338 B2 H W §, i

FHEEOE ) OLEWE oMM E 2t
L DEREBFBRSINFILY vy 2K
VT4 v TEEERE- v oy AEERERA
M BEE &\ o ZRIEDK & At S
o TETVS [10—12]. R VAT LT E
FEINRGDOFERRBEDO—2 L3N, &
DTHRNVATIVFE FOEARFEEINEH SN
THRTWE INLORVLTLTE FER
D& CESREOEEICoOWTIRETER[13]ICREL
Fod 9, BEFEMIC OO TRTV S,
ThbbIREEER, FRIECARLVAT
Ve FOZEREEIREHEIZIOWTREL,
WHO @ 4 FF A {80 ppb(0.1 mg/m*) &
EMBEIREME LTRELE [4]. 851
FRI3E 4 B IO THBEAESHERESF
HERRABICL YV EZERVUEFEORRK
HHEERORBREICOWT]E WS AR
FHEN, EEHICHE EDLDLNL TS
(15). ¥ 7= FRUIAEEASEE L [RIRICS
FABRNERFORIVLT IV FigERRE
DizdDHA FF A4 v ipmans: [16].

RETIL, BMERER BT 2FEB LT
BB OLEWFEMO -0, BEEEED
BistEL L UHREH L LOREICET S
EEF—-y2ER/IT22 v BMELT, B
HEBZORETEBEAEYITH LEFICH
HIEARFNA = s AT,

MR EHE

LEHRRVATLFE NillsE

1-1L.EFHEE=RDY 7)) 7
REOEFHMFHFEEHE(19.5mX24m
X 3m, 1400 m®) i, #y & 8 P&, # T 1 Y @ &
WO T I BIZMEL TVWA EEFHEIZBY
T, EEPHG SN 2008, B L TETHH
F3EICEs TEAERORBRERZITo12F
YY) T ERIE, 4ED2FITE ST
FEh L 7o EE RN EERICE LT RN T
hWFhEERBOXEFNES L LI BAE

RO ANESRERTRA, 7Y o
NEEE15m & L BHESIIRAEDOE
DTEBLTWAZFADMNET,BUOFS
EREL 2B L3I mE L HANEEE
B AEY ) YT A V% Fig. 1R
FT.EBENLATILTE FiE, 3 =Ry 7 MP
EI0EHBFEER)Z BV T, E0S5¢/
min T A BI% 5133051, B Ml <3105/,
228, % 2, 4-dinitrophenylhydrazine (DNPH) & %
#1 7 I Sep-Pak XpoSure Aldehyde Sampler (Ni-
hon Waters K.K., Tokyo) IZHB & L7z, 22 B,
1 BE 4 A T—HEOBE & 35 L, 24855 [ B
WEB#To TV BHEEROFHNEN
DEFALLATEY MEIPRLER L
D100%IRERARLBHERZ T L2 VEEA
VAT AL D EAM T bR T BRI
FHIZHHEIIRE SN REFOBRIONS
&N, HER SRS B L ORI AR 2%
e nHEROP L Tb TV (Fig. 1),

¥, ERENIIRER L LTCEY2T 71
(= & 8k, KIR) 2 2 L - 2R EEE
-7 W A HR A (EERBAARNESH,
HE)MWINERBENTWED, FORMRTH
T A-OIERBORADEHROCENT
Ot T v SR ERLA S 6D, FHEH
EBEDLFIBE~ORLVAT VT Fg
HERORBEOFELERT L0, %S
FILEUAEE, BL UL RX—F —Fk— )
ROV 7Y v SR ER LI T
ER0OmP Y, FRIZEE 457, Fli4
EREE S mENERS LTHEL .
HHEE LT, EEENH LB L IR
o TWAHBEFRRBZHOEHNERB LUK
SHEAODSENRRZ LTI LR EL
7=,
1-2. R IVA T ILFE FOEEDH

AT LIIHEINRLT AT FEETE b
ZMINTHEHRL EHEEIZ L THCEE
HBEE 7O b 7HPLO WK CH#E-E



BHSFEEEIBTERLLT LT NI 339

& L7 % b b, EE SHIMADZU LIQ-

UID CHROMATOGRAPH LC-10 (&2 S{ERT,

TUER), B F A 13 Wakosil- (1) SC18 (250 mm X
0.4 mm, 1.D. ) (Fli &/ 3, K BR), B 85 48 120.2
MEEEE/7 & b= b b=35/65(v/v), i E
EEI3360 nm TiT2 72 [16,17]. KV A F
Tt F24-DNPH OBz s 0~ b 75 4
BLOKREHRT Fig. 2aB X bR T.IFE
IR VBRI E > C EREBLAY AL TS
N, EEBENFTETH 5.

2LLEBEERT - FRAE
EFEFEEL FSEIHREERICDWTT >~
F— b EERL - Fig. 31 FTEELow

A FA1~32, BB IFEIE T T A1~31, F
nZEN3IXa, &5 C 7 Kawcigifb L, £8
ERELEEOERIIBT2ERERIZOVT
paired ¢-test [Z & D) EURES L 7.

= R

LEPHRLLAT LT FIBERE

SERBERMEHER T Table 117, FR4E
ERIEF R % Table 20123 L7z,

— R DFBEE THEERENE T ER L
BAIE,HERS Y PEOEENKE (E
EREVFEEIIRE(RDBILEFEV .0

(VRIS TR MY TR S 1
5. AHOHNERRETCIBRHNEBZEANO LIV

SO WIHEEE[0lE L, Fiaigai LATNTe FEEIIEZIZH--REFRLTE
Exhaust port l I Exhaust port
l Teacher’s desk I :*-:
§ ot
2
@..L .. N . G0 U@
@ @ ........ _@ ................
© 1
L !
- .B S—— / B TLLET)
Measurement
A points
Dissection beds (B# Measurement |
B points
— e e
g\) L Air Exit
- cleaner
S5m 24m

Fig. 1. Design for air sampling in the gross anatomy laboratory.
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b: calibration line.

