Gen Physiol Biophys (1996) 15, 429—440 429

Biochemical and Structural Approach to Collagen
Synthesis Under Electric Fields
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Abstract. The effects of electiic fields of different intensities and dnections on the
collagen synthesis of guinea pigs was studied The effects of vertical and horizontal
electric fields of 1 9 kV/m and 0 9 LV /m, generated with voltages of 300V and 150V
DC, respectively, on collagen synthesis, was evaluated by assessing the amount of
hydioxyproline in the hiver tissue and by histological examination of tissue samples
The Stegemann-Stalder method was used to determine hydioxyproline coutent of
the tissues While the 0 9 kV/m vertical and honizontal electric fields substantially
decreased the amount of hydioxypioline in the liver, the 1 9 kV/m electiic fields
i both duections incieased the hydroxyproline content The vertical electric field
was mote effective than the horizontal one both 1n the incieases and the decreases
These findings weie verified histologically

Key woids: Electiic field — Tissue — Hydioxypioline — Fine stiucture —
Histopathology

Introduction

The effects of electiic fields (E) on hving oiganisms have been studied by many
reseatcheis The essence of these studies 1s that living cells are sensitive to electiical
changes due to then electiic properties Membianes have a stiucture capable of
changing then permeability levels to various ions when affected by an externally
applied electric field This may cause changes m tissue functions like EEG, Catt
1on efflux behaviowr etc (Gavalas-Medicr and Walter 1970 Gavalas Medici et al
1973 Laczmaiek and Adey 1974 Sheppaid and Eisenbud 1977, Blachmman and
Benane 1982) Studies on the interaction of surioundmng electiic fields and tissue
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electiic fields are quite new (Guler et al 1994, 1995, 1996a.,b.c,d Guler and Atalay
Seyhan 1995a,b, 1996a.b Such studies will be very umportant for the understanding
of the mechamsms mvolved

How much 1s the electiical field of the cells m hving o1ganisms affected by the
electric field in the atmosphere and the electiic fields of all the electical mstiu-
ments 1n the enviionment In this study, 1t was hypothesized that collagen synthesis
would be affected fiom externally applied electiic fields of dafferent intensities and
dnections For this puipose the effect of vertically and horizontally apphed electiic
fields on collagen synthesis was assessed by determiuing the hydioxyproline content
n tissue and by histological examinations

Materials and Methods

Sixty male white gunea pigs weighing 350 400 g were used for the study The
ammals were divided nito fout separate groups and subjected to various intensities
and directions of electiic fields Ten gunea pigs were 1w each gioup The E field
of 19 kV/m obtaimned from a DC (Direct Cutient) power supply with 300 V was
apphed 1 vertical duection to 10 guinea pigs (Gioup I). and in horzontal direction
to other 10 guinea pigs {Gioup II) In the same manner, 0 9 kV/m obtamed from
a DC power supply with 150 V was apphed 1 vertical diection to 10 guinea pigs
(Group III), and 1 honizontal duections to other 10 guinea pigs (Gioup IV) The
rtemaining 20 guinea pigs wete used as control without any E field exposuire, but
otherwise maintained under the same conditions The guinea pigs weie exposed to
E fields for 3 days, 9 hours/day (between 8 am aud 5 p m ) 1 wooden cages (50 cm
x 50 ¢cm x 14 em) with copper plates mounted vertically o1 horizontally over them
Neither the contiol group guinea pigs no1 those exposed to E fields wete taken out
of the wooden cages for 3 days Taking mto consideration that placing more than
one ammal per cage would cieate a stiess factor ouly one animal was placed per
cage The mtensity of the cunent was kept constant and controlled continuously
throughout the expertment with a multimeter connected to the cuacut

Vertical and horizontal elcetric field curcudd In expernments with vertical electiic
field cucutts two copper plates of the same dunensions as the suifaces of the cage
were mounted on the top and the bottom of the cages The ciicutt was completed
by connecting the positive outlet of the power souice to the copper plate on top,
and the negative outlet to the one at the bottom For the honzontal electiic field
application the copper plates were mounted to both sides of the cage This cincut
was completed by always connecting the positive outlet of the power source to
the plate on the 11ght hand side, and the negative outlet to the one on the left
At the end of day 3 of E field application, hver tissue samples wete taken fiom
all guinea pigs after decapitation, and hydioxypioline content was determined and
lustological examination was performed
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The modified Stegemann-Stalder method was used to determine hydroxy
prolime levels in the liver tissues of guinea pigs exposed to vertical and horzontal
electiic fields and contiols (Stegemann and Stalder 1967) The prumnciple of this
method 1s to get the hvdioxypioline of the tissue by hydiolyzation of the sam-
ple after homogemzation and measuring the optical density of the color foimed
by adding p dimethylaminobenzaldehyde, perchloiic acid and propan-2-ol at pH
8 and at A = 560 nm Hydioxyprolme contents of the tissue samples weie deter-
mined using the standaid cuives for samples contaming hknown concentiations ot
hydioxy proline (Sigma H 1637)

