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bstract

A morphometric analysis of hypothalamic cells containing c-Fos-like protein detected by an indirect immunoperoxidase method was carried
ut to clarify the responses to movement restriction and skin electromagnetic high frequency (EHF) irradiation (7.1 mm, 42.2 GHz, 20 mW
utput power) simultaneously to three acupuncture projection areas. The morphometry of c-Fos-protein positive neurons by their number and
ype was analyzed. Movement restriction (40 min) induced c-Fos protein expression primarily in cells with 10–50 �m2 sizes (associative type
eurons) only in anterior hypothalamic nucleus and lateral hypothalamic area; while additional EHF-irradiation of acupuncture projection
reas (under movement restriction) induced c-Fos expression in all hypothalamic structures and mostly in cells with 70–150 �m2 sizes (relay
ype neurons), i.e. changed the pattern of activated cell type distribution. In conclusion, the findings show that modest stress under which

xperimental animals often are exposed increase c-Fos protein expression in hypothalamic centers and skin EHF-irradiation of acupuncture
rojection areas seem to increase that.

2008 Published by Elsevier Ireland Ltd.

eywords: Immobilization; Electromagnetic high frequency (EHF) irradiation; Hypothalamus; c-Fos-positive cells; Relay associative type neurons; Acupuncture
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. Introduction

The immediate response gene c-Fos is activated after
xposure to different types of stressors [1,2]. For instance
ainful stimuli and e.g. an injection of antigen induce c-Fos
rotein expression in specific hypothalamic structures [3–5].
-Fos protein positive cell counts depend upon the nature
nd intensity of the stressor [6]. Studies on the activity of the
ervous system as judged by c-Fos gene expression are usu-
lly limited to the determination of the number of activated
ells and their localization in different brain structures. The
ize determination of the cells expressing c-Fos genes would
ncrease the information on the cell types recruited during

he activation process and, indirectly, on their roles. Large
mount of neurohistology data has been accumulated on the
ubcortical structures. Two basic types of neurons have been
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onsistently distinguished in hypothalamic nuclei that differ
n their size, architecture, and lengths of their dendrites and
xons [7,8]. The organizational characteristics of axons and
endrites suggest that smaller-neurons may be associative
reticular) neurons, which are involved in the signal transmis-
ion within a specific structure (a nucleus or a field) while the
arger neurons may be relay (projection) neurons. Their axons
istribute signals beyond a given structure and are involved in
ommunication between different hypothalamic structures,
r may distribute even beyond the limits of the hypothala-
us, i.e. they may be involved in the transmission of signals

o far-a-way brain structures or to spinal cord.
The hypothalamic responses to movement restriction are

ractically unknown, although many experiments require
he immobilization of the animal. Electromagnetic high fre-

uency (EHF)-irradiation of the skin is also poorly known
s far as the hypothalamic structures are concerned, although
ositive effects of EHF-irradiation of projections of the ST36
nd DU14 acupuncture points have been observed during

mailto:korneva@VK7052.spb.edu
dx.doi.org/10.1016/j.pathophys.2007.11.001
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ombined treatment of many diseases and even the toxicity of
rugs [9–11]. EHF-irradiation of skin is a weak stressor, but
t may have specific wave effects. Ranking of cells express-
ng c-Fos proteins according to their sizes helps to determine
hich cells are responding to stimuli and their roles.
The aims of the present study were to clarify the hypotha-

amic responses as judged by c-Fos protein expression after
imple movement restriction and EHF-irradiation of certain
cupuncture point projection areas in rat skin by using mor-
hometric analyses of the activated cells.

. Materials and methods

Experiments were carried out on 25 male Wistar rats
eighing 180–220 g. Animals were maintained in accor-
ance with standards for working with laboratory animals
nder usual vivarium conditions at room temperature with
2 h light/dark cycles. The rats had free access to food and
ater.
Animals were adapted to the experimental conditions by

lacing them in immobilizing containers for 40 min a day
ver a 5-day period. After adaptation during the experiment
ll rats were tranquil while staying in containers.