Nasal stuffiness {— (; —
Dry nose (— O —
Unusual thirst |2¢ 0 —
Dry mouth — [ @) —
© Dry eyes [— © —
Buming eves % @ O —
Ttchy eyes |- e« —
Headache }— [ @) —
Bad feeling F*%* @ O —
Low energy, fatigue i o0 —
Inability to concentrate |- @] —
Depressed feeling [ L @ -
Awakening — @ ) —

| I 1 ] I
32 -1 01 2 3

Fig. 3. Comparison of the symptoms of students between the period of
exposure to formaldehyde in the gross anatomy laboratory (@),
non-exposure period (O).  (*P<0.05, **P<0.01, **+p<0.001,
paired z-test).
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Table 1. Summary of formaldehyde concentration(ppb)at an anatomy laboratory in 2001

Place No 1st time 2ad time 3rd time 4th time
: Oct/04/2001 {Thu) Oct/05/2001 (Fri) Nov/12/2001 (Mon) Dec/14/2001 (Fri)
Anatomy Measurement A 1 95 501 1261 1266
laboratory (Environmental 2 104 552 1158 872
measurement) 3 116 443 1273 813
4 75 621 1378 1173
5 91 559 1391 912
4] 92 747 1303 859
7 108 476 1491 1078
8 99 691 1401 1020
9 82 727 1412 722
11 85 702 1329 1125
11 72 568 1653 1084
12 111 668 1580 910
Arithmetic mean 94 605 1386 986
SD 14 103 138 163
Geometric mean 93 596 1380 974
5D 1.2 1.2 1.1 1.2
Measurement B I - B83 2060 1087
(Personal 2 - 883 1409 1709
measurement) 3 - 214 1574
Passage leading to anatomy 1 - - 794 -
laboratory 2 - - 318 -
3 — - B8 -
4 - - 5 had
Indoor (6607} 1 - - 12 -
2 - - @ -
3 - - 14 -
4 - - 16 -
Mean - - 13 —
Qutdoor i - 0 -
2 - - 10 -
Mean - - 10 -

“indoor (6607} ”"shows formaldehyde concentration sampled in a general lecture room at a different building
as an indoor control. Two or three points were prepared for personal measurement. The value for meas-
urement B was defined as the maximum value shown in bold. SD, standard deviation.
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T HBHEFRBIHAORV LT LT FO
I A B 13 B 4503 ppb, B ZET W
H(0A s B)OBHAERPOFVAT VTR
N E # RAT AT ES96 ppb, £ B R b
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Table 2. Summary of formaldehyde concentration (ppb) at an anatomy laboratory in 2002

P Lst time 2nd time 3rd time 4th time
ace No. Oct/04/2002(Fid  0ct’1072002{Thu}  Nov/07/2002(Thu)  Dec/06/2002 (Fri)
Anatomy Measurement A 1 31 467 432 699
laboratory (Environmentai 2 28 675 624 955
measurement) 3 29 799 875 880
4 16 708 707 1177
5 3 628 591 1120
6 15 512 949 1030
7 i6 £049 1006 900
8 14 577 968 1071
9 16 732 599 1151
10 33 529 1150 1314
11 16 731 838 944
12 15 625 805 1045
Arithmetic mean 22 669 795 1024
SD 8 156 209 162
Geometric mean 20 654 768 1011
SD 1.4 1.2 13 1.2
Measurement B i - 638 1333 1364
(Personal 2 - 805 582 779
measurement} 3 - - 1262 1060
Passage leading to anatomy 3 49 135 40 56
laboratory 2 74 199 38 51
3 64 04 14 35
4 31 90 - -
5 17 21 - -
Elevator hall 2F 36 9 8 39
4F 37 9 - 35
6F 2 9 13 42
8F 33 10 9 39

Two or three points were prepared for personal measurement.  The value for measurement B was defined as
the maximum value shown in bold. SD, standard deviation.
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Table 3. Effects of air cleaners on formaldehyde concentration

Apparatus number Inhale (ppb) Exhale{pphb) Exhale/Inhale
1 408 190 0.47
2 484 304 0.63
3 508 297 0.59
4 649 381 0.59
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1280 ppb ZFHEE L TR LTWA [16]. &
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F L7k S I EREB L USRS R A
FELEDH ACEYVBEEIRECELZLY,
D E-BB L PE~DORIEE L2 2180
~2480 ppb B & U'480~960 ppb 12 ¥ & # &
ENTWD, 721920 ppb & 2 38 H405-
BEEINCHE BERAGH T COHERBL
ELBBILTVA [13]. 4M0HIEEESE
bINGII—HUBE & EROEE T EMT
BYDTHB.
MRFIBVTHEEORFTEL SR, K
- FERARZECBEV TS RERBEIC130~ 1200
ppb DEEGAE SR T WA [20]. T2EEBR
VERKZCBWTY, EEHOSERE L
AT NFre Fe &S ROREERR EOH
HERFED Blcaryy P LY AFERE
BWTERWHAFED S L) #Eik
HERENLREINTWS [21].
BOkIZBWTH B L 2 b RFFEHEEO R
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Abstract:

Formaldehyde is a flammable, colorless and readily polymerized gas at ambient temperature,
and is one of the major pollutants in indoor air. Medical students during their dissection
course are exposed to formaldehyde, whose exposure is recently considered to be one of the
causes of multiple chemical sensitivity. To understand the system that produces exposures
and to plan for implementing control options, this study examined formaldehyde exposures
that occurred in the gross anatomy laboratory. Formaldehyde in air was sampled by an active
2 ,4-dinitrophenylhydrazine (DNPH) -silica gel cartridge, extracted with acetonitrile and ana-
lyzed with an high performance liquid chromatograph-uitraviolet(HPLC-UV)detector. The
geometric mean formaldehyde concentration was 20~93 ppb in the anatomy laboratory be-
fore starting the anatomy dissecting. After beginning the dissecting, however, the highest
geometric mean concentrations were 1012~ 1380 ppb. Significant differences were ob-
served during the exposed period for symptoms of “unusual thirst”, “burning eyes”, “itchy
eyes”, “bad feeling”, “fatigue”, erc. in comparison with the non-exposed period. These re-
sults show that medical schools should take more concrete measures to reduce exposure to for-
maldehyde.

