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A micro-perfusion chamber for single-cell
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A versatile closed micro-perfusion chamber designed for single-cell fluorescence measurements under
maximum microscopic magnification is described. Glass coverslips with adherent cells can be attached to
the top or bottom of the chamber, depending on whether an inverted or an upright microscope is used.
Eight conical holes drilled in the side of the chamber serve for the insertion of plugs with attachments for
perfusion, rapid injection of small amounts of reagents, temperature measurements or for heating the
interior of the chamber. Materials used in the construction of the chamber are non-toxic and resistant to
standard sterilization procedures. Perfusion and temperature properties of the chamber are described.
Single cell fluorescence measurements are presented in human monocyte-derived macrophages in which

NAD(P)H and intracellular calcium are measured.
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Introduction

Fluorescence studies in living cells are provid-
ing new insights into cell function during immune
processes. The availability of viable fluorescent
probes directed at intracellular ions paved the way
for these studies (for a recent review see Taylor
and Wang, 1989). Changes in intracellular calcium
concentrations, for example, have been implicated
in such diverse functions as chemotaxis (Snyder-
man and Goetzl, 1981), phagocytosis (Lew et al.,
1985; Kruskal and Maxfield, 1987; questioned for
Fc-mediated phagocytosis by McNeil et al., 1986),
receptor-ligand binding (Young et al.,, 1984), and
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mitogenic stimulation (Tsien et al., 1982). Initially,
such studies were carried out in populations of
cells with the use of fluorimeters (Tsien et al.,
1982; Young et al., 1984) and later, with the
introduction of new techniques (Kruskal et al.,
1984; Tsien et al., 1985) and probes (Grynkiewicz
et al., 1985), on single cells. Such single-cell fluo-
rescence studies revealed that changes in intracell-
ular ionic concentrations can occur asynchronously
in a population of cells (Kruskal and Maxfield,
1987) and that intracellular ionic concentrations
are heterogenously distributed inside cells (Sawyer
et al., 1985), thus emphasizing the value of perfor-
ming single-cell measurements. In the course of
such single-cell fluorescence studies in mono-
nuclear phagocytes, we found we needed a closed
multi-purpose chamber for use on a microscope.
Such a chamber was needed not only to obtain
maximal control of cell environment but also for
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single-cell measurements in upright microscopical
systems. Based on our experience in chamber de-
sign (Ince et al., 1983a, 1985) and in single cell
studies on macrophages (Ince et al., 1983b, 1988),
we undertook to design, construct, and validate a
versatile closed micro-perfusion chamber suited
for single cell fluorescence studies.

The chamber had to provide maximum control
of cell environment under maximum microscopi-
cal magnification while offering great flexibility of
use and applications. To this end, the closed mi-
cro-perfusion chamber had to meet the following
specifications: (1) the chamber had to be able to
accommodate glass coverslips (needed for maxi-
mum magnification) for inverted as well as up-
right microscopes, (2) have parts made of non-toxic
autoclavable materials without the use of glues
and easy to assemble, (3) permit steady-state per-
fusion of the chamber without allowing direct
streaming of perfusate over cells, (4) allow rapid
injection of small amounts of reagents into cells,
(5) permit temperature control inside the chamber
without relying on external control of the temper-
ature of the cell perfusate, and (6) allow insertion
into the chamber of sensors for measurements of,
for example, temperature, pH, and pO,. A cham-
ber meeting these specifications is described in the
present paper. Preliminary results have been pre-
sented elsewhere (Ince et al., 1988a).

Materials and methods

The micro-perfusion chamber

The mainframe of the micro-perfusion chamber
(Fig. 14) is made of a special type of hard and
durable Teflon (Eriflon, Eriks, N.V. Alkmaar,
The Netherlands), and has a volume of about 2
ml. A glass coverslip with adherent cells can be
attached to either the bottom or the top of the
chamber, depending on whether an inverted or
upright microscope is to be used. Coverslips are
placed on a silicon rubber O ring and are secured
by a snap type of sealing between a larger O ring
and an outer stainless steel securing ring (Fig.
1B). Eight conical holes on the side of the cham-
ber serve for the insertion of perfusion and other
types of plug. Steady-state perfusion plugs (Fig.
2A4) can be used as either inlets or outlets and

their conical fixtures make them easy to remove.
The perfusion plugs were tooled such that ingoing
perfusate would be directed sideways. Other types
of implements can be incorporated into the plugs
for control or measurement of the cell environ-