Experimental groups were (1) control 1—intact animals
aintained under standard conditions in their cages. (2) Ani-
als adapted to the experimental conditions and exposed

o movement restriction in containers for 40 min. (3) Ani-
als adapted to the experimental conditions, restricted in

heir movements and subjected and skin EHF-irradiation for
0 min before and 40 min after a period of 40 min of free
otility.
EHF-irradiation. An electromagnetic field generator

model G4-141, Pushchino, Russia) was used as the radiation
ource with a 37–53 GHz frequency band. The penetration
epth of EHF-irradiation at a 7.1 mm wavelength and 20 mW
utput power did not exceed 1 mm. Rat skin was irradiated at
hree points: both knees, 3 mm below and 3 mm lateral to the
enter of the knee-joint, and the skin of the posterior surface
f the neck between the 7th cervical and the 1st thoracic ver-
ebrae along the medial line (corresponding to projections of
he ST36 and DU14 acupuncture points).

Brain fixation. After the experiments, rats were placed in
tandard cages and after 120 min, they were anesthetized by
n i.p. phenobarbital dose (60 mg/kg body weight). Brain
xation was accomplished by intracardial perfusion with
00 ml of cold solution of 7.4 pH paraformaldehyde (4%
araformaldehyde in 0.1 M phosphate buffer solution pH 7.4
ith 0.2% picric acid). The brain was cut free and fixed in
fresh batch of fixing mixture at +4 ◦C for 12 h and then

mbedded in paraffin.
Five-micrometer thick paraffin slices were cut. The slices
ere freed of paraffin with o-xylol at 60 ◦C for 30 min fol-
owed by rehydration with a series of increasingly diluted
thanol solutions. Parallely prepared thionine stained slices
ere used to characterize the topography of the brain and
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etermine the total number of cells in a specific area of a slice.
ith the aid of standard Golgi silver staining and standard
issl staining the morphology and branching of neurones
ere further elucidated.
Immunohistochemistry. c-Fos-like protein was detected by

n indirect immunoperoxidase technique [12] using primary
olyclonal antibodies against the family of c-Fos proteins
Santa Cruz Biotech Inc., CA, USA). The final concentra-
ion of c-Fos antibody was 1 �g/250 �l of 0.2 M PBS. Rabbit
nti-IgG antibodies conjugated with peroxidase (Sigma, St.
ouis, MO, USA) was used at a 1:300 dilution as secondary
ntibodies.

Cell counting and statistical analysis. The analysis
f the activated hypothalamic cells was carried out in
he following structures: the anterior hypothalamic area
AHA), supraoptic nucleus (SO), suprachiasmatic nucleus
SCH), arcuate nucleus (ARC), hypothalamic paraventricular
ucleus (PVH), ventromedial nucleus (VMH), dorsomedial
ucleus (DMH), and the lateral hypothalamic area (LHA).
ells were counted using an Ista Video Test apparatus

St. Petersburg, Russia). Brain slices were examined by a
enamed-2 light microscope. The Ista Video Test Master soft-
are was used to determine the size of cells and slices, the
umber of cells and the optical density of cell and background
taining for each slice and structure. When counting of the
umber of c-Fos-positive cells, only cells stained at least 1.25
imes above the background optical density were recorded as
-Fos-positive. The sizes of c-Fos-positive cells were deter-
ined by locating them in 4–6 sections passing through the

entral part of the analyzed structure. To compare the number
f c-Fos-positive cells in different structures, averaged data
f quantitative counts were recounted on a standardized size
f 10,000 �m2 for all analyzed structures.

To determine changes in the types of activated (c-Fos-
ositive) cells involved in a response to a particular stimulus,
ells were ranked according to their sizes and divided
nto seven classes. Class 1 included cells having sizes
anging from 10 to 30 �m2. (We cannot exclude the pos-
ibility that glial cells were also counted in this class.)
ells of the other classes were determined by 20 �m2 size

ncrements: class 2: 30.01–50 �m2; class 3: 50.01–70 �m2;
lass 4: 70.01–90 �m2; class 5: 90.01–110 �m2; class 6:
10.01–130 �m2; and class 7: 130.01–150 �m2.

