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Dynamic Phase Microscopy Reveals Periodic Oscillations
of Endoplasmic Reticulum during Network Formation
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Abstract—Dynamic phase microscopy was used to study the dynamic events of formation of the endoplasmic reticulum
(ER) in interphase-arrested Xenopus egg extract. We have shown that the ER periodically oscillated in an ATP-dependent
manner in the frequency range of 1.6-2.2 Hz, while the tubular membrane network formed in vitro. The spectral density, i.e.
the pattern of a given frequency component in the Fourier spectrum, was strongly correlated with the dynamic events dur-
ing microtubule-dependent and microtubule-independent ER network formation observed by video-enhanced contrast dif-
ferential interference contrast and fluorescence microscopy. Because the 1.6-2.2 Hz frequency of oscillation during the net-
work formation was detected both in the presence and absence of microtubules, it appears to be an intrinsic ATP-depend-
ent ER membrane property. Several characteristic active and inactive stages of ER network formation were observed both in
the presence and absence of microtubules. However, data analysis of these stages indicated that microtubules and dynein
motor activity have a strong influence and a cooperative effect on the kinetics of ER formation by controlled fusion reac-

tion.
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The endoplasmic reticulum (ER) is a large membra-
nous organelle that forms an extensive polygonal network
of tubules, which extend throughout the cell. This net-
work is highly dynamic and continuously undergoes for-
mation of new membrane tubules that fuse with each
other and move relative to one another [1, 2]. An excel-
lent system to study the ER network formation in vitro is
the extracts isolated from the eggs of the frog Xenopus lae-
vis and arrested in interphase or metaphase. Using inter-
phase-arrested extract Allan and Vale [3, 4] and Steffen et
al. [5] have demonstrated that microtubules and the
microtubule-dependent cytoplasmic motor dynein are
involved in the formation of ER networks and play a cen-
tral role in its stimulation. However, ER network forma-

Abbreviations: DP microscopy, dynamic phase microscopy; ER,
endoplasmic reticulum; OPD, optical path difference; VEC-
DIC microscopy, video-enhanced contrast differential interfer-
ence contrast microscopy.
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tion in interphase-arrested extract could also occur inde-
pendently of microtubules and microtubule-based motors
by membrane fusion, for which cytosolic factors were
required [6, 7]. However, a 3-4-times longer incubation
period was necessary for the ER network formation in the
absence of microtubules ([6], this report). Therefore, two
mechanisms — microtubule-dependent and a micro-
tubule-independent — appear to be involved in ER net-
work formation in interphase-arrested extract and both
mechanisms require ATP [3, 6]. How and whether these
mechanisms are interlinked in vivo and in vitro is not
clear. The ER network was also observed in metaphase-
arrested extracts [8]. However, in this case the process of
network formation depends not on microtubules, but
rather on myosin V-driven motility along actin filaments
[8].

To investigate ER network formation in temporal
and spatial modes in more details, we used the method of
dynamic phase (DP) microscopy, which allows measuring
the dynamic changes of ER during network formation
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both near the glass surface and in the bulk of the solution.
We found that in interphase-arrested extract during net-
work formation the ER periodically fluctuated at a fre-
quency about 2 Hz. The oscillation was found to be an
intrinsic property of ER undergoing network formation
both in the presence and absence of microtubules.
Microtubules and dynein motor activity stimulated not
only the formation of ER networks; they also stimulated
their oscillation and changed the dynamic properties of
the ER membranes.

MATERIALS AND METHODS

Dynamic phase microscopy. DP microscopy [9-11]
was used to study dynamic processes in Xenopus egg cyto-
plasmic extracts. Briefly, DP microscopy is based on the
assumption that any process within or associated with an
object of interest (conformal transitions, movements of
particles, etc.) is accompanied by a local change of effec-
tive refractive index and corresponding OPD (optical
path difference) value. For dynamic objects the local
OPD at any given point is not constant over time. Thus,
the recording of periodic OPD measurements at a given
point provides information about a local process. A
simultaneous recording of OPD at many distinct points
provides information concerning spatial correlation of
the process. Digitized OPD values vs. time called track-
diagrams are obtained by periodically scanning along a
chosen scan-line and stored for further processing. The
recorded track-diagram at a given point of scan-line pro-
vides information about the temporal processes at this
point and contains the data concerning the spatial
dependence on fluctuation intensity. The Fourier trans-
form of the track-diagram record yields the correspon-
ding spectrum of local fluctuations. The sum of these
spectra at all points along a scan-line is presented as a 2D
spectral pattern showing the location and spectral density
p(x, F) of dominating frequencies of OPD fluctuations of
each point along the scan-line. The high accuracy in
measuring local fluctuations of OPD is the main advan-
tage of the DP microscopy, thereby exceeding the classi-
cal resolution limit 4-6-fold for objects with sufficiently
high OPD values.