Key words: formaldehyde, anatomy dissecting room, symptom, indoor air pollution.
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Abstract—1-Bromopropane is a newly introduced substi-
tute for specific chlorofluorocarbons whose production
was prohibited because of depletion of ozone layers, in
this study, we analyzed disinhibitory effects induced by
repetitive inhalation of 1-bromopropane for 12 weeks in the
hippecampal CA1 and the dentate gyrus. In addition, rever-
sal of the disinhibitory effects was examined 4 weeks after
1-bromopropane inhalation ceased. Exposure rats were
placed in a stainless steel inhatation chamber at a concen-
tration of 700 ppm, while the control group was provided
only room air in the same type of chamber. Paired-pulse
inhibition of population spike was considerably decreased
(P<0.05) at 5 ms interpulse intervals in the CA1, and at 10
and 20 ms (P<0.05) interpulse intervals in the dentate
gyrus in slices obtained from exposed rats following 4-, 8-
and 12-week inhalation pericds. The paired-pulse inhibi-
tion was decreased at 5 ms interpuise intervals in the
dentate gyrus after 12 weeks of inhalation. These changes
were not associated with the paired-pulse ratio of field
excitatory postsynaptic potentials, suggesting a reduction
of recurrent inhibition. The disinhibition was counteracted
with the N-methyl-p-aspartate receptor antagonist DL-2-
amino-5-phosphonopentameric¢ acid in the dentate gyrus,
whereas it was unchanged in the CA1. Tiagabing, a selec-
tive inhibitor of GABA transporter GAT1, increased the
paired-pulse inhibition in the dentate gyrus, and the in-
crease was less in the exposed rats compared with control
rats {P<0.0003). The changes in both areas recovered to
control tevels 4 weeks after cessation of inhalation. Qur
electrophysiological studies suggest differential and re-
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Abbreviations: ACSF, artificial cerebrospinal fluid; ANOVA, analysis of
variance; APS, oL-2-amino-5-phosphonopentameric  acid; BP,
bromopropane; BSA, bovine serum albumin; CLSM, confocal laser
scanning microscope; CNS, central nervous system; CR, calretinin;
DG, dentate gyrus; fEPSP, field excitatory postsynaptic potential;
FiTC, fluorescein isothiocyanate; GABA, gamma-aminobutyric acid;
GAD, glutamic acid decarboxylase; MAP2, microtubule-associated
protein 2; NMDA, N-methyl-p-aspartate; NQS, nitric owide synthase;
PBS, phosphate-buffered saline; P, propidium iodide; PS, population
spike; PV, parvalbumin; TGB, tiagabine.

versible disinhibitory effects in the dentate gyrus and the
CA1. 1-Bromopropane-induced disinhibition was further
analyzed by immunohistochemical methods, There were
no apparent morphological defects in either excitatory or
inhibitory neuronal components, supporting the reversibil-
ity of physiological changes.

In conclusion, chronic inhalation of 1-bromopropane in-
duces a disinhibition in the CA1 and dentate gyrus that is
reversible following cessation of exposure. ® 2004 IBRO.
Published by Elsevier Ltd. All rights reserved.

Key words: hyperexcitability, intoxication, paired-pulse
inhibition, GABAergic system, morphology, inhalation,

The central nervous system (CNS) exhibits vulnerability to
artificial chemical compounds (xenobiotic chemicals)
through changes in excitability. Recurrent inhibition has
been used fo test excitability of the hippocampal formation
in response to experimental application of xenobiotic
chemicals such as alcohol (Durand et al., 1981; Abraham
et al., 1981; Steffensen and Henriksen, 1992; Rogers and
Hunter, 1992; Criado and Thies, 1994), lindane (Joy and
Albertson, 1985; Joy et al., 1995), pyrethroid (Gilbert et al
1989), triethyitin (Fountain et al., 1988), trimethyitin {Dyer
and Boyes, 1984) and dehydroepiandrosterone (Stef-
fensen, 19895).

1-Bromopropane (1-BP; CH;-CH,~-CH,Br; CAS No.
160-95-5) and 2-BP (CH,-CHBr-CH,; CAS No. 75-26-3)
were introduced as substitutes for specific chlorofluoro-
carbons whose production was prohibited because of
depletion of ozone layers. 1-BP and 2-BP have been
widely used as cleaning agents for metal, precision in-
struments, electronics, optical instruments, and ceram-
ics. However, because the severe toxicity of 2-BP to
humans was confirmed {Kim et al., 1996), the use of
1-BP has been increasing. Recently, effects of 1-BP on
the reproductive system and the peripheral nervous sys-
tem have been reported in animal experiments (Yu et
al., 1998; Zac et al., 1999; Ichihara et al., 2000). The
reduction of motor nerve conduction velocity and an
increase in the latency of tail nerve was reported in rats
that inhaled 1-BP of 800 ppm {Ichihara et al., 2000). In
human studies, Sclar (1999) reported that a male worker
complained of weakness in the lower extremities and
right hand, numbness, dysphagia and urinary difficulties
following a 2-month exposure io a solvent mainly com-
posed of 1-BP. ichihara st al. {2002) reported that three
female workers who used 1-BP as a solvent with a spray

0306-4522/04$30.00+0.00 ©® 2004 IBRO. Published by Elsevier Ltd. All rights reserved.
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gun in a cushion company, showed abnormal neurolog-
ical symptoms or signs in the CNS such as headache,
dizziness, nausea, insomnia, anxiety, irritation, light-
headedness, confusion, forgetfulness, difficulty in con-
centrating and listlessness. However, despite increasing
use, the effects of 1-BP in the CNS have remained
unclear. The authors were the first to demonstrate and
report disinhibition in the CA1 and the dentate gyrus
(DG) of the hippocampal slice obtained from rats ex-
posed to 1500 ppm of 1-BP vapor {Fueta et al., 2000,
2002¢). The granule cell hyperexcitation resulted from
an overactivation of N-methyl-o-aspartate (NMDA) type
glutamate receptor, presumably due to a decrease of
GABA-mediated recurrent inhibition. In the present
study, we decreased the 1-BP concentration to 700
ppm, close to the levels at which toxicity in the periph-
eral nervous system was reported. We analyzed disin-
hibitory effects in the hippocampal CA1 and the DG
induced by a repetitive inhalation of 1-BP for 12 weeks,
and the reversal of these effects 4 weeks after cessation
of inhalation. In addition to the electrophysiological stud-
ies, we simultaneously performed morphological analy-
sis to determine whether any structural damage might
underlie the 1-BP-induced physiological changes. Be-
cause physiological data consistently suggested disin-
hibitory effects in both CA1 and DG throughout the
observation periods, we focused our morphological
analysis mainly on the GABAergic neurcnal system in
these areas. We compared the number of GABAergic
interneurons between groups by the disector method
that is based on modern stereology. This method en-
ables unbiased, assumption-free counting of cells (Ste-
rio, 1984).