Swanson’s rat brain atlas [13] was used to characterize
rain slices. The significance of differences was evaluated
sing the Student’s t-test.

. Results

In the intact control rats only few isolated c-Fos-positive
eurons were revealed. In the experimental setup adapted

nimals with movement restriction, the counts of activated
ells were 7.32–16.64% (Table 1) and increased numbers
ere seen in AHN and LHA compared with the control

nimals, but pattern of class distribution was not changed. c-
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Table 1
Induction of c-Fos-like proteins in hypothalamic structures of Wistar rats after movement restriction and two additional EHF exposures

Experimental animals % of c-Fos-positive cells relative to total cell counts per 10,000 �m2 of slices of the specified
hypothalamic structures

AHN PVH VMH DMH Basal LHA Perifornical LHA PH

Intact 9.42 5.89 7.08 11.19 7.47 8.65 7.25
After movement restriction 16.64* 7.32 7.88 12.23 14.26* 15.37* 7.37
After EHF-irradiation 52.74*,# 56.98*,# 45.52*,# 70.21*,# 60.10*,# 97.55*,# 67.61*,#
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HF-irradiation of skin was applied 40 min before and one 40 min after mo
* P < 0.05. vs. intact.
# P < 0.05. vs. movement restriction.

os-positive cells in the intact and control animals belonged
nly to the first two classes of cells, i.e. cells with sizes from
0 to 50 �m2 (Fig. 1).

After movement restriction, the number of c-Fos-positive
ells compared to the total number of cells varied from 7.32%

o 16.64%. Because the density of the cell distribution is dif-
erent in the basal and perifornical parts of the LHA, the
ell counts were carried out for each part separately. The
argest percentages of c-Fos-positive cells among the struc-

(

r
t

ig. 1. Size-ranked distribution of c-Fos protein positive cells (% content of cells
n hypothalamic structures of rats after 40 min movement restriction and additiona
oints. Sizes of c-Fos protein positive cells: ( ) 10–30 �M2, ( ) 30–50 �M2, ( )
10–130 �M2. Abscissa—experimental animals: 1—intact controls; 2—after move
he ST36 and DU14 acupuncture points. *P < 0.05 compared with the number of c-
restriction.

ures analyzed were found in the AHN, perifornical and basal
arts of the LHA (Table 1). The number of c-Fos-positive
ells increased mainly through the activation of cells in the
rst two classes of cells (from 10 to 50 �m2). In addition

o smaller-sized cells, middle-sized cells were also activated

Fig. 1).

In the experimental setup adapted and movement
estricted rats the EHF-irradiation of the skin (corresponding
o projections of the ST36 and DU14 acupuncture points) was

with different sizes (total number of c-Fos positive cells taken as 100%))
l skin EHF-irradiation in projections of the ST36 and DU14 acupuncture
50–70 �M2, ( ) 50–70 �M2, ( ) 70–90 �M2, ( ) 90–110 �M2, and ( )
ment restriction; 3—after further EHF-irradiation of skin in projections of
Fos-positive cells in rats after movement restriction.



2 thophysiology 15 (2008) 19–24

a
l
d
c
a
p
i
o
t
o
a
a

w
t
n
c
C
a
c
w
u
a
a
[

t
b
i
2
fi
t
n
s
t
l
o
o
d
l
a
p
c
i
o

s
c
c
f
t
b
d
s
c
d

Fig. 2. Types of neurons in the VMH of the rat brain: (a) first type neurons
(
S

C
c

t
w
f

4

m
d
t
t

2 N.S. Novikova et al. / Pa

ssociated with an increased cell activation in all hypotha-
amic structures. The percentage of c-Fos-positive cells was
ifferent in hypothalamic structures. The percent of activated
ells was 97.55 ± 2.4% in the perifornical part of the LHA
nd 60.10 ± 2.15% in the basal part of the LHA (Table 1). The
ercent of c-Fos-positive cells in hypothalamic structures var-
ed from 70.21 ± 3.18% to 45.52 ± 2.39%. EHF-irradiation
f the skin activated larger cells than the movement restric-
ion only. The most pronounced changes in the distribution
f smaller- and larger-sized cells were observed in the PVH,
nd VMH compared to the type of activated cells of animals
fter movement restriction.