Two samples wete taken fiom each homogenized tissue and the concentrations
measuled by spectrophotometry weie averaged

Five tissue samples fiom each gioup and ten from the contiol group wneie taken
for histological exammations These tissue samples weile cut mto pieces of 1 mm3
each and subjected to election micioscopic method by first bemng assessed with
gluteraldehyde buffered with phosphate and then with OsO; Semu thin sections
cut and stamned with toluidine blue and examined under photomicioscope

Results

For each group hydioxypioline contents of tissues from groups exposed to electiic
field and then contiols were compaied with DUNCAN test (Table 1) and the
1esults are shown m Figs 1 and 2

Honzontal and veitical application of electiic ficld of 0 9 KV/m decteased the
hy droxg proline levels as compared to controls (p < 0 05 and p < 0 01 r1espectiely)
wheteas 19 LV /m electiic field mcareascd (p < 0 01) the level m both application
dnrections (Fig 1) Both the hoizontal and the vertical apphcation of clectiic field

Table 1 Liver tissue hydioxypioline levels (rg/g tissue) m groups exposed to vertical
and honzontal electiic field and contiol grtoup The values in the table repiescnt the lcast
squares means =+ standard deviation

Electiic Nelds Hvdroxvprolime
(nuciograms/g tissue)

Intensity Direction AE2S D
19kV/m Vertical 05 +019 (n=10)
Hoiizontal 046 £018 (n = 10)
09 kV/m Vertical 008+002 (n=10)
Honizontal 012+003 (n=10)
Control 026015 (n=20)
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Figure 1. ( hanges in hydioxy proline levels upon the application of vertical and horizontal
electiic fields as compared to contiols
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Figure 2. Differences in tissue hydionypiroline levels upon the application of electiic fields
in the same direction at two different mtensities

of 19 LV/m maeased {(p < 001) hydioxyproline levels as compaied to the effect
of the electiic field of 09 hV/m (Fig 2)

Vertical application of both electiic fields was found more effective than the
honzontal one, the differences weie not statistically signiicant (p > 005) The
result of the histological examinations of contiol tissues and those fiom animals
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Figure 4. Contiol group, high maguification Collagen fibets (arrows) Toluidine blue
* 1000
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Figure 5. The group exposed to 09 kV/m vertical electric field (low magnification)
Toluidine blue x400

Figure 6. The gioup exposed to 0.9 kV/m veitical electric field (high magnification)
The amounts of collagen fibeis were decieased Toluidine blue x 1000
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Figure 7. The group exposed to 19 kV/m vertical electric field (low magnification).
Toluidine blue x400
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Figure 8. The group exposed to 19 kV/m vertical electiic field (high magmfication)
The amounts of collagen fibers weie increased (arrows). Toluidine blue x 1000
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exposed to electiic field supported our biochemical findings In the control group
the amount of collagen fibers was nointal, particulaily i the portal section wheie
the connective tissue of the liver was dense (Figs 3 4) Under the effect of the
vertical electric field of 09 kV/m a substantial decrease of collagen fibets was
observed compared to contiols (Figs 5 6), whereas an increase 1n collagen content
of the connective tissue was evident under the effect of the vertical electric field of
19 LV/m (Figs 7-8)

No histological difference was observed between the liver tissues of guinea pigs
exposed to horizontal electric fields of 0 9 kV/m and 1 9 kV/m as compared to that
of the contiol gioup

Discussion

If 1 A direct current 1s apphed to a collagen solution soluble m acid, collagen
forms a concave band neair the cathode (Fukada 1983, Haupt 1984, Smgh and
Jsartz 1986) Tlus finding shows that collagen acts as a cation under E field

Proteimns with a net electiical chaige move under the influence of electiic field
Since they are of different molecular stiuctuie and shape they aite subject of dif-
ferent fiictional forces 1n a medium For these 1easons, different protem molecules
move with different velocities 1 the same electric field Amino and carboxyl groups
are 1esponsible for the net charge of a protemn molecule Secondly, proteins may gain
positive o1 negative chaige ot they may have no chaige according to the pH value
of the medium In the latter case pirotems do not have the ability to move 1 an
electic field If the pH value of the medium 15 less than the 1soelectitc pH of the
protemn then the protein posseses a net positive chaige and moves 1 the direction
of the electiic field, wheieas 1t gains a negative chaige and moves 1 the opposite
durection if the pH value of the medium 1s gieater than the isoelectiic pH of the
protein