Various aspects of the present study have been re-
ported in abstract or proceedings form (Fueta et al.,
20023,b).

EXPERIMENTAL PROCEDURES
Animals

Male Wistar rats (7 weeks of age, 58 rats) were purchased from
Kyudo Co., Ltd. (Kumamoto, Japan). For 1 week before inhalation,
the rats were kept under the conditions of a 12-h light/dark cycle,
controlled temperature (2421 °C) and humidity (55+5%), and free
choice water and food. Rats were divided into control (n=29) and
exposure (n=29) groups. Each group was further separated into
four groups: 4- {n=6), 8- (n=11) and 12- (n=6) week inhalation,
and 4-week clearance after 12-week inhalation (n=6).

Inhalation

The apparatus of the inhalation system was as previously de-
scribed (Ishidao et al., 2002). 1-BP was obtained from Kanto
Chemical Co., Ltd. (Tokyo, Japan). The exposure group was
placed in a stainless steel inhalation chamber at a 1-BP concen-
tration of 700 ppm, and the ceontrol group was provided only room
air in the same type of chamber. The temperature of the chamber
was kept al 23+1 °C and a light period was from 7 AM to 7 PM.
The exposures were performed for 6 h a day, between 9 AM and
3 P, for 5 days a week from Monday to Friday. Either electro-
physiological or immunohistochemical examinations were per-
formed on different rats. However, both types of sludies were

performed on some of the animals. The experiments were con-
ducted under the control of the Ethics Committee of Animal Care
and Experimentation in accordance with The Guiding Principle for
Animal Care Experimentation, University of Occupational and En-
vironmental Health, Japan, and the Japanese Law for Animal
Welfare and Care (No. 221). All efforts were made to minimize the
number of animals used and their suffering.

Hippocampal slice preparation and chemicals

The electrophysiological tests were conducted at the end of the
41h, Bth, and 12th week of exposure, and also at the end of the
4 weeks following cessation of the 12-week inhalation period.
There were six rats in each group, with the exception of the
8-week inhalation group, which included seven animals. The
rats were deeply anesthetized with diethyl ether after the last
exposure of each experimental week. The brain was then
gently removed and dipped in an ice-cooled artificial cerebro-
spinal fluid (ACSF; below 4 °C) saturated with an O0,/CO,
mixture (95%:5%). The composition of the ACSF in mM was:
NaCl, 124; KCI, 2; KH,PQ,, 1.25; CaCl,, 2; MgSO,, 2;
NaHCO;, 26; and glucose, 10. The hippocampi were quickly
separated from other brain regions in the cooled stage while
being moeistened with an ice-cooled ACSF. Then transverse
slices of 450-pum thickness were obtained from the middle third
region of the bilateral hippocampi with a Mcliwain tissue chop-
per. The slices were transferred to an interface-type recording
chamber, which was controlled at 32x0.2 °C, and perfused with
ACSF saturated with a mixture of 0./CQ, (95%:5%) at a flow
rate of 1 ml/min. The slices were perfused with the plasma
membrane GABA transporter inhibitor, tiagabine (TGB; 20 uM),
and a competitive antagonist of NMDA type glutamate recep-
tors, pL-2-aming-5-phosphonopentameric acid (APS; 100 pM),
prepared from stock solutions.

Stimulation and recordings

Following a 1-hour stabilizing period after slicing, recording
glass microelectrodes (1 to approximately 2 M(1) were placed in
the cell layer in the CA1 or DG. Bipolar stimulation electrodes
made with stainless wires {50 wm in diameter) were placed on
the Schaffer collateral/commissural fibers for CA1 recording or
on the perforant path for DG recording. Stimulations consisted
of square-wave pulses from a stimulator (SEN7203; Nihon
Koden, Tokyo, Japan) via an isolator (Nihon Koden; $5202J).
For paired-pulse configuration, the duration of the stimulating
current pulse was fixed at 100 ps and the current amplitude
was adjusted so as to give a maximum population spike by
increasing intensity every 10 wA below 100 pA and about every
100 pA below 1000 pA. Interpulse intervals of the paired-pulse
stimulation were 5, 10, 20, 50, 100, 200 and 500 ms for the CA1
and were extended to 1000 ms for the DG. Electrophysiological
signals were amplified with a high-impedance amplifier {Axoc-
lamp 2B; Axon Instrument Co., CA, USA) with a bandpass of 10
kHz. The sighals were then digitized with an AD converter
(Axon Instrument Co.; Digidata 120G} and stored on & computer
using P-clamp software (Axon Instrument Co.).

Paired-pulse analysis

The nopulation spike (PS) amplitude and the slope of field exci-
latory postsynaptic potential (fEPSP) was measured as described
in a previous study (Fueta et al., 2002¢). For analysis of paired-
pulse responses, calculation of the paired-pulse ratio was done as
follows:

paired-pulse ratio of PS=2nd PS/1st PS

paired-pulse ratio of fFEPSP=2nd fEPSP slopel/1st fEPSP slope

— 100 —
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Statistical significance was evaluated by the unpaired Stu-
dent's test or a repeat measured analysis of variance (ANOVA)
for a difference between the 1-BP and control groups. A paired
ttest was used to examine the difference in the absence and
presence of pharmacological manipulation.