A detailed analysis of the microcellular nuclei of the VMH
as carried out as an example. The analysis of frontal sec-

ions using the Nissl method discriminated two groups of
eurons that differed from each other in their sizes, nuclear-
ytoplasmic ratio and localization in the VMH nucleus.
ells of the first group had diverse forms: fusiform, round,
nd triangular with 6–8 �m diameters. The nuclei of these
ells primarily had oval or round shapes. Such neurons
ere encountered throughout the entire VMH nuclear vol-
me. They were, however, more concentrated in its dorsal
nd ventral regions corresponding to the dorsomedial (DM)
nd ventrolateral (VL) parts of Swanson’s rat brain maps
13].

In preparations treated with the Golgi silver stain method,
he distinctive structures of these cells were revealed by their
ranching and orientation of processes, which are character-
stic for these two groups. Cells of the first group typically had
–4 main dendrites that could be traced up to 440 �m. The
rst branching of their dendrites occurred 20–30 �m from

heir cell bodies. The second-order dendrites become thin-
er as the distance from their cell bodies increased. They had
pine-like protuberances over their entire length, whereas the
hird-order dendrites had a thread-like appearance with bead-
ike swellings (Fig. 2a). The neuron axons began at the soma
r proximal part of the dendrite. The majority of these types
f neurons showed that their axons sharply changed their
irection at a small distance from their cell bodies, forming
oops, dichotomically branching, or forming several collater-
ls within the limits of the branching dendrites (Fig. 2b). The
resence of short collaterals terminating in synaptic boutons
losely opposed to the dendrites of neighboring cells suggest-
ng the possibility of axodendritic contacts between neurons
f the first group.

Cells of the second group were characterized by their large
izes, 12–16 �m cell body diameters, polygonal shapes. The
ell counts were significantly lower in the VMH than the
ells of the first group. Processes of these cells had distinctive
eatures. The number of their dendrites varied from 5 to 8 and
heir thickness changed little with distance from their cell
odies. At distal sites of 100–200 �m from the perikaryon,

endrites dichotomously branched and were supplied with
pine-like processes over their entire lengths. Axons of these
ells, as a rule, were distributed beyond the limits of their
endritic branchings and they possessed single collaterals.

a
t
a
t

associative); (b) second type neurons (relay). Silver stain Golgi method.
cale bar—10 �m.

ells of this group were similar to densely branched relay
ells.

A comparison of the data obtained in this study suggests
hat c-Fos-positive cells having sizes of from 10 to 50 �m2

ere mainly associative type cells and that cells with sizes of
rom 70 to 150 �m2 were mainly relay type cells.

. Discussion

The present studies are the first to use morphometric
ethods to evaluate hypothalamic c-Fos-positive cells in the

etermination not only of the number but also the neuron
ypes activated after exposures of the animals to different
ypes of mild external stimuli (short movement restriction
nd mild skin EHF-irradiation of defined acupuncture projec-

ion areas). The activation of hypothalamic cells took place
lready by immobilization and even more after further elec-
romagnetic high frequency (EHF)-irradiation.
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The data comparison in morphometry of immunohis-
ochemical preparations and descriptive characteristics of
eurons revealed by the Golgi silver staining and also by
he Nissl staining suggest that c-Fos-positive cells of sizes
rom 10 to 50 �m2 relate mainly to cells of the associa-
ive type while cells with sizes from 70 to 150 �m2 were
f relay type. That refers to data of Millhouse [8]. Ranking
f c-Fos-positive cells this way has not previously been done.