The used computer phase microscope Airyscan
(Russia) was an interference microscope according to the
Linnik layout, with phase modulation of the reference
wave [11, 12]. A He-Ne laser (A = 633 nm, 1 mW) was
used as the coherent light source and a dissector image
tube (model LI-620; Elektron, Russia) as a coordinate-
sensitive photodetector. The size of the observation field
could be changed from 5 x 5 to 50 x 50 pm?, depending
on the lens magnification.

Data acquisition and processing was carried out with
the image processing software package MIREA (Moscow,
Russia). The acquisition time of digital phase images was
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16.4 s for a 128 x 128 pixel raster of an 8 x 8 um? viewing
field. The noise-limited sensitivity was h,;, = 0.5 nm. The
software generated pseudo-color phase images of an
object in OPD values at each pixel.

Video-enhanced differential interference contrast
(VEC-DIC) and fluorescence microscopy. VEC-DIC
microscopy [13-15] was performed as described in [5, §].
A Nikon Diaphot 300 inverted microscope (Nikon
GmbH, Germany) equipped with an oil immersion con-
denser (NA 1.4), 100x DIC PlanApo oil objective (NA
1.4), and mercury arc lamp (HBO 100) was employed. A
Hamamatsu C2400-07 Newvicon camera was used for
acquiring DIC images (Hamamatsu Photonics
Deutschland GmbH, Germany). The analog and digital
processing of VEC-DIC signals was performed using an
ARGUS 20 real time image processor (Hamamatsu
Photonics, Japan). The images were captured directly
from the ARGUS 20 image processor into a computer
equipped with an LG-3 frame grabber (Scion
Corporation, USA) using IPLab Spectrum software
(Scanalytics Inc., USA).

For fluorescence microscopy, a Nikon Eclipse 800
microscope (Nikon GmbH) equipped with an oil immer-
sion condenser (NA 1.4), 60x DIC PlanApo oil objective
(NA 1.4) and mercury arc lamp (HBO 100) was used. A
Spot camera (Visitron Systems GmbH, Germany) was
used for acquiring fluorescence images. Single frame
images were captured into a computer using MetaMorph
software (Universal Imaging Inc., USA).

Materials and sample preparation. Interphase cyto-
plasmic extract was isolated from Xenopus eggs as
described by Steffen et al. [5]. For DP microscopy, 5-
7 ul of the extract was diluted 1 : 3 (v/v) with acetate
buffer (100 mM sodium acetate, 2.5 mM magnesium
acetate, 5 mM EGTA, 10 mM HEPES, 50 mM sucrose,
1 mM dithiothreitol, pH 7.2) supplemented with 2 mM
ATP or ATP regenerating system (I mM ATP, 50 pug/ml
creatine kinase and 10 mM creatine phosphate) and
placed into a chamber consisting of a cover slip and a
small polished silicon plate that served as a mirror of the
interferometer. This sandwich was held in a metal frame
and sealed.

For fluorescence microscopy, 5-7 ul of Xenopus cyto-
plasmic extract diluted 1 : 3 (v/v) with acetate buffer sup-
plemented with ATP regenerating system and 1 pg/ml
DiCOq (3,3'-dihexyloxacarbocyanine iodide) was placed
on a slide, covered with a coverslip, and sealed with
VALAP (Vaseline—lanolin—paraffin 1 : 1 : 1).

For some experiments the extracts were diluted with
acetate buffer containing one the following agents: 1%
Triton X-100, 50 uM nocodazole, 5 U hexokinase with
15 mM D-glucose, 100 uM orthovanadate, 2 uM okada-
ic acid, or 0.5 mg/ml of m74-2 monoclonal anti-dynein
IC antibody [5].

Unless stated otherwise all reagents were from
Sigma-Aldrich Chemie GmbH (Germany).
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RESULTS

VEC-DIC and fluorescence microscopy of ER network
formation. Incubation of interphase-arrested extract from
Xenopus eggs at room temperature led to the formation of
an extensive tubular membrane network of ER in vitro.
Membrane plaques became attached to the surface and
membrane tubules were pulled out by moving along micro-
tubule tracks in a dynein-dependent manner (Fig. 1a).
Evenly spread membrane networks were established within
20 min (Fig. 1b). Inhibition of microtubule assembly by
nocodazole or the dynein motor by dynein-specific anti-
body or by vanadate prevented the microtubule-dependent
ER network formation [5]. Nevertheless, in the presence of
nocodazole the ER networks started to form without
microtubules after 60 min of extract incubation and an
evenly spread membrane network could be observed with-
in 90 min (Fig. 1c) [6]. Thus, that there are two processes
responsible for ER network formation in Xenopus egg
extract, a microtubule/dynein-dependent process and a
microtubule-independent process, and there is a particular
timing associated with the two processes. We suggest that
the first phase is initiated by the polymerization of micro-
tubules and the motor function of cytoplasmic dynein,
while the second phase, which occurs about an hour later,
is initiated by unknown cytosolic factors that modify and
control the membrane fusion reaction.