Immunohistochemical procedure

Animals for morphological analysis were divided into two groups
and exposed to either 1-BP (n=4)} or room air (n=4) for 8 weeks
under the same conditions as described in the electrophysiologi-
cal experiments. Four to 6 h after the final exposure to the gases,
animals were deeply anesthefized with sodium pentobarbital
(10 mg/100 g body weight) and fixed by perfusion through the
ascending aorta with a solution containing 4% paraformaldehyde,
0.1% glutaraldehyde, and 0.2% picric acid in 0.1 M phosphate
huffer, pH 7.2 at room temperature. Serial sections transversing
the middle third of the hippocampus, 40 um in thickness, were cut
with a vibrating microtome (Leica VT1000; Heidelberg, Germany})
and processed for fluorescent-immunohistochemisiry as de-
scribed previously (Fukuda et al.,, 1998; Fukuda and Kosaka,
2000). Briefly, sections were incubated ovemnight with 1% bovine
serum albumin {(BSA) in phosphate-buffered saline {(PBS; pH 7.2),
for 5 days with one of following mixtures: (1) rabbit polyclonal
antibody (dilution 1:2000) against glutamic acid decarboxylase 67
(GADB7; Chemicon, Temecula, CA, USA; Kaufman et al., 1991}
and mouse menoclonal antibody (1:1000) against GADS5 (Chang
and Gottlieb, 1988); (2) rabbit antibody (1:5000) against parval-
bumin (PV; Kégi et at., 1987) and goat polyclonal antibody S3
(1:2000) which recognizes both GAD isoforms (Qertel et al.,
1981); (3) rabbit antibody (1:5000) against calretinin {CR; Swant,
Bellinzona, Switzerland), mouse monaoclonal anfibody (1:10000)
against calbindin {Pinol et al., 1990), and geat antibody (1:5000)
against neuronal nitric oxide synthase (NOS; Hesbison et al,
1998); (4} rabbit antibody (1:50) against glutamate receptor 1
{Chemicon) and mouse monaclonal antibody (1:200) against mi-
crolubule-associated protein 2 (MAP2; Leinco Technologies, St.
Louis, MO, USA); (5) rabbit antibody {1:100) against synaptophy-
sin (Obata et ai, 1987) and mouse monoclonal antibody
(1:10,000) against calbindin. Sections were then treated ovemight
with bictinylated secondary antibodies (Jackson ImmunoRe-
search, West Grove, PA, USA) against mouse 1gG (in cases 1, 3
and 5), goat IgG (in case 2), or rabbit IgG (in case 4). The final
step lasting ovemight was as follows: (i) in cases 1 and 2 with
fluorescein iscthiocyanate (FITC)-conjugated anti-rabbit 1gG (1:
100; Jackson ImmunoResearch} and Rhadamine-X-conjugated
sireptavidin (1:500; Jackson ImmunoResearch); (ii) in case 3 with
FITC-conjugated anti-rabbit 1gG, Rhodamine-X-conjugated
streptavidin and cy5-conjugated anti-goat 1gG (1:500; Jackson
ImmunoResearch); (iii) in case 4 with FITC-conjugated streptavi-
din (1:500; Amersham, Buckinghamshire, UK} and cy5-conju-
gated anti-rabbit 1gG (1:500; Jackson ImmunoResearch); (iv) in
case 5 with FITC-conjugated anti-goat 1gG (1:100; Jackson [m-

muncResearch), Rhodamine-X-conjugated strepiavidin and cy5-.

conjugated anti-rabbit 1gG (1:500; Jackson immunoResearch). In
case 4, propidium icdide {P; 5 wg/ml) was added to the solution
for the last 30 min of the final step. All antibodies were diluted in
1% BSA-PBS containing either 0.3% Triton (cases 2-5) or no
Triton {case 1). Sections were mounted in Vectashield (Vector
Laboratories, Burlingame, CA, USA) and examined with a confo-
cal laser-scanning microscope (CLEM; MRC 1000, BioRad Hert,
UK) equippad with a krypton—argon ion laser and mounted on a
light microscope (Optiphoto; Nikon, Tokyo, Japan).

Histological analysis was also performed on brain hemi-
spheres, the contralateral side of which had been used for elec-
trophysiological experiments. These hemispheres were immersed
in 4% paraformaldehyde in 0.1 M phosphate buffer immediately
after dissection. They were cut with a vibrating microteme and

processed for immunocytochemistry in the same manner as de-
scribed above.

Quantitative analysis of GABA interneurcns

The optical disector method using CLSM images (Jinno et al,,
1998) was used for the measurement of numerical densities of
three subpopulations (NOS, PV, CR) of GABAergic interneurons
in the DG and CA1 region. Three rats from both control and 1-BP
groups were studied. Serial seclions were cut and four of them
were selected at random in each rat, processed for immunolabel-
ing as above, and examined in CLSM. Images were taken as a
stack at 1 um step size along z-direction with a X20 objeclive
{Nikon; N.A.=0.75), zoom factor 1. A rectangle (768512 pixels)
corresponding to the size of 574x383 um was used for the
counting frame, and the stage of the microscope was systemati-
cally moved to cover the entire hippocampal formation by a mo-
torized control with step sizes of 584 and 403 um in the x- and
y-directions, respectively. Data were transferred to a personal
computer {MacG3) and analyzed by using NiH-Image software
{v.1.62). Immunopositive profiles of somata that were contained in
the space belween the third and twelfth optical slices were
counted according to the general counting rule of disector (Sterio,
1984), while the first and second optical slices were set for the
guard space and therefore not used for counting. Permeation of
antibodies from the section surface was sufficient at least to the
15th optical stices in both control and 1-BP-exposed brains. The
numbers of cells located within the DG and CA1 region were
summed separately for each region and divided by the area size
measured for each region by NIH Image. The anatomical border of
each region was easily recognizable by the weak background
signals in the immunostainings. Shrinkage factor of 0.80 was used
for each direction on a basis of measurements of sizes in some of
the sections before and after immunohistochemical preparations.
A refraction factor of 1.5 was applied to the size in z-direction.
Data were averaged in each animal and then in each group. The
calculated numerical densities were statistically compared be-
tween groups by Mann-Whitney test.