Fig. 1. Schematic representation of the components of the
micro-perfusion chamber (4) with a close-up of the snap-type
fitting for securing glass coverslips (B). 4: the mainframe of
the chamber (1) is made of Eriflon, a hard durable type of
Teflon. A glass coverslip with adherent cells (2) can be at-
tached to the top or the bottom of the chamber by a metal
securing ring (3). Perfusion plugs (4) or other types of plug (5)
with or without probes can be inserted into conically drilled
holes on the side of the chamber. Once assembled, the chamber
can be placed inside a brace (6) to prevent leakage when high
internal pressure occurs under high perfusion flow rates. B:
detail of the part of the chamber showing how the glass
coverslips are secured on the mainframe. A glass coverslip (1)
is placed on the inner silicon rubber O ring (2) and the
stainless steel securing ring (3) is snapped over the coverslip.
Sealing is achieved by the pressure exerted by the larger outer
O ring (4) on the conically drilled stainless steel ring.



Fig. 2. Plugs for the control and measurement of environmen-
tal factors to which cells in the chamber are exposed. A:
cross-section of a perfusion plug in which perfusate is directed
sideways through lateral slits to minimize direct streaming of
perfusate toward cells. B: plug permitting rapid injection of
reagents into the cell invironment. C: coil made of hollow
strainless steel tubing carrying warm or cold fluid is used for
internal temperature control for the chamber. The coil is
attached to the inlet and outlets in the plug by thin silicon
tubing. D: a thermistor (or other sensor) can be inserted into a
plug to monitor chamber conditions during measurements.

ment too, for example, a plug for incorporation of
a thermistor for temperature measurements, a plug
with a hooked injection needle to facilitate rapid
injection of small amounts of reagent, and a plug
designed for insertion into the chamber of a thin
hollow coiled stainless steel tube through which a
warm (or cold) fluid can be passed to obtain
internal temperature control for the chamber. Once
assembled, the chamber can be placed in a brace
(Fig. 14) giving greater compression to prevent
leakage when high intra-chamber pressures occur
during high perfusion rates.

Fluorescence measurements

Fluorescence measurements performed to de-
termine the properties and applicability of the
chamber included measurements of the kinetics of
perfusate changes and single cell fluorescence
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measurements of NAD(P)H and intracellular
calcium levels in human-monocyte derived macro-
phages. For studies on perfusion kinetics, use was
made of an Olympus BH-2 fluorescence (up-right)
microscope fitted with a dichroic mirror. UV exci-
tation was provided by a 100 W Hg lamp and
fluorescence was measured with a conventional
photomultiplier. The chamber perfusate was alter-
nately switched between distilled water and an
aqueous solution of FITC (fluorescein iso-
thiocyanata-dextran, Pharmacia), and the photo-
multiplier output was recorded.

To illustrate the flexibility of the chamber,
single-cell fluorescence measurements in human
macrophages were carried out on an upright
(NAD(P)H measurements) as well as on an in-
verted (intracellular calcium measurements) mi-
croscope. The NAD(P)H measurements were per-
formed on an upright Leitz orthoplan fluorescence
microscope using a X 40 Zeiss neofluoar objective
and illuminated with a 100 W mercury lamp. The
microscope was fitted with filters providing 360
nm excitation and allowing the 460 nm emission
associated with NAD(P)H fluorescence. Images of
cells were detected by a Hamamatsu C1966-20
VIM Photonic Microscopic System (Hamamatsu
Photonics, Hamamatsu City, Japan) which con-
sisted of an ultra-sensitive video camera (capable
of photon counting) coupled to an image
processing system. Single-cell calcium measure-
ments were performed with use of the fluorescent
calcium indicator dye fura-2 (Grynkiewicz et al.,
1985; Tsien et al., 1985) and an inverted Zeiss IM
fluorescence microscope fitted with a quartz mi-
croscopic objective (Nikon X40). The microscope
was fitted with a rotating wheel containing excita-
tion filters and capable of 250 rotations /s, thereby
providing dual excitation at wavelengths of 334
and 380 nm. Electronic synchronization between
the flywheel and the photomultiplier permitted on
line monitoring of the two fluorescent signals
(Kruskal et al.,, 1984). The emission wavelength
was 510 nm, and the intracellular calcium con-
centration was calculated according to Grynkie-
wicz et al. (1985).