Digital phase images of ER during network formation.
Since the local fluctuations of optical path difference
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(OPD) in biological specimens can be measured with
high accuracy by DP microscopy (see “Materials and
Methods”), we used this method to analyze dynamic
processes during ER network formation.

Within the first 5 min of extract incubation, when
microtubule assembly was taking place and ER networks
just started to form, very few objects with high OPD con-
trast were detectable by DP microscopy (data not shown).
After 10 min of incubation, when the ER network could
clearly be observed by VEC-DIC and fluorescence
microscopy, objects with high OPD contrast could also be
visualized by DP microscopy (Fig. le). The recorded
images of high intensity OPD objects appeared partially
blurred because of the relatively high speed of the moving
ER membranes along microtubules (~2 pm/s) and the slow
acquisition time of the digital image of 16.4 s. After 20 min,
when the ER network had evenly spread, we observed high
contrast OPD objects with morphology similar to that of
the ER visualized by fluorescence microscopy (Fig. 1f).
The high contrast OPD objects were also observed in the
presence of nocodazole after 90 min of extract incubation
(data not shown). To place the scan lines for the dynamic
measurements, areas with objects of high OPD contrast
were identified by digital phase images (Fig. 2a), thereby
increasing the probability that a chosen 2 um long scan
lines crossed the objects with high OPD contrast (Fig. 2¢).
This method proved especially useful in the early stages of
ER network formation, when only few objects with high
OPD contrast were detectable by DP microscopy.

Fig. 1. Comparison of fluorescence and DP images of ER network. a, b) Images taken by fluorescence microscopy at 7 and 20 min after ini-
tiation of ER network formation in the presence of microtubules. ¢) Image taken by fluorescence microscopy at 90 min after initiation of ER
network formation in the absence of microtubules. d) Enlarged image of the 6 x 8 um area shown in (b). ¢) Pseudo color digital phase image
(6 x 8 um or 96 x 128 pixel) taken by DP microscopy 10 min after induction of ER network formation. The ER network just started to form.
f) Pseudo color digital phase image (6 x 8 um or 96 x 128 pixel) taken 20 min after induction of ER network formation. The ER network has
formed. g) The scale of OPD values in nm for the digital phase images (e, f).
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Fig. 2. Sampling of OPD values of Xenopus egg extract preparations undergoing ER network formation by DP microscopy. a) Pseudo color
digital phase image (6 x 8 um or 96 x 128 pixel) where the scan line (2 um or 32 pixel) was chosen at the area with highest OPD contrast. b)
The track chart (16 s x 1.9 um or 512 x 30 pixel) obtained by periodic scanning along the scan line shown on (a) at 32 ms for 16 s. ¢) OPD
profile along the X-axis at the time point 10.5 s on the time-axis (P-1). d) OPD recording along the time-axis taken at X = 0.8 pm (P-2).

Characterization of dynamic aspects of egg extracts
during ER network formation by DP microscopy. To char-
acterize the dynamic aspects of the extract preparations
during ER network formation, we measured the OPD
fluctuations of high contrast objects in these preparations.
OPD values were recorded by fast (30-35 ms) periodic
scanning along the scan lines. As mentioned above, posi-
tioning of the scan lines (over high contrast objects) was
determined by the digital phase images. Measurements
were taken at 1 to 10 min intervals during network forma-
tion. Rapid periodic scanning yielded track charts as
illustrated in Fig. 2b. The analysis of horizontal sections
over the track charts provided OPD profiles, i.e. phase
height profiles at a given time point along the scan line.
These profiles revealed that the apparent size of different
structures with high density varied from 200 to 1500 nm
in diameter and from 4 to 50 nm in height. An example of
a phase height profile along a 2 pm long scan line (P-1) is
shown in Fig. 2c¢. The vertical section of the track chart

(P-2) represents the OPD changes for one pixel over time
(Fig. 2d). Despite the time-dependent changes in diame-
ter and height of the structures, morphology and apparent
size of these structures were very similar to those observed
by VEC-DIC and fluorescence microscopy.