RESULTS
Paired-pulse analysis

Fig. 1 shows a typical example of paired-pulse responses
observed in the CA1 and DG areas of the control and
1-BP-exposed rats after 4 weeks of inhafation. The contral
rat had a strong paired-pulse inhibition at the § ms inter-
pulse interval in the CA1, and at the 10 ms interpulse
interval in the DG. On the other hand, almost half of the
maximum PS was evoked with the second stimulation in
the 1-BP-exposed rat. Paired-pulse profiles of PS in the
CA1 and DG of 1-BP-exposed rats were compared with
those of control rats {Fig. 2). The increase in paired-pulse
ratios of PS at a 5 ms interpulse interval was consistently
observed in CA1 through the experimental periods of 4-, 8-
and 12-week inhalation (Fig. 2a, b and c). In the DG, the
increase in paired-pulse ratios of PS was consistently ob-
served at 10 and 20 ms interpulse intervals for all the
experimental periods (Fig. 2e, f and g). In contrast to the
PS, there was no difference in paired-pulse ratios of fEPSP
between 1-BP-gxposed and control rats at the 5 ms inter-
pulse interval in the CA1 and at 5-20 ms interpulse inter-
vals in the DG with the exception of 20 ms interpulse
interval at 8-week inhalation (Table 1). Therefore, our re-
sults suggest that the disinhibition induced by 1-BP inha-
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Fig. 1. Examples of paired-pulse PSs recorded from the CA1 and the DG of the control rat and the rat exposed to 1-BP for 4 weeks. Interpulse interval
was 5 ms for the CA1 and 10 ms for the DG. Note that the control rat had strong depression of the PS evoked with the second stimulation in both
CA1 and DG. On the other hand, the 1-BP-exposed rat had a half maximal PS in response to the second stimulation in both CA1 and DG. The current

to induce maximal PS was used for stimulation intensity.

lation is due to a reduction of recurrent inhibition. The
decrease in paired-pulse inhibition clearly recovered to
control levels both in the CA1 and DG following 4-week
suspension of 1-BP inhalation (Fig. 2d and h).

We previously hypothesized that granule cell disinhibi-
tion induced by 1-BP vapor is due to an overactivation of
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NMDA receptors resulting from a reduction of GABAergic
recurrent inhibition (Fueta et al, 2002c). A competitive
NMDA type glutamate receptor antagonist, AP5, counter-
acted granule cell disinhibition to the control-like paired-
pulse inhibition in the 1-BP-exposed rat(Fig. 3A). In con-
trast to the DG, neither the paired-pulse profile nor the
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Fig. 2. Paired-pulse profiles of PS in the CA1 and the DG obtained from 1-BP-exposed (@) and control {O) rats at the end of 4-week, 8-week and
12-week inhalation period and at the 4 weeks of suspension following 12-week inhalation. In the CA1, at the short interval of 5 ms, a decrease in
paired-pulse inhibition of PS was cbserved at 4 (a), 8 (b) and 12 weeks (c) of exposure. In the DG, at short intervals (10-20 ms), a decrease in
paired-pulse inhibition was observed at 4 (e}, 8 {f) and 12 weeks {g) of exposure, The decrease at the shortest interpulse intervals of 5 ms and longer
interpulse intervals of 500 ms was evident only for 12 weeks of exposure (g). The change was clearly recovered at 4 weeks of suspension after
12-week inhatation in both the CA1 {d} and DG (h). Values are ihe mean==standard error for seven to 11 slices. (* P<0.05, ** P<0.01, ™ P<0.001,

by Student's Hest.)
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Table 1. Paired-pulse ratios of the slope of fEPSP at the short intervals where paired-puise inhibition of PS was reduced®

Subfield Interpulse interval Inhalation period
4 Weeks 8 Weeks 12 Weeks
Control 1-BP exposed Control 1-BP exposed Control 1-BP exposed
CA1 n==8 n=10 n=10 n=7 n=12 n=14
5ms 0.84=+0.25 0.96+0.22 0.88x0.15 0.70x0.16 1.00+0.30 0.92+0.12
DG n==8 n=6 n=7 n=6 n=12 n=20
5ms 0.43+0.05 0.47+0.08 0.50+0.07 0.43=0.08 0.55+0.16 0.50=0.15
10 ms 0.64+0.07 0.64x0.08 0.65x0.05 0.69+0.08 0.72+0.15 0.68+0.16
20ms 0.83+0.05 0.830.06 0.80+0.02 0.86x0.05* 0.87+0.14 0.86+0.15

2 The data are the mean=standard deviation. * P<0.05 compared to controf group by Student's ftest.

disinhibition was changed with APS application in the CA1
(Fig. 3B).

Activation of synaptic GABA receptors depends on
both the concentration and the dwell time of GABA in the
synaptic cleft. The GABA transporter plays a crucial role in
regulating the dwell time of GABA. Therefore, we applied
the GABA transporter inhibitor TGB to increase the dwell
time in the synaptic cleft, expecting enhancement of
paired-pulse inhibition. As predicted TGB decreased
paired-pulse ratios at 10—200 ms interpulse intervals in the
1-BP-exposed and the control rats (Fig. 3C). This indicates
that decreased firing of granule cells fo the second stimu-
lation is due to an enhancement of inhibitory postsynaptic
potentials/currents by TGB. The paired-pulse ratios after
TGB application in the control rats were much smaller than
those in the 1-BP-exposed rats at 20—200 ms interpulse
intervals (repeated measure ANOVA test of TGB data of
Fig. 3 between control and 1-BP-eéxposed rats, P<0.0003).
The decreased effects of TGB in the 1-BP-exposed rats
suggested that synaptic GABA concentration was reduced
in the rats exposed t01-BP vapor.

Morphological analysis

Basic structures of the hippocampus proper and the DG were
compared between the control and 1-BP-exposed rats by
observing sections prepared for Pl staining (Fig. 4A, B).
There were no appreciable changes in either the array of
principal neurons (pyramidal cells in the hippocampus proper
and granule cells in the DG) or distribution of scattered non-
principal neurons at each time point of observation.
Detailed morphological features of principal neurons
were further investigated in sections immunostained for
calbindin and MAP2 (Fig. 4C—E). It was found that the
structural integrity of both somata and dendrites of princi-
pal neurons in the CA1 region and DG was well preserved
after chronic exposure to 1-BP. Profiles showing neuronal
cell death such as necrosis, apoptosis, or another very
slow type {Fukuda et al., 1999; Wang et al., 1999) were not
observed in either group. All these morphological data
strongly suggest that chronic inhalation of 1-BP did not
lead to apparent loss of principal neurons despite consis-
tent physiological abnormalities.
Synaptophysin-immunoreactive presynaptic terminals
and glutamate receptor 1-positive punctate structures

were analyzed to detect morphological changes relating to
principal neuron synaptic transmission. Comparison of the
control and 1-BP-exposed groups again revealed no ap-
preciable differences (data not shown).

