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ABSTRACT. We studied the change in the hypothalamo-pituitary-adrenal gland (HPA) axis upon adding prior toluene inhalation to our pre-
vious formaldehyde inhalation experiments to determine whether short term exposure to relatively high levels of toluene triggers multiple
chemical sensitivity (MCS).  Data come from immunocytochemical, morphometrical and RT-PCR measurements.  Four groups of adult
female mice were exposed to differing concentrations (0, 80, 400, and 2,000 ppb) of formaldehyde for 16 hr/day, 5 days/week for twelve
weeks, after the mice were exposed intranasally to 500 ppm toluene per mouse for 6 hr/day, for 3 days.  We found that the number of
corticotropin releasing hormone (CRH)-immunoreactive (ir) neurons was up-regulated according to the amount of formaldehyde as well
as inhalation of formaldehyde alone in our previous experiment.  The proportion of adrenocorticotropin hormone (ACTH)-ir cells
increased according to the formaldehyde concentration, though there was no significant difference between the 400 and 2,000 groups.
The number of ACTH-ir cells was higher in the 400 group than in the other groups (0, 80, and 2,000).  Expression of ACTH-mRNA
was also up-regulated according to the quantity of formaldehyde.  The sinusoid in the anterior pituitary showed more dilatation in the
400 and 2,000 groups than in the control group, especially in the 2,000 group.  We propose that exposure to toluene prior to inhalation
of formaldehyde has no effect on the HPA axis and as a trigger of MCS, although greater sinusoid dilatation was found in the anterior
pituitary gland at higher concentrations of formaldehyde.
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Multiple chemical sensitivity (MCS) in humans is a con-
troversial disorder characterized by multi-organ symptoms
in response to low-level exposure of chemicals that is con-
sidered safe for the general population [21–23].  MCS may
develop in two stages: (1) loss of specific tolerance follow-
ing acute or chronic exposure to various environmental
agents, such as pesticide, solvents or contaminated air in a
sick building, and (2) subsequent triggering of symptoms by
extremely small quantities of chemicals, drugs and foods
[13].  Sick building syndrome or sick house syndrome,
which is a form of MCS, is characterized by non-specific
complaints, including upper-respiratory irritative symp-
toms, headaches, fatigue and rashes.  It is found in long term
inhabitants of buildings who are exposed to low levels of
formaldehyde [9, 10, 20].

The hypothalamo-pituitary-adrenal gland (HPA) axis
responds to stress, including chemical exposure [4, 12, 19,
28].  Our previous study [16] showed that long term low-
level formaldehyde exposure may act on the HPA axis as a
stressor.  Ovalbumin (OVA) sensitization prior to formalde-
hyde inhalation may act synergically on the HPA axis with
formaldehyde and may therefore trigger MCS [16].

Toluene is widely used in industry in glues, lacquers and
paint removers [5, 26, 27] and induces MCS in humans as
well as formaldehyde [11].

Here, we aimed to observe the change in the HPA axis
upon adding toluene inhalation to our previous formalde-
hyde inhalation study [16].  Specifically, we studied how
toluene exposure prior to formaldehyde inhalation affects
the HPA axis of mice and is particularly relevant in trigger-
ing MCS, by the use of immunocytochemical, morphomet-
rical and RT-PCR methods.

MATERIALS AND METHODS

Animals and exposure: Female C3H/He mice were
obtained from Charles River, Japan Inc. (Fukuoka, Japan) at
8 weeks of age and used in this experiment at 10 weeks.
Food and water were given ad libitum.  Formaldehyde was
diluted with clean, filtered air to the desired concentration
and introduced into 400 L stainless steel and glass chambers
as described by Hori and Arashidani [7].  The concentration
of formaldehyde in the chambers was measured chemically
and continuously monitored by a formtector (XP-308; New
Cosmos Electric Co., Japan).

Forty mice were divided into four groups of 10 each.
These were designated as the 0 (control), 80, 400 and 2,000
groups, since they were respectively exposed to formalde-
hyde at concentrations of 0 ppb (air), 82 ± 6 (Mean ± SD)
ppb, 393 ± 34 ppb, and 1874 ± 240 ppb for 16 hr (from
18:00 to 10:00) per day, 5 days per week, for 12 weeks
according to the protocol of our previous study [16].  The
mice were exposed intranasally to 500 ppm toluene per
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mouse for 6 hr per day, for 3 days prior to formaldehyde
inhalation.  The body weight of all mice was measured
weekly.  This experiment was approved by the University of
Occupational and Environmental Health (Yahatanishi,
Kitakyushu, Japan).

