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ABSTRACT Fibrotic lung tissue shows increased connective tissue deposition and fibroblast
proliferation and in addition a substantial increase in mast cell numbers in and around the fibrotic
area. To elucidate the question of whether products of mast cells affect the proliferative behaviour of
structural cells in the lung and thereby contribute to fibrogenesis, the effect of histamine, a prominent
mast cell derived mediator, on the in vitro proliferation of primary cultures of normal adult human
lung fibroblasts was studied. Histamine enhanced fibroblast proliferation in a dose dependent
manner, with an optimum effect at a physiological concentration of 10~7 mol/l. This effect occurred
when cells were exposed to histamine at restricted times during cell growth and was shown to depend
in part on the stage of the cell cycle reached by the fibroblasts. The histamine induced proliferation
was mediated through an H, histamine receptor on the fibroblast, being inhibited by cimetidine, an H,
antagonist, and not by pyrilamine maleate, an antagonist of the H, receptor. Mast cell products such
as histamine may interact with and promote the increased fibroblast proliferation found in

pulmonary fibrosis.

Introduction

Pulmonary fibrosis is a disease characterised by the
synthesis and secretion of increased connective tissue
components such as collagen and fibronectin within
the lung structures.'” Increased collagen deposition
may be the result of increased fibroblast proliferation,
increased collagen output per cell, or both. Thus the
factors that modulate fibroblast behaviour need to be
understood if we are to unravel the pathogenetic
mechanisms underlying pulmonary fibrosis and
explore new approaches to treatment. The interstitial
lung fibroblast may respond with increased prolifera-
tion or increased collagen synthesis or both to signals
from alveolar macrophages’* and lymphocytes.’® In
addition, evidence from human studies and from our
own work with an experimental model of lung fibros-
is”® suggests that mast cells may have a role in the
pathogenesis of pulmonary fibrosis. Does then his-
tamine, a major mast cell product,'” affect the
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proliferative pattern of lung fibroblasts? To answer
this question we first established several primary cell
lines of fibroblasts from human adult normal lungs
and investigated the direct effect of histamine and
histamine antagonists on in vitro fibroblast prolifera-
tion.

Methods

FIBROBLAST CELL LINES

Fibroblast cultures were established from histo-
logically normal areas of lung specimens obtained
from patients undergoing surgical resection. Briefly,
lung specimens were chopped into pieces of less than
I mm’ and washed once with phosphate buffered
saline (PBS) and twice with regular growth medium
(RGM) consisting of 10% fetal bovine serum (FBS) in
Dulbecco’s modified Eagle medium (Grand Island
Biological Co, Grand Island, New York) with added
antibiotics (penicillin 100 U/ml, streptomycin 100 ug/
ml, and amphotericin 25 ug/ml). Three pieces of tissue
were then plated in each 60 mm dish (Corning Glass
Works, Corning, New York) and covered with a slide
stuck to the dish with sterile soft paraffin. Five
millilitres of RGM were added and the tissue was
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incubated at 37°C in 5% carbon dioxide. The medium
was changed twice weekly. When the bottom of the
dish was coated with a layer of fibroblasts at near
confluency, usually five to six weeks later, the pieces of
tissue were removed and the cells trypsinised for 10
minutes, resuspended in RGM, and replated in
100 mm tissue culture dishes with 10 ml of RGM.
Subsequently the cells were split 1:2 at confluency,
usually weekly. Fibroblast aliquots at each passage
were frozen and stored in liquid nitrogen. In the
experiments we describe below we have always used
cells at a passage earlier than the tenth.

In vitro growth characteristics of normal human adult
lung fibroblasts

Cell counts Fibroblasts from confluent dishes were
trypsinised and resuspended in RGM. Cell viability
was assessed by trypan blue exclusion. Viability was
95% or greater in all experiments. In 35 mm culture
dishes 7 x 10° cells were seeded in 5 ml of RGM
(6:6 x 10* cells/cm®) and incubated from 12 to 96
hours at 37°C in 5% carbon dioxide. After various
incubation periods the medium was removed and the
cells trypsinsed, resuspended in PBS, and immediately
counted with the aid of a Coulter Counter (Coulter
Electronics Inc, St Hialeah, Florida). Two dishes were
prepared for studying each data point.

Thymidine incorporation In flat bottomed microtiter
wells (96 wells/plate, NUNC InterMed, Copenhagen)
2 x 10* cells were seeded in 100 ul RGM (66 x 10*
cells/cm?). The cells were incubated from 12 to 96
hours. In all cases 1 uCi of tritiated thymidine (20 Ci/
mmol, NEN) was added to each well during the last 12
hours of the incubation period. Cell viability at this
stage was over 90% on the basis of trypan blue
exclusion. The medium was then removed and the cells
trypsinised and collected in a cell harvester (MA
Bioproducts, Walkersville, Maryland). Tritiated
thymidine incorporation was detected by f counting.
The results, in disintegrations per minute (dpm), are
expressed as the means and standard deviations of the
results from replicate wells.