Next we compared the distribution patterns of somata
and axon terminals of GABAergic interneurons between
control and 1-BP-exposed groups (Fig. 5). These struc-
tures were immunocytochemically labeled by antibodies
against two isoforms of GABA-synthetic enzymes, GADS7
and GADB5. Somata of GABAergic neurons are mainly
labeled by anti-GADG7 antibody (Esclapez et al., 1994;
Fukuda et al., 1997), whereas their axon terminals are
visualized by both anti-GAD6G7 and anti-GADG5 antibodies
(Esclapez et al., 1994) with different. laminar profiles
(Fukuda et al., 1998). Staining properties of both somata
and axon terminals of GABAergic neurons in 1-BP-ex-
posed animals were indistinguishable from those of
controls.

Hippocampal GABAergic neurons can be classified into
several subpopulations by the presence of different neure-
chemical markers such as CR, NOS, and PV (Freund and
Buzsaki, 1996; Kosaka et al,, 1996). Immunocytochemical
stainings for these three markers demonstrated that chronic
exposure to 1-BP did not change the distribution pattern of
GABAergic neuronal subpopulations (Fig. 6). Morphological
analysis was also performed on the animals in which paired
pulse studies had been conducted, and the same conclusion
was obtained as described above for both the excitatory and
inhibitory components.

Finally, the numerical density of GABAergic neurons
was quantitativély analyzed using the stereological
.method. As is shown in Table 2, numerical densities of
NOS-, CR-, and PV-containing neurons did not decline
significantly after 8 weeks’ exposure to 1-BP in either CA1
or DG.

DISCUSSION
Disinhibition induced by 1-BP inhalation

In order to study the effects of 1-BP, a substitute for
ozone-depleting chlorofluorccarbons, on excitability of a
population of neurons, we analyzed paired-pulse ratios of
PS and fEPSP evoked in cell layers of the hippocampal
CA1 and the DG obtained from 1-BP-exposed rats, and
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Fig. 3. Effects of NMDA type glutamate receptor anfagonist AP5 in the CA1 and the DG and of GABA transporter inhibiter TGB in the DG. (A)
APS5 suppressed the PS (arrow) evoked with the second stimulation in the DG obtained from the rat exposed to 1-BP for 12 weeks, {B) In contrast
{o the DG, AP5 did not change the paired-pulse profile of the CA1. Traces and data of the profile were gathered from 1-BP-exposed rats for 4
weeks. Data of control rats (O} were also from the 4-week group. (C) Effects of TGB on the profiles of the DG in the 1-BP-exposed (@) and control
{OYrats. TGB increased the paired-pulse inhibition at 10—200 ms in both exposed and control rats with more intensive suppression in the control,
* P<(.05, *** P<0.001, Significant differences between the presence and the absence of the drug in 1-BP rats were tested by paired #-test, The
paired-pulse ratios after TGB application in the control rats were much smaller than those in the 1-BP-exposed rats at 20-200 ms interpulse

intervals (repeated measure ANOVA, P<0.0003).

compared those with control rats. In the present study,
repetitive inhalation of 1-BP for 4, 8 and 12 weeks dis-
closed a decreased paired-pulse inhibition of PS at the
5 ms interpulse interval in the CA1 (Fig. 2A} and at the
short interpulse intervals of 5, 10 and 20 ms in the DG (Fig.
3A).These disinhibitory effects are consistent with our pre-
vious results obtained in a higher concentration of 1500
ppm, where the disinhibition was more enhanced in both
areas (Fueta et al., 2002¢). The disinhibition did not seem
to be due to a change in feed-forward inhibition of synaptic
inputs, since there was no association between paired-
pulse ratios of PS and those of fEPSP in our studies at 700
ppm (Table 1) and 1500 ppm {Figs. 5 and 6 of Fueta et al.,
2002c}. The EPSP/spike curve did not changed even when
the paired-pulse ratios of PS increased in both CA1 and
DG at 1-week inhalation at the higher concentration of

1500 ppm. It was interpreted from the stimulation/response
curves that a subthreshold, a maximal PS and a maximal
stimulation were hardly affected by the higher concerntra-
tion of 1-BP. Therefore, our electrophysiclogical results
suggested that the disinhibition in the CA1 and DG induced
by 1-BP inhalation might be due to a reduction of recurrent
inhibition.

Differential disinhibition in the DG and CA1

Extracellular paired-pulse configuration has been exten-
sively used to test excitability of the hippocampal forma-
tion following xencbiotic exposure (Durand et al., 1981;
Abraham et al., 1981; Steffensen and Henriksen, 1992;
Rogers and Hunter, 1992; Criado and Thies, 1994; Joy
and Albertscn, 1985; Joy et al., 1995; Gilbert et ai.,
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Fig. 4. Cytoarchitecture of the hippocampus proper {CA1 and CA3 regions) and DG of contral (A, C) and 1-BP-reated (B, D, E) rats visualized by
Pl staining (A, B) and MAP2 immunostaining (C-E). (A, B} Montages of CLSM images show that the array of pyramidal cells (p) in the hippocampus
proper and that of granule cells (g} in DG was well preserved after 8 weeks' exposure to 700 ppm 1-BP. h, hilus; Im, stratum lacunosum-moleculare;
m, molecular layer; o, stratum oriens; r, stratum radiatum. (C-E) MAP2 immunoreactivity is seen in densely packed somata of granule cells and their
dendrites ramifying in the molecular layer. Scattered cells in the hitus are also labeled and are assumed to be composed of mossy cells and GABAergic
irlerneurons. Structural features of all these neurons are well preserved after 1-BP exposure, which is further visible in higher magnification (E). Scale

bars=500 pm (A, B); 100 um (C, D); 50 pm (E).