Immediately after their removal from the exposure facil-
ity, the 10 animals in each group were weighed and anesthe-
tized by ip injection with Nembutal sodium at 09:00–11:00
hr.  The hypothalamus, half (n=5) the samples of the pitu-
itary gland and the adrenal gland were fixed, dehydrated and
embedded in Tissue Prep as described previously [16].  The
other five pituitaries per each group were mixed and ana-
lyzed together by RT-PCR methods as described previously
[16].  The adrenal glands were cut in serial sections at 5 µm,
and the sections were stained with hematoxylin-eosin and
observed under an optical microscope.

Immunohistochemistry: All hypothalami were cut coro-
nally in serial sections at 10 µm.  Pituitaries were sagittally
and serially cut at 5 µm.  These sections were mounted on
poly-L lysine (50 µg/ml) coated slides.  All immunocy-
tochemical procedures for corticotropin releasing hormone
(CRH) neurons in the paraventricular nucleus (PVN) in the
hypothalamus and adrenocorticotropic hormone (ACTH)
cells in the anterior pituitary were processed as described
previously [16].

Proliferating cell nuclear antigen (PCNA) and in situ
apoptosis: PCNA and in situ apoptosis tests were performed
to observe proliferation of neurons and nuclear DNA frag-
mentation in the PVN as described previously [16].

Morphometry: The number of CRH-ir neurons was
counted systematically at intervals of every fourth section of
the PVN as described previously [16].  The number of sec-
tions for CRH-ir neurons, selected from each animal, was
10.8 ± 0.8 (mean ± SE) for the 0 group, 10.6 ± 0.5 for the 80
group, 12.4 ± 0.4 for the 400 group and 11.6 ± 0.5 for the
2,000 group.  The total number of the CRH-ir neuron (TC)
was calculated using the formula: n/i × ∑Ni [15] (∑Ni: the
number of CRH-ir neurons in the number of sections (i)
selected from the number of total sections (n) in the PVN of
each mouse).

The areas (A1, A2, ..., An) of the anterior pituitary of every
tenth section were measured with an image analyzer (Cos-
mozone, 1SB, Nikon, Tokyo, Japan).  The volume of the
anterior pituitary (V) was calculated as V = 5 × 10 × ∑Ai
µm3.  The percentage and number of ACTH-ir cells were

determined using a square of side 40 µm drawn at × 400
magnification on the screen of a personal computer [17].
About 2,000 adenohypophysial cell nuclei were counted in
the lateral, parasagittal and midsagittal parts of the anterior
pituitary of each animal.  The numbers of ACTH-ir cells
were expressed as percentages of at least 2,000 nuclei.

The total number (TA) of parenchymal cells in an ante-
rior pituitary gland was calculated using the formula: N

— 3/2 ×
/403 [17] (N

—

: the mean number of parenchymal cells per the
square (402 µm2) with an image analyzer; V: the volume of
anterior pituitary gland).  The numbers of ACTH-ir cells
were then calculated by multiplying TA by the proportion of
ACTH-ir cells.

The areas (AS1, AS2, ..., ASn) of the sinusoid in the ante-
rior pituitary gland were measured using the square (402

µm2) with an image analyzer; about 20 areas (n) were mea-
sured at random in the lateral, parasagittal and midsagittal
parts of the anterior pituitary of each animal.  The percent-
age (PS) of the sinusoid in the anterior pituitary gland was
calculated as PS = [(AS1 + AS2 + ...+ ASn) /n × 402] × 100%.

Statistical analysis: The body weight, adrenal weight,
number of CRH-ir neurons, the percentage and number of
ACTH-ir cells, and the percentage of sinusoid in the anterior
pituitary gland were all analyzed by one-way ANOVA fol-
lowed by Fisher’s least significant difference test with sig-
nificant differences, which were assigned at the 5%
probability level.

RESULTS

Body weight, weight of adrenal gland and volume of pitu-
itary gland: The relative weight (adrenal weight/body
weight) of the 80 group was significantly lower than that of
controls (F=4.82; p<0.05) (Table 1).  No differences were
found in body weight or in the volume of the pituitary gland
between the control group and any other group (Table 1).

CRH-ir neurons in the PVN: The number of CRH-ir neu-
rons was up-regulated according to the dose of formalde-
hyde inhaled (Figs. 1 and 2).  CRH-ir neurons showed a
significant increase in number in the 80 group, the 400
group and the 2,000 group, compared to the 0 group (control
mice) (F=48; p<0.05).

PCNA and apoptosis observation in the PVN:  Prolifera-
tion and DNA fragmentation neurons were not found in the
PVN at any group.