Effect of histamine on fibroblast proliferation Figure
1 illustrates the experimental design. In a microtitre
plate 2 x 10* cells/well (6:6 x 10* cells/cm?) were
seeded in 100 ul RGM and incubated for 72 hours.
After various intervals the cells were exposed to fresh
medium alone or to medium containing histamine
(Sigma, St Louis, Missouri) for 12 hour periods and
this medium was subsequently replaced by fresh
medium for the remainder of the culture. Tritiated
thymidine was added for the final 12 hours, cells were
harvested at 72 hours, and thymidine incorporation
was determined as above. To synchronise fibroblast
proliferation and determine the effect of histamine on
cell counts, 7 x 10° fibroblasts (72 x 10* cells/cm?)
were seeded in 35 mm tissue culture dishes in 2 ml of
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Fig 1 Graphic representation of the experimental protocol
Jfor studying the effect of histamine on fibroblast proliferation.

medium containing 0-4% FBS and incubated for four
days. This medium was replaced by medium contain-
ing 10% FBS to initiate fibroblast proliferation and
the cells were incubated for a further 72 hours. As
before, cells were exposed for 12 hours to either
medium alone or medium containing histamine at
different points during the 72 hours of the 10% FBS
incubation period. The medium was removed after 72
hours and the cells were trypsinised and counted.
Effect of histamine antagonists As histamine had a
significant effect on fibroblast proliferation when
added between 36 and 48 hours we used this protocol
to study the effect of histamine receptor antagonists,
Cimetidine (Smith, Kline, and French, Philadelphia)
at a concentration of 107" mol/l was used as an H,
antagonist and pyrilamine maleate (Sigma, St Louis,
Missouri), also at a concentration of 10~" mol/l, as an
H, antagonist. Fibroblasts were simultaneously
exposed to histamine (concentration also 10~" mol/l)
and to either one of the antagonists for 12 hours. As
before, thymidine was added during the last 12 hours
of the 72 hour incubation period and thymidine
incorporation determined. Results are expressed as
percentage changes from a control culture of
fibroblasts with RGM alone. Each numerical point
recorded represents the mean of six replicates. Where
results are compared for significance, Student’s paired
t test was used.

Cell cycle assessment Fibroblasts were brought to
quiescence by culture in low (0-4%) FBS containing
medium for four days. Initiation of proliferation and
cell cycling was brought about by the replacement of
the medium with fresh medium containing 10% FBS.
At various times after initiation of proliferation, cells
were removed by trypsinisation, and the DNA content
of the nuclei was estimated by the use of an Ortho
Spectrum III flow cytometer, ethidium bromide being
used to stain the DNA.."
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Fig2 (a) Invitro growth characteristics of two normal
human adult lung fibroblast lines. Data are expressed as the
mean tritiated thymidine incorporation in dpm of the two
lines, each data point for each cell line being the mean of 12
replicates. 0——0 3-3 x 10* cells/cm*; e——e 6:6 x 10*
cellsjcm?. (b) In vitro growth characteristics of a normal
human adult lung fibroblast line. Data are expressed as the
mean cell count of two separate samples per time point.
0——0 3-6 x 10* cells/cm*; @——@ 7-2 x ]0* cells/jcm’.
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Results

Figure 2a shows the in vitro growth behaviour of
normal adult human lung fibroblasts with cells seeded
at two densities. The pattern of thymidine incorpora-
tion was similar with the two cell densities. Peak
incorporation in cells seeded at 3-3 x 10* cells/cm’
(10* cells/well), however, occurred at 72 hours whereas
with cells seeded at 6:6 x 10* cells/cm® (2 x 10* cells/
well) peak incorporation was seen at 60 hours,
although substantial incorporation had already
occurred at 48 hours. The same differences were seen
when proliferation (fig 2b) was evaluated by cell
counting. An initial drop in the number of cells
occurred at 24 hours owing to the loss of non-adherent
cells removed by the wash after plating. From 24 hours
on, the cell number increased and plateaued between
72 and 96 hours, particularly in the cells seeded at high
density.

When we exposed the cells to histamine at a
concentration of 107 mol/l using the protocol outlined
in figure 1, there was enhanced proliferation only if
histamine was present during specific periods of
normal proliferation (fig 3). Histamine had no effect
when added during the first 36 hours of the incubation
period. In contrast, a significant enhancement of the
amount of thymidine incorporation (+ 48%) was seen
when histamine was added between 36 and 48 hours.
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Fig3 Effect of 10”7 M histamine added at different
intervals of the cell growth on in vitro fibroblast proliferation
at 72 hours, as shown in fig 1. Data are expressed as
percentage changes in thymidine incorporation from a control
culture of fibroblasts. Each data point expresses the mean and
standard deviation of six to eight replicates.