Cells, solutions, and reagents
The human macrophages used for single-cell
measurements were obtained by culture of periph-
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eral blood monocytes on 35 mm diameter glass
coverslips for periods ranging between three and
ten days during which the monocytes matured and
became macrophages. The culture medium was
Medium 199 (Microbiological Associates, MA,
U.S.A.) supplemented with 10% heat-inactivated
FCS (Gibco Bio-Cult, U.K). For performance of
the measurements, coverslips with adherent cells
were transferred to either the top or the bottom of
the chamber, depending on whether upright or
inverted optics were to be used. The solution in
which fluorescence measurements were made was
composed of 150 mM NaCl; 5 mM KCl; 1 mM
MgCl,; 4 mM CaCl,; and 10 mM Hepes-NaOH
(pH 7.2).

Toxicity of the materials used in the chamber
was assessed by culturing HeLa cells in the pres-
ence of a sample of the material under study. Cells
were continuously grown by trypsinization and
replating of the cells at 1 week intervals. After 3
weeks of culture, the cells were counted, their
morphology was examined, and the results were
compared with those in the control cultures. The
culture medium consisted of alpha MEM (Gibco)
supplemented with 10% FCS (Gibco).

For the intracellular calcium measurements,
cells were loaded with calcium indicator dye fura-2
(Molecular Probes, OR, U.S.A.) as described
elsewhere (Kruskal et al., 1987). For the fura-2
measurements, 5 mM probenecid ( p-(dipro-
pylsulfamoyl)benzoic acid; Sigma Chemical Co.,
St. Louis, MO, U.S.A.) was added to the solution
to prevent leakage of fura-2 from the cells (Di
Virgilio 1988). Histamine dihydrochloride was
purchased from the Sigma Chemical Co.

Results

The chamber and its parts are shown in Fig.
1A. The snap type of fitting shown in Fig. 1B and
the conical fixtures for plugs make the use of glue
in assembling the chamber unnecessary. The Eri-
flon main frame and silicon rubber O rings, which
come into contact with cells, are non-toxic as
shown by the HeLa cell toxicity tests described in
the materials and methods section. All of the
components of the chamber are resistant to stan-
dard sterilization procedures (heat, steam and al-

cohol). These features of the chamber and its
modular structure meet the design specifications
of non-toxicity, ease of assembly, flexibility of use,
and resistance to sterilization.

Depending on whether use is made of an in-
verted or upright microscope, a coverslip with
cells is placed on the bottom or the top of the
chamber, the opposite opening being covered with
an empty coverslip. The coverslips are attached by
a snap type of fitting (Fig. 1B). This snap type of
sealing was chosen instead of the bayonet fittings
used previously (Ince et al., 1985) because it
offered better sealing properties and greater ease
of handling.

Plugs for control of or measurements in the cell
environment can be inserted with a snug fit into
any of the eight conical holes on the side of the
chamber. Various types of plug can be used, in-
cluding perfusion plugs, a plug for maintenance of
internal temperature control, plugs for injecting
reagents, or plugs containing sensors (Fig. 2).
When cells are to be exposed to a perfusate, it is
important to keep in mind that the sheer stress,
exerted on cells by the movement of the fluid
perfusate can elicit cellular reactions (Olesen et
al., 1988). By directing the perfusate sideways
through the two slits on the side of the perfusion
plugs, this sheer stress can be minimized (Fig.
2 A4). Furthermore, the plugs can be turned in their
socket to change the perfusion direction either
laterally or horizontally to maximize mixing ef-
ficiency when one perfusate is exchanged for
another. The kinetics of perfusate changes were
followed by performing the experiment shown in
Fig. 34, in which use was made of two solutions,
one clear and the other containing a fluorescent
dye, and the effects were observed with a fluores-
cence microscope. The absence of a slow increase
in fluorescence after switching to the solution with
the fluorescent dye shows that there are no dead
spaces in the chamber and that good exchange of
solutions has been achieved. For rapid injection of
small amounts of reagents, a plug carrying a
hooked injection needle can be used (Fig. 2B). As
can be seen from the trace in Fig. 3B, this arrange-
ment is highly effective for rapid addition of a
reagent.