Table 1. Body weight, absolute and relative weight (adrenal weight/body weight)
of the adrenal gland, and volume of the pituitary gland of mice exposed to tolu-
ene prior to inhalation of formaldehyde over 3 months

Groups BW (g) AW (mg) AW/BW (× 10–4) VPG (× 10µm7)

0 27.8 ± 0.6 6.5 ± 0.2 2.4 ± 0.1 92.8 ± 8.3
80 28.4 ± 0.5 5.5 ± 0.2* 1.9 ± 0.1* 79.2 ± 5.8
400 27.7 ± 0.3 6.3 ± 0.3 2.3 ± 0.1 90.4 ± 2.5
2000 27.1 ± 0.5# 5.7 ± 0.2* 2.1 ± 0.1 78.8 ± 3.7

The values are expressed as mean ± SE. * p<0.05 vs. control (0 group) and # p<0.05
vs. 80 group. BW: body weight, AW: adrenal weight, VPG: volume of anterior
pituitary gland. The number of mice in each group is 10 except for VPG (n=5).
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ACTH-ir cells in the anterior pituitary gland:  The per-
centage of ACTH-ir cells was up-regulated according to the
quantity of formaldehyde inhaled, from 0 ppb to 400 ppb
(Fig. 3).  The percentage of ACTH-ir cells was higher
(F=82.51; p<0.05) in the 80, 400 and 2,000 groups than in
the control group, though there was no significant difference
between the 400 and 2,000 groups.

The number of ACTH-ir cells in the 400 group was sig-
nificantly higher than in the control group (F=8.35;
p<0.05)(Fig. 4).

The sinusoid in the anterior pituitary gland: There was
considerable dilatation of the sinusoid in the anterior pitu-
itary in the 400 and 2,000 groups relative to the control
group (Figs. 5 and 6), especially in the 2,000 group.  The
percentage of sinusoid in the 2000 group was significantly
greater than in the other groups (F=165.1; p<0.05).

Expression of ACTH-mRNA in the pituitary gland: It was
also up-regulated according to the quantity of formaldehyde
(Fig. 7).

Microscopic observation of the adrenal gland: No differ-
ences were found in the observations of the adrenal gland
between any groups of mice, except for the weight of the
adrenal gland as explained above.

DISCUSSION

The Ministry of Health and Welfare in Japan [14] pro-
posed the guideline value (80 ppb) of the WHO [30] as an
acceptable indoor concentration of formaldehyde.  The
WHO [31] found that average concentrations of formalde-
hyde are 40–280 ppb in homes or workplaces with environ-

mental tobacco smoke, 800 ppb in workplaces with
occupational exposure, and 48,000–104,000 ppb in smokers
(20 cigarettes/day).  All the concentrations (80, 400 and
2,000 ppb) of formaldehyde used in our studies [16, present
study] are within these values.  We suggest that prolonged
exposure to these concentrations of formaldehyde acts as a
stressor on the HPA axis, because the number of CRH-ir
neurons and ACTH-ir cells, and the expression of ACTH
mRNA were up-regulated according to the dose of formal-
dehyde inhaled [16].

The WHO [31] found that the average indoor range of tol-
uene concentrations is below 532 ppb in the general popula-
tion, 100 ppm in the occupational inhalation group, and 0.2
mg/cigarette in cigarette smokers.  Compared with these
data, a 500 ppm exposure of toluene in the present study is
therefore a relatively high concentration in our environment.

The central nervous system (CNS) is the main target
organ for the toxic action of volatile organic solvents such as
toluene [5, 6].  Toluene has neurotoxic effects [8].  Residual
CNS damage is suspected after long term exposure to high
concentrations of toluene [29].  Our previous study [16]
showed that prolonged exposure to low-level formaldehyde
increases the number of CRH-ir neurons in the PVN, acting
as a stressor.  In our results [16, present study], however,
neither proliferating nor apoptotic neurons were found in
PVN in any treatments such as formaldehyde, OVA and tol-
uene.  Thus, only CRH neurons that synthesized and
secreted CRH in response to these stressor among all CRH
neurons in the PVN may be immunohistocemically stained
and become CRH-ir neurons.

The number of CRH-ir neurons in the 0 (control) group of
allergy mice was significantly higher than in the 0 (control)
group of non allergy mice [16].  Therefore, OVA sensitiza-
tion plays as a stressor to CRH neurons [16].  Furthermore,
in the 80 group of allergy mice in the previous study [16],
the number of CRH-ir neurons was significantly higher than
in the 80 group of non allergy mice [16].  Thus, the OVA
sensitization prior to inhalation of formaldehyde may give a
larger stress than formaldehyde inhalation alone and act as a
trigger of MCS [16].  However, the number of CRH-ir neu-
rons was up-regulated according to the quantity of formal-
dehyde in the mice exposed to toluene prior to prolonged
formaldehyde inhalation in the present study as well as non
allergy mice in our previous study [16].  Thus, exposure to
relative high level of toluene prior to prolonged formalde-
hyde inhalation did not have the same effect on the CRH
neurons as OVA sensitization and did not act as a trigger of
MCS.

