13.6 109.8 :148 108.2 12.4 <Q“3 70.7 0.84 0.18 045 0.81
DR 771 184 831 208 820 181 1117 12? 113.2 116 1102 120 <10‘3 2275 018 171 023 1.47

WMS-R, Wechsler Memory Scale-Revised; VerM, verbal memory; VisM, visual memorg AC, attention/cancentration: OR, delayed recali; SD, standard deviation. T/T, 7/6,5/G: individuals with three geriotypes of
rs1344706. Adjusted effects of three genotypes were analyzed by a two-way analysis of covarbance [ANCOVA] withsex and years of education as covariates, Significant-P-valuesare shown-as bold face and

underlined.

might indicate that quantitative traits (i.e., brain physiological
activity measured by fMRI) are closer to the genetic substrate than
behavioral traits, such as neuropsychological functions and psy-
chiatric disorders, and should be observable in genetically at-risk
but behaviorally unaffected individuals [Meyer-Lindenberg and
Weinberger, 2006]. Such physiological quantitative traits are likely
to influence a neuropsychological trait, memory performance, in
patients with schizophrenia, however, they might not affect mem-
ory performance in healthy subjects. This phenomena suggests that
the high-risk SNP in the ZNF804A gene might be related to the
neuropsychological disturbance in schizophrenia.

There were several limitations to this study. Although the sample
was moderate in size, it might not be representative of the schizo-
phrenic population. A false-positive association cannot be excluded
as a possibility in our study, despite the precautions of ethnic
matching and correction for multiple testing. The effects of the
ZNF804A gene on VisM could be an epiphenomenon of the severity
of the disease and/or medication. In conclusion, we found an effect
of the high-risk ZNF804A SNP on VisM in schizophrenia. Further
research will be required to clarify the role of the high-risk ZNF804A
SNP in the pathophysiology of schizophrenia.
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