It has been shown that EHF-irradiation of skin leads to
mmunomodulating effect [14,15]. That could be mediated
y stimulation of the activity of neuro-endocrine system [16].
o our knowledge our study is also the first of its kind where

he EHF stimulation of defined acupuncture projection areas
as been clarified at the hypothalamic level. These findings
rovide modestly perhaps some further understanding on the
mmunomodulation effects caused by acupuncture.

Measurement of the size of the activated cells showed that
hort term movement restriction, which is often necessary in
ommon experimental studies, results in different degrees of
ctivation of hypothalamic structures and causes an induc-
ion of c-Fos proteins mainly in cells of the associative type
10–50 �m2).

Also EHF-irradiation of acupuncture points in the skin
f movement restricted rats induced a further activation of
ells in hypothalamus. The sizes of the activated cells were,
owever, substantially different from those seen after simple
ovement restriction: a significant part of the c-Fos-positive

ells were larger and could be classified as cells of the
elay type (70–150 �m2). Unfortunately the present series
f experiments with movement restriction and movement
estriction with further irradiation were not completely com-
arable as the handling time in the last mentioned case was
onger than in the first case.

The determination of primary targets of electro-magnetic
timuli was outside the scope of the present work and fur-
her studies are needed. One of the manifestations of any
timulus effects was an activation of the neurons in different
tructures of CNS. The c-Fos protein expression in neurons
f these structures revealed after EHF-irradiation of skin evi-
ence the response of CNS to this stimulus. The depth of the
lectro-magnetic wave penetration into the skin is known to
e limited in 0.5–1 mm [16,17]. Thus, EHF-irradiation prob-
bly influenced only those cells that lied less deep than 1 mm
nder the skin surface. The skin is, however, significantly
on-homogenic in projection sites of acupuncture points (the
igh density of mast cells, capillary network, free nerve ter-
inals and Langerhance cells [18,19]) but no specific cells
ere observed [20].
The morphometric analysis of the activated cells showed

hat EHF-irradiation with movement restriction unlike move-
ent restriction only induced activation of different types of

eurons. Ranking of the activated cells according to their

izes showed that the effect of EHF-irradiation exposure was
anifested not only in an increase of activated cell num-

er but also changes the pattern of the activated neuron type
istribution (a decrease of the associative and an increase
iology 15 (2008) 19–24 23

f relay-type cells among the activated cells). After EHF-
rradiation the distribution of activated cells according to their
izes was more significant in PVH.

As recently shown, the activation of even few neurons in
ortex or brain stem influence the intensity of reactions. If
his is true for the functioning of hypothalamic structures, it
an partly explain the modulating effects of EHF-irradiation
f skin on different functions and processes what has been
hown by many authors [21–23].

The use of the morphometric method of analysis helped
ot only to determine the number of brain cells that were
ctivated in response to the different types of stimuli, but also
o determine the types of neurons that were activated. These
esults substantially increased our ability to scientifically map
he specific types of brain cells involved in responses to differ-
nt stimuli. Thus the morphometric method in the analysis of
-Fos-positive neurons may be helpful in acquiring additional
nformation about the activated neurons.

One should note that the animals must be accustomed to
he experimental condition, if the effects of different stimuli
n the brain reactions are investigated, e.g. under movement
estriction. After an adaptation the c-Fos-positive cell num-
er in CNS was decreased compared with that in non-adapted
nimals, and it was the same as the c-Fos-positive cell number
n intact animals. The number of activated cells in hypothala-

ic structures of non-adapted animals under the conditions of
ovement restriction has earlier been shown to be 5–20-fold

igher than in intact animals [15].
In conclusion, the use of the morphometric analysis

llowed not only to determine the number of hypothalamic
ells that were activated in response to the different types
f mild stimuli like movement restriction and skin stimula-
ion, but also to determine the types of neurons that were
ctivated. These results substantially increased our ability
o map the specific types of hypothalamic cells involved
n responses to specific stimuli. The analysis c-Fos-positive
eurons provided additional information about the type of
ctivated neurons. This activation seems to take place even
n conditions like immobilization, which is rather common
n animal experiments.
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