Control of the temperature in the cell chamber
is usually achieved by external control of the



temperature of the cellular perfusate. For temper-
ature control during the absence of perfusion a
coil of stainless steel tubing can be connected to a
plug and inserted into the chamber (Fig. 2C); and
a temperature-controlled solution is then pumped
through this coil. The efficacy of this method of
temperature control was quantified by performing
the temperature jump experiment illustrated in
Fig. 3C. Step-wise changes in the temperature of
the perfusate flowing through the coil heated the
solution bathing the cells (with zero-flow cellular
perfusion) according to the time course shown in
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Fig. 3C. In this experiment the temperature was
measured by a plug containing a thermistor of the
type shown in Fig. 2D.

The symmetrical design of the chamber means
that it can be used with inverted as well as upright
microscopes. To illustrate the flexibility of the
chamber in this respect we performed two types of
single cell fluorescence measurements on human
monocyte-derived macrophages, starting with the
measurement of NAD(P)H autofluorescence. Be-
sides giving a measure of cellular NADPH, this
autofluorescence provides a measure of mitochon-
drial oxygen consumption (Chance, 1976). The
level of NAD(P)H fluorescence in a single cell is
exceedingly low and only recently has it become
possible to detect such images without significant
bleaching of the signal (Eng et al., 1989). The
photograph in Fig. 44 shows the intracellular
distribution of NAD(P)H in a human macrophage
and was taken with an ultra-sensitive video camera.
An image processor enabled the quantification of
the amount of cellular fluorescence by use of
gray-level detection (seen in the fluorescence pho-
tograph in Fig. 44 in the form of a histogram).
The image shown in Fig. 44 was detected within
about 100 ms, whereas a 5 min exposure is needed
with a conventional photocamera using 400 ASA
film (data not shown). For NAD(P)H fluorescence
measurements, glass coverslips with adherent cells
were attached to the top of the chamber.

Fig. 3. Traces showing the effects of perfusion and temperature
control in the chamber. A4: traces obtained with perfusion
plugs. During steady-state perfusion of the chamber (1 ml/min)
a clear solution is exchanged for one containing a fluorescent
dye. Measurement in arbitrary units (A.U.) of fluorescence of
the output of a photomultiplier attached to a fluorescence
microscope shows that step-wise exchange of solutions is
accomplished by this method. For this example four perfusion
plugs were used, two as inlet and two as outlet for the per-
fusate. B: this trace reflects the rapid injection of a reagent
with the injection plug shown in Fig. 2 B. For our example a
fluorescent dye was injected, and its time course was folowed
with a fluorescence microscope. C: trace showing the time
needed to raise the temperature of the solution bathing the
cells in the chamber from room temperature to 37° C with the'
internal heating coil shown in Fig. 2C. First a warm and then
cold solution was passed through the coil to determine the
thermal time constant of the chamber. The temperature of the
solution was sensed by a thermistor like the one shown in Fig.
2D.
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Fig. 4. Application of the micro-perfusion chamber for single-
cell fluorescence microscopy in human macrophages. A:
NAD(P)H fluorescence in a human macrophage. Images were
obtained with an upright fluorescence microscope attached to a
sensitive video camera with an image intensifier. Here the
coverslip with cells was attached to the top of the chamber. An
image processor measured the pixel gray level distribution of
the cell (seen next to the image of the cell), which was used for
quantification of the intensity of the intracellular NAD(P)H
fluorescence. B: trace obtained during intracellular calcium
measurements in a human macrophage exposed to 0.1 mM
histamine. Measurements were made with an inverted micro-
scope. The coverslip with adherent cells was attached to the
bottom of the chamber. The calcium indicator fura-2 was used
in combination with the ratio imaging method. The histamine
solution was administered via the plugs used for steady-state
perfusion at a flow rate of 1 ml/min.

Intracellular calcium measurements have ac-
quired an increasingly important place in the study
of immune processes. The use of ratio-imaging
techniques in combination with intracellular
calcium indicator dyes such as fura-2 has made it
possible to measure quantitatively changes occur-
ring in the intracellular calcium concentration in
single cells. Fig. 4B shows the response of a hu-
man macrophage to exposure of 0.1 mM hista-
mine. Histamine was added during steady-state
perfusion at a flow rate of 1 ml/min, and the
measurements were done in the presence of 5 mM
probenecid to avoid fura-2 leakage from cells (Di
Virgilio et al., 1988). For the intracellular calcium
measurements, glass coverslips with adherent cells
were attached to the bottom of the chamber.