Effect of histamine on proliferation of normal human adult lung fibroblasts

1B

b4

]

-

<

[: 4

o

a

[ 4

o

Q

Z

w

4

g8 .|

s 20

>

£

R

(0]

2

§ 0 — L
5 10 107 10 10° 10" 10 Megim
g Alone

HISTAMINE CONCENTRATION (mol/I)

Fig4 Dose-response relationships of 10" °-10 "' M
histamine with regard to modulation of normal lung fibroblast
proliferation. Histamine was added for a period between 36
and 48 hours during the normal proliferative 96 hour culture.
Data are expressed as percentage changes in thymidine
incorporation over a normal proliferation response ( medium
unchanged). p < 0-05 for 10 °~10"° M histamine by
comparison with fresh medium alone. Open bar indicates
fresh medium alone and striped bars histamine media.

This enhancement was more striking if histamine was
added between 48 and 60 hours (+ 84%).

When histamine at various concentrations (from
10° to 10" mol/l) was added to cultures of lung
fibroblasts between 48 and 60 hours there was a dose
dependent increase in proliferation as measured by
thymidine incorporation (fig 4). The maximum
stimulation (45% above normal incorporation rates)
occurred at a concentration of 10”7 mol/l histamine
and was significantly greater than the increased incor-
poration seen by changing the media alone between 48
and 60 hours.

We confirmed that the tritiated thymidine uptake
was due to an increase in cell number and that the
increased proliferation was seen in fully synchronous
fibroblast cultures. We exposed cells to histamine,
using the protocol shown in figure 1, after the cells had
been plated at suitable densities, brought to quiescence
by culture in low serum conditions, and then induced
to proliferate by the addition of 10% FBS. Significan-
tly higher cell densities were seen with the cell aliquots
cultured in this manner and exposed to histamine
between 36 and 48 hours (57% increase) and 48 and 60
hours (70% increase) than with the cells cultured in
medium alone (fig 5).

To determine the period of the cell cycle during
which histamine caused stimulation of fibroblast
proliferation, cells were caused to proliferate in a
synchronous manner as described above. Determina-
tion of the DNA content of the nuclei by flow
cytometric techniques (fig 6) showed a steady increase
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in the percentage of cells in G, + M phases up to 48
hours (2:7% at the outset to 18-7% at 48 hours—see
table).

Exposure of fibroblasts to histamine antagonists
alone (cimetidine or pyrilamine) caused no significant
modulation of the proliferative response (fig 7).
Pyrilamine (at a concentration of 107 mol/l) did not
prevent histamine induced proliferation. Cimetidine
(10”7 mol/l) abrogated the histamine enhancement if
present at the same time as histamine.

Discussion

Substantial evidence has accumulated indicating that
cytokines released from effector lung cells such as
alveolar macrophages and lymphocytes may interact
with lung fibroblasts and thereby modulate their
functional behaviour.>* Recently mast cells, which
have an abundant mediator armamentarium, have
been shown to be substantially increased in fibrotic
conditions. Kawanami et al showed that in lungs from
patients with various fibrotic disorders there was an
increased number of mast cells and these cells
appeared to undergo a process of partial chronic
degranulation.” We have previously reported a
remarkable lung mast cell hyperplasia in a rat model of
bleomycin induced pulmonary fibrosis.® In patients
with idiopathic pulmonary fibrosis the increase in
mast cell numbers correlated with increased histamine
concentrations in the bronchoalveolar lavage fluid.’
Increased mast cell numbers have also been reported
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Fig5 Effect of 10”7 M histamine added for 48— 60 hours on
in vitro proliferating lung fibroblast cell counts. Data are
expressed as cell counts at 96 hours with a mean and range of
two samples per time point. Open bars indicate fresh medium
alone and striped bars histamine media.
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Flow cytometric analysis of DN A content of fibroblast nuclei

% cells in phase

Time (h) G, G,+M
0 96-2 27

12 957 2-8

24 87-5 29

36 724 12:2

48 64-3 187
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Fig 6  Flow cytometric analysis of DN A content of
fibroblast nuclei: cytogram from Ortho flow cytometer.
(a)t = 0;(b)t = 48 h. RdAFI—propidium iodine content
of nuclei; Go/Gl—cells in resting quiescent phase;

G2+ M—cells entering growth phase.

in experimental models of pulmonary fibrosis induced
by asbestos,'?silica,' and radiation' and in the skin of
patients with scleroderma."