The obseived inciease of hydioxypioline content under the nfluence of the
electiic field (19 LV /m) generated by applying 300 V DC' may be explamned by
the above mentioned facts since protemns have a net electiic chaige depending on
the pH value of the medium, and therefore are mobile within the electiic field
the fibtoblast cells move along the electiic field thus synthesizing more collagen
resulting 1n an mciease m the HP content 1 the tissue This mnciease i hy diony-
proline content has also been substantiated with owr listological findings The
dense appearance of the fibioblasts i the histological picture of the tissue fiom
this group suppoits the merease in hydioxypioline content In the livers of ammals
exposed to a vertical electric field of 19 kV/m, the mncrease n collagen fibeis 1s
quite obvious 1n the areas wheie the connective tissue 1s dense

Studies have provided a (leaier understanding of the mechanisms of absoi1ption
of electiomaguetic eneirgy by the tissues (Schwan 1957 Schwan and Preisol 1984)
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Many major hoimones mcluding corticosterone, testosterone, and melatonin, have
been examined under electiic field m 1ats and mice (Plulhips et al 1979) The
immunocompetence of animals exposed to electiic field was observed 1n 1ats, mice,
chicks and guinea pigs (Le Bais and Aundie 1976, Mor11s and Phillips 1983) Changes
1n heart 1ate and blood pressure under electric field weie also analyzed (Certelli and
Malagut1 1976) Electiic field intensity that will cause cell fusion and 1otation has
been 1eporited to be n the 1ange of 10-100 kV /m (Pohl 1978) A calcium efflux effect
had also been 1eported fiom n mwo studies in cats (Adey 1980) Changes m EEG
patteins (Blanchi et al 1973), concentiation of ghal cell protens and in blood cell
populations have also been 1eported (Hansson 1981) Long term exposuie to ELF
and multi-generation studies 1evealed developmental defects (Phullips 1981, 1983)
Changes 1in hydioxyprolime level in chick embiyonic tibia due to the effect of electiic
field were found by Fitzsimmons and Failey (1986) Nessler and Mass (1987) also
found an wmciease i 1abbit flexo tendon with the effect of DC microcurient Atalay
reported enhanced collagen synthesis in wound tissue at DC curient intensities
of 200-400uA (Atalay Seyhan and Celik 1985, Atalay Seyhan et al 1986, 1988,
1992, Atalay Sevhan 1994, Canseven et al 1994, Canseven and Atalay 1995 1996)
When low 1mtensity direct cunient 15 applied to tissues, O 1s consumed at cathode
Tissue Oy tension decrcases and an 1mciease occurs 1 the number of hydioxyl
1adicals present (Buighton et al 1977, Buighton 1981, Baiker 1984) The 1iciease
i 1adicals can be tiaced with the vailation in malondialdehyde (MDA) level In
out other study caitied out w parallel to this one, contiary to 300 V. both vertical
and hoiizontal E fields of 150 V caused an mmciease in MDA levels i the hve:
and the medullar glands of guimea pigs, wheireas a deciease 1 the hvdiovyproline
levels of the hiver tissue was obseived (Atalay Seylan et al 1994) Reassessing the
results of this study from this pomnt of wiev, we may say that as a tesult of eneigy
transfer of electiic field to the applied tissue area, molecular O could have been
transformed to fiee radicals The inciease 1 free 1adicals may deciease molecular
O; which 18 tequued for hydroxypiolhne synthesis

Also 1t has been 1epoited that the direction the E ficld was important Maiino
and Berger (1983) applied 19 7 V/m E field in vertical and horizontal directions to
muce, and observed a big deciease in serum protemn fiactions i the group exposed
to vertical E field and a shight change m the gioup exposed to horizontal E field In
lus other study, Maiino (1976) applied 15 kV/m vertical and 10 kV/m horizontal
E fields to mice, and obseived an mciease i the mortality mn the veitical E group
as compared to the hoiizontal field gioup Guler and Atalay found alterations in
total blood protein levels, supeioxide dismutase, ascorbic acid and hydioxypioline
levels ot the lung and kidney tissues (Atalay Seyhan 1994, 1995, Atalay Seyhan
and Guler 1994, Atalay Sevhan et al 1994, Guler et al 1994, 1995, 1996a,b,c.d.
Guler and Atalay Sevhan 1995a,b, 19964.,b) In ou1 present study, the deciease and
micrease 1 tissue hydioxypioline levels under the mfluence of the vertical electiic
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field weie stionger than under the hotizontal electiic field

Since the liver hydioxypioline content mcreased under 19 kV/m and de-
aeased under 09 kV/m there may be the thieshold electiic field value m the
transition fiom decrease to mcrease between 19 09 hV/m Studies using small
mcieases between 1 9 kV/m and 09 kV/m may 1eveal this threshold value
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