The percentage of ACTH-ir cells as well as the serum
level of ACTH, increases after exposure to cold stress over
short times [18].  The data for ACTH-ir cells in the present
study do differ significantly from the data of non allergy
mice in our previous study of prolonged exposure to formal-
dehyde alone.  In that study [16], the percentage and number
of ACTH-ir cells of non allergy mice were up-regulated
according to the quantity of formaldehyde.  In the present
study, the percentage of ACTH-ir cells increased likewise,

Fig. 1. Number of CRH-ir neurons in the PVN of mice exposed
to toluene prior to inhalation of formaldehyde (empty bar), non
allergy mice (gray bar) and allergy mice (filled bar) (data of non
allergy and allergy mice were quoted from Ref. [16] as well as
those of Figs. 3 and 4).  Mice in 3 groups are designed as 0
(control), 80, 400 and 2,000 group mice, since they were
exposed to formaldehyde at concentration of 0 (air), 80, 400
and 2,000 ppb over 3 months.  Moreover, allergy mice injected
intraperitoneally with 10 µg ovalbumin (OVA) plus 2 mg alum
before formaldehyde inhalation.  Non allergy and allergy mice
were not exposed to toluene prior to inhalation of formalde-
hyde.  Values are mean ± SE (n=5). * p<0.05 vs. the 0 group
(control).
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but there was no significant difference in the percentage
between mice inhaling 400 ppb and 2,000 ppb formalde-
hyde.  Moreover, the number of ACTH-ir cells was signifi-
cantly more numerous in mice inhaling 400 ppb
formaldehyde than in mice inhaling 0, 80 and 2,000 ppb
formaldehyde.  The number of ACTH-ir cells was calcu-
lated according to factors such as the volume of the anterior
pituitary, the number of nuclei of adenohypophyseal cells
per fix area, and the percentage of ACTH-ir cells by the use
of the formula proposed by Sasaki and Sano [17].  While the
number of ACTH-ir cells is calculated using this formula,

the area and number of all types of adenohypophyseal cells,
sinusoids and other factors of the anterior pituitary could be
also counted.  In this study, there was no significant differ-
ence in the volume of the anterior pituitary between the 4
groups, but the number of adenohypophyseal cells per fix
area was least in mice inhaling 2,000 ppb formaldehyde.  As
this main reason, we found that the sinusoid in the anterior
pituitary shows much more dilatation in the 2,000 group
than in the control group.  In humans and mice, organic sol-
vents produce physiological impairment of brain function
following acute exposure [2, 25, 32].  Acute inhalation of

Fig. 2. CRH-ir neurons in the PVN of mice exposed to toluene prior to inhalation of formaldehyde over 3
months. (A) 0 group; (B) 80 group; (C) 400 group; (D) 2,000 group. The number of CRH-ir neurons was
up-regulated according to the amount of formaldehyde inhaled. V: Third ventricle. Nuclei are stained
with hematoxylin. Bar=50 µm.
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thinner, a kind of organic solvent, induces ultrastructural
alteration of the liver, adrenal gland and CNS [3]: modifica-
tions in liver are a massive accumulation of glycogen, an
increase of lipid droplets, the presence of numerous lysos-
omes and enlarged Golgi complex in the hepatocyte, and the
deposition of the fibrous and collagen like materials
between cells; some mitochondria in zona fasciculata of
adrenal cortex became “megamitochondria” as described in
literatures in alcoholism [1], cuprizone intoxication [24];
cerebral brain cortex shows an increase in the distance of
intersynaptic space, a diminution of membrane density at
postsynaptic membrane and modifications of size and shape
of mitochondria in the neurons.  We suspect that acute tolu-
ene inhalation and higher concentrations of formaldehyde
might cause extensive dilatation of the sinusoid by acting
directly on the anterior pituitary gland.  However, inhalation
in higher concentrations of formaldehyde alone did not
cause any dilatation of the sinusoid in the anterior pituitary
gland [16].  A further study would be needed to settle the
question.

In conclusion, the results presented here suggest that tol-
uene exposure prior to inhalation of formaldehyde has no
effect on the HPA axis and as a trigger of MCS.  However,
extensive dilatation of the sinusoid was found in the anterior
pituitary at higher concentrations of formaldehyde.
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