Discussion

Fluorescence measurements on single living
cells makes it possible to perform both qualitative
and quantitative studies on the structure and func-
tion of cells during cellular activity. Such measure-
ments can be made with the micro-perfusion sys-
tem described here. The main advantages of using
a closed chamber instead of an open chamber
(e.g., Ince et al., 1985) include the ability to create
extreme environmental conditions (e.g., anoxia)
and the possibility of using upright microscopic
systems for measurements. Although several types
of closed chamber have been described in the past
(Sykes and Moore, 1959; Dvorak and Stotler,
1971; Berg and Block, 1984, Fantini et al., 1987),
the present design provides a number of features
not considered in these earlier versions. These
features include: (1) the perfusion plugs designed
to minimize mechanical stimulation of cells during
perfusion (that sheer stress caused by flowing per-
fusate can stimulate cells was recently demon-
strated by Olesen et al., (1988) in endothelial
cells), (2) temperature control inside the chamber
in the absence of thermal support created by the
cellular perfusate, (3) the ability to monitor intra-
chamber environmental parameters (e.g., tempera-
ture, pH, p0,), (4) ease of assembly, and (5) the
measurement of chamber properties such as pre-
sented in this paper.



The successful performance of microscopical
fluorescence measurements in a closed chamber
requires certain precautions. For example, trapped
bubbles should not be present in the chamber,
because such bubbles possess a high degree of
autofluorescence and can interfere with measure-
ments. Trapping of bubbles can be avoided: (1) if
the cellular perfusate is delivered to the chamber
from a pre-heated reservoir instead of using a heat
exchanger in the path of perfusion to warm the
perfusate leaving a reservoir at room temperature,
since the latter method leads to the formation of
micro-bubbles, (2) if gas tension control of the
perfusate is not achieved by bubbling (pH control
of bicarbonate-buffered solutions can be achieved
by the use of passive diffusion across a thin-walled
silicon tubing (Bjornsson et al., 1988) or by place-
ment of a drip chamber saturated with the desired
gas mixture in the perfusion pathway; alterna-
tively, of course, use can be made of buffers such
as Hepes, which do not require gas tension con-
trol, and (3) if the surfaces of the interior of the
chamber and the glass coverslips are cleaned with
alcohol to make certain that there are no hydro-
phobic surfaces to trap micro-bubbles. Peristaltic
pumps should be avoided (unless suitable buffer
reservoirs are placed in the perfusion pathway),
because they can cause cyclic variations in intra-
chamber pressure causing artifacts due to move-
ment of the coverslip.

Besides single-cell fluorescence measurements
the chamber also permits simultaneous light-mi-
croscopical observations with the use of such opti-
cal configurations as phase contrast, interference
contrast or the recently introduced confocal scan-
ning microscopy. Sawyer et al. (1985) used
bright-field illumination in combination with fluo-
rescence measurements to detect correlation be-
tween intracellular calcium concentration changes
and chemotaxis and phagocytosis by neutrophils.
Similarly, Kruskal and Maxfield (1987) combined
Nomarski-differential-interference-contrast mi-
croscopy and single-cell fura-2 measurement to
detect correlation between oscillations in the in-
tracellular calcium concentration and the frustrat-
ed phagocytosis by macrophages of glass surfaces.

The rising cost of equipment for single-cell
fluorescence measurements made flexibility of ap-
plication of the chamber a major design consider-
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ation, because this feature permits measurement in
different types of microscopical configurations. To
illustrate the flexibility of the chamber in this
respect we performed single-cell measurements on
inverted and upright microscopes. The presented
NAD(P)H measurements in macrophages are, to
our knowledge, the first such measurements in
immune cells. In single rat myocytes, however,
Eng et al. (1989) recently demonstrated that this
autofluorescence originates predominantly from
mitochondria. In the present study we made use of
the perfusion feature of the chamber to establish
the elicitation by histamine of a rise in intracellu-
lar calcium in single human macrophages. With
the recent introduction of fluorescence probes di-
rected at such parameters as membrane potential
and intracellular C1-, H*, K* Na™* levels (for a
recent review of available probes see Tsien, 1989)
single-cell fluorescent measurements are expected
to provide new insights into cell function. The
micro-perfusion chamber presented in this paper
should provide a useful tool for the performance
of such single cell investigations.
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