Despite these observations and the hypothesis that
mast cells play a part in the pathogenesis of fibrosis,'
the actual mechanisms have been little explored and
are not understood. There is evidence suggesting that
an interaction between mast cells and fibroblasts or
their respective products does occur. Atkins et al'’
reported that human and rat skin fibroblasts were
capable of ingesting and degrading mast cell granule
heparin proteoglycan. Furthermore, Pilarisetti e al'®
showed that as a consequence of this process there was

a functional alteration of fibroblast behaviour as
assessed by collagenase production. Franzen'® showed
that histamine at a concentration of about 10™'° mol/1
induced substantial mitogenesis of guinea pig mesen-
tery fibroblast like cells and that the same occurred in
organ cultured rat mesentery after mast cell degran-
ulation had been elicited by the intravenous adminis-
tration of compound 48/80. As a result of these studies
we investigated the direct effect of histamine, an
abundant mast cell product,” on the proliferative in
vitro behaviour of primary cultures of human adult
lung fibroblasts.

In view of the documented heterogeneity of
fibroblasts, which differ according to the site and
species from which they are derived,®? we first
established several primary human adult lung
fibroblast lines. The outgrowth from lung explants
yields a virtually pure but heterogeneous population
of normal diploid fibroblasts after two or three
passages. All the cells used in the experiments reported
here had the structural characteristics of fibroblasts,
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Fig 7  Effect of histamine antagonists on histamine induction of in vitro lung fibroblast
proliferation. Histamine or histamine plus the antagonists pyrilamine and cimetidine (all
10 7 M) were added to proliferating lung fibroblasts for a period between 48 and 60 hours
and the cells harvested at 96 hours. Data are expressed as in figure 5.
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expressed collagen specific messenger RNA,* and had
a normal karyotype (data not shown).

Histamine at biologically relevant doses increased
thymidine incorporation by fibroblasts as well as
increasing cell numbers when added between 48 and 60
hours, and to a lesser extent between 36 and 48 hours,
during the total 72 hours’ incubation period (figs 3-5).
The molecular basis of the effect of histamine on
fibroblast proliferation remains unclear, though some
insight may be obtained by examining the conditions
of the experimental assay we used. Cells were kept
throughout the assay in 10% fetal calf serum, which
contains several competence and growth factors. The
progressive increase of cells in the G,-M phase during
the incubation period (table and fig 6) is likely to be
due to the presence of these factors. In our experimen-
tal protocol we seeded the cells at a high density, which
in itself limits cell proliferation as fibroblasts are
subject to density inhibition pressures—as illustrated
in figure 6, which shows how the addition of fresh
medium resulted in only a slight growth stimulation.
We used these particular conditions because mast cell
mediators are known to increase proliferation, as
assessed by thymidine incorporation, cell counting,
and the labelling index of dense cultures of 3T3 and
fetal lung fibroblasts under maximum “‘serum
stimulation,”? and because histamine has been shown
to enhance proliferation of confluent skin fibroblast
monolayers.” When we examined the effect of his-
tamine on either sparse or starved cultures of
fibroblasts we saw little or no effect (data not shown).
Our results also showed that the histamine induced
effect on fibroblast proliferation could be entirely
abrogated by concurrently exposing fibroblasts to an
H, but not to an H, receptor antagonist. This is in
agreement with the observation by Norrby” that
intraperitoneal administration of an H, receptor
antagonist fully suppressed the proliferation of rat
mesenteric connective tissue cells after apparent
stimulation by mast cell degranulation. Together our
results suggest that, under specific experimental condi-
tions such as high cell density and growth factor
availability that are likely to resemble those occurring
in vivo in pulmonary fibrosis, fibroblasts are respon-
sive to histamine, and that this response appears to be
related to the restrictive expression of an H, receptor.
There is evidence that the gene expression of some
cytoskeletal and surface proteins depends on certain
phases of the cell cycle, or it may be affected by factors
such as cell shape and cell contact.”?* The H, mediated
modulation of cell function documented here is consis-
tent with the broad immunomodulatory effects that
histamine shows through interaction with the H,
receptor.”®

These data showing that histamine directly enhan-
ces in vitro fibroblast proliferation may have impor-
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tant implications for our understanding of the patho-
genesis of pulmonary fibrosis. The development of
pulmonary fibrosis is the result of an integrated
complex interaction between different cells,'s the
monocyte macrophage being an important cell in this
network. This cell, which has histamine H, receptors,?
can release a molecule that enhances histamine release
from dispersed human lung mast cells and from
peripheral blood basophils.”” Mast cell hyperplasia
occurs in several experimental models of pulmonary
fibrosis as well as in human lung fibrosis and it is of
such a degree and of such duration that it may be the
major cell type most persistently increased. As the
alveolar macrophage and the mast cell interact and
also modulate fibroblast proliferation directly, a
greater understanding of these interactions should
provide insight into the pathogenesis of pulmonary
fibrosis.
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