1989; Fountain et al., 1988; Dyer and Boyes, 1984;
Steffensen, 1995) as well as seizures (Tuff et al., 1983;
Miligram et al., 1991; Psarropoulou et al., 1994; Kapur
and Lothman, 1990; |keda-Douglas et al., 1998) and
ischemia (Chang et al., 1989). Recurrent inhibition was

previously discussed in these studies. The duration of
recurrent inhibition is likely due to a time course of
GABAergic inhibition at the given area, which consists of
several sequential steps such as amount released, up-
take by transporters at glial cells and presynaptic termi-
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Fig. 5. GADB7 immunoreactivity in the hippocampal CA1 region {A, B) and GADB5 immunoreactivity in the DG (C, D) of controf (A, C} and
1-BP-freated (B, D) rats. Arrows indicate somata of GABAergic interneurcns labeled by anti-GADB7 antibody. GABAergic axon terminals are labeled
as GADE7-immunoreactive numerous punclate structures in the stratum oriens (o}, pyramidale {p) and radiatum (r) of CA1 region and as
GAD65-immunoreactive puncta in the molecutar layer of DG (C, D). There was no apparent change in either GADB7 or GADS5S immunareactivities

after 8 weeks' exposure to 1-BP. Scale bars=100 um (A, B); 10 pm (C, D).

nals, activation of presynaptic B type autoreceptors,
conductance changes mediated with posisynaptic re-
ceptors, etc. In order to test if the disinhibition cbserved
in the CA1 and DG of 1-BP-exposed rats is based on a
commoen mechanism{s}, we have applied AP5 (50 pM)
or the GABA,, receptor enhancer pentobarbitai (100 M)
to both areas. In the DG, AP35 suppressed disinhibition
(Fig. 3A; also see fig. 7 of Fueta et al., 2002¢c) and
pentobarbital enhanced paired-pulse inhibition in the
slices from 1-BP-exposed rats (Fig. 7 of Fueta et al.,
2002c). In contrast to the DG, AP5 had no effect on
paired-pulse ratios of 10-500 ms interpulse Intervals in
the CA1 (Fig. 3B}, and pentobarbital did not counteract
the disinhibition at 5 and 10 ms interpulse intervals (Fig.
1C of Fueta et al., 2002a). The discrepancy of these
pharmacological effects in the CA1 and DG suggests
that disinhibitory mechanisms induced by 1-BP inhala-
tion may be different in these areas. Our previous results
(Tables 1 and 2, and Fig. 2 of Fueta et al., 2002c¢)
showing that the EPSP/PS potentiation, the decrease in
the subthreshold of PS8, and the stimulation intensity to
evoke maximal PSs were observed only in the DG.
These findings also suggest differential effects of 1-BP
inhalation in the DG and CAA1.

Decrease in the GABAergic recurrent inhibition in
the DG

The effects of AP5, pentobarbital and TGB on granule cell
disinhibition support our hypothesis that a reduction of
GABAergic inhibition enhanced activation of NMDA recep-
tors. Granule cell disinhibition could be induced by a re-
duction of GABA, receptors (Ono et al., 1997) or activation
of presynaptic GABAg autoreceptors (Misgeld, 1992). TGB
application could have increased the dwell time of GABA in
the synaptic areas, which would have increased the prob-
ability of activating postsynaptic GABA receptors, How-
ever, it is not known in our study if it is due to a decrease
in GABA release, dysfunction of GABA transporters, over-
activation of GABA autoreceptors at the terminals, or a
difference in the geometric distribution of membrane pro-
teins relating to GABAergic function.

NMDA activation is reported to be invoived in paired-
pulse facilitation of fEPSP at the slow phase {peaking at 320
ms) in the CA1 (Papatheodoropoulos and Kostopoulos,
1998). However, we did not observe paired-pulse facilitation
of fEPSP in either the CA1 or the DG. Overactivated NMDA
receptors in the DG observed in our study may have localized
mainly in the somatic areas of granule cells. The overactiva-
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Fig. 6. Distribution of subpopulations of GABAergic neurens in the CA1 region (A-D) and DG (E-H) of contral (A, C, E, G} and 1-BP-treated (8, D,
F, H) animals, identified by different chemical markers: NOS (A, B, E, F), PV, (C, D}, and CR (G, H). Scale bar=100 pm.

tion of NMDA receptors in the DG did not appear to change
intracellular signaling such as Ca®**/calmodulin-dependent
protein kinase Il or mitogen-activated protein kinase in
response to 1-BP inhalation (K. Fukunaga and Y. Fueta,
unpublished data). Excitation of granule cells is modulated
by two populations of GABAergic hilar interneurons. One is
recurrent to granule cells, and another is activated by
granule cells, but Inhibits the recurrent GABA neurcn. The
hilar mossy cells are in a feedback NMDA receptor-medi-
ated excitatory loop to granule cells. These circuitries
could explain why both GABA and NMDA blockers have
effects on the disinhibition of paired-pulse responses.

It is not clear how the disinhibition observed in 1-BP-
exposed rats could be relevant to neurological discrders
observed in workers who were exposed to 1-BP, be-
cause they did not exhibit convulsions (Sclar, 1999,

Ichihara et al., 2002). However the disinhibition due to a
decrease in recurrent inhibition has been found in
chronic alcohol treatment {Rogers and Hunter, 1992;
Abraham et al., 1981}, triethyltin exposure {Fountain ef
al., 1988), lindane exposure (Joy and Albertson, 1985;
Joy et al., 1995) and genetic epilepsy where convulsive
episodes had not been experienced {Ono et al., 1997;
Fueta et al.,, 1998), as well as experimental models of
epileptic seizures (Tuff et al., 1983; Miligram et al., 1991;
Psarropoulou et al., 1994, Kapur and Lothman, 1990;
lkeda-Douglas et al., 1998). From our series of 1-BP
inhalation studies and the present results, disinhibition
caused by 1-BP inhalation may be described as a pre-
disposing state that results in pathophysiological epi-
sodes. However, it is still unclear how1-BP and/or its metab-
olites directly act on receptors or channels.

Table 2. Cell density of GABAergic interneurons in the CA1 and the DG of control and 1-BP-exposed rats®

Cell density (fmm®) NOS PV
subfield
Control 1-BP exposed Control 1-BP exposed Control 1-BP exposed
Cal 864188 814126 785181 746+158 686+145 559+57
DG 100482 893153 524+258 534x148 338x47 28376

2The data are the mean*standard deviation.

— 107 —