Spectral analysis of all such OPD recordings revealed
that about 80% of the analyzed 2D spectral patterns con-
tained regions of intense OPD fluctuation. Further analy-
sis yielded spectral patterns with dominating frequency
components within the range of 1.6-2.2 Hz. A typical 2D
spectral pattern with an area of intense OPD fluctuation
with a dominating frequency of about 1.9 Hz is shown in
Fig. 3a. The Fourier spectrum taken at the center of the
active area at X = | um yielded a high contrast at 1.9 Hz
with a small bandwidth (Fig. 3b). The lateral extension of
the region of 1.9 Hz oscillations on the scan line coincid-
ed with the apparent diameter of a high spectral density
structure (Fig. 3¢). Occasionally, low-frequency compo-
nents (<1 Hz) could also be distinguished (Fig. 3, a and
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b). However, the extent and spectral density of these low-
frequency components were very variable and they were
detectable in almost all extract preparations independent-
ly of incubation time. Therefore, only the regions of high
density of 1.6-2.2 Hz signal, named 2-Hz component for
convenience, were considered as the specific feature in
interphase-arrested extract during ER network forma-
tion.

ER network formation as a requirement for 2-Hz
component of OPD oscillations. While it was not possible
to identify the objects with OPD fluctuation by DP
microscopy directly, the periodic fluctuations could nev-
ertheless be attributed to the ER membrane system. To
characterize the identity of the objects responsible for the
2-Hz component of OPD fluctuations, we incubated
interphase-arrested extract under different conditions
inhibiting or stimulating ER network formation.

When membranous organelles were solubilized by
the adding 1% Triton X-100 to the extract, the micro-
tubules still exhibited their typical gliding motion over the
cover slip surface as observed by VEC-DIC microscopy
(data not shown). However, under these conditions we
detected neither ER movement nor ER network forma-
tion by VEC-DIC and fluorescence microscopy nor
objects with high OPD contrast by DP microscopy. Only
objects, most probably microtubules, with relatively low
OPD contrast were observed, and the OPD fluctuations
of these objects did not display any particular periodicity
of oscillation. The 2-Hz component with high spectral
density was absent (Fig. 4 and table). Thus, we concluded
that membrane organelles appear to be involved in gener-
ating of the 2-Hz component with high spectral density
rather than microtubules gliding over the cover slip sur-
face.

Because microtubules and microtubule-dependent
motor dynein play a central role in the stimulation of ER
network formation, their requirement for the process of
ER network formation and the presence of 2-Hz compo-
nent with high spectral density of membrane oscillation
was tested. In extracts treated with nocodazole, micro-
tubule assembly was blocked and the ER network forma-
tion, which normally occurs within 20 min of incubation,
was inhibited. In the absence of microtubules the objects
with high OPD contrast could still be observed, but a
2-Hz component with high spectral density was not pres-
ent (Fig. 4 and table). The 2-Hz component was also
absent when the function of microtubule-based motors
was blocked either by ATP depletion, by treatment with
100 uM vanadate which blocks the ATPase activity, or by
treatment with the dynein intermediate chain-specific
monoclonal antibody m74-2 that disrupts the
dynein—dynactin interaction (Fig. 4 and table). In con-
trast, when microtubule-dependent network formation
was stimulated according to Allan [16] with okadaic acid,
the spectral density of the 2-Hz component was increased
more than 2-fold in comparison to untreated extracts

BIOCHEMISTRY (Moscow) Vol. 79 No. 9 2014

911

—_
o
1

Frequency, Hz
(é)]
1
I

30 b
20
10
N
T
N
IS
c
>
-*é 2 6 10
2 Frequency, Hz
© C
13
()
Q.
n
207
104

X, um

Fig. 3. Analysis of track charts. a) A typical 2D spectral pattern
obtained by spectral analysis of the OPD recordings at each pixel
along the X-axis of the track chart shown on Fig. 2b. The arrow
indicates the area of enhanced fluctuation density and dominat-
ing frequency at 1.9 Hz. b) Fourier spectrum taken at the center
of the area indicated in (a). The prominent peak of spectral den-
sity at 1.9 Hz can be seen. c) Profile of spectral density taken at
1.9 Hz along the X-axis of the 2D spectral pattern shown in (a).
The width of the area with a dominating frequency at 1.9 Hz is
about 0.5 um.

(table). Taken together, our data demonstrated that the
2-Hz component of OPD fluctuations is associated with
ER network formation.

The 2-Hz component as kinetic parameter for active
periods of ER network formation. Because the periodic
oscillations of ER in interphase-arrested extracts were
detected only during the periods of ER network forma-
tion, we determined how the spectral density of the 2-Hz
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Fig. 4. Effects of inhibitors of microtubule-dependent ER network formation on the 2-Hz component. Typical examples of Fourier spectra
taken at the center of the 2-Hz component area after treatment of Xenopus egg extracts either without additions (control) (a) or with 1% Triton
X-100 (b), with 50 uM nocodazole (c), with 5 U hexokinase and 15 mM glucose (d), 100 uM orthovanadate (e), or 0.5 mg/ml monoclonal
antibody m74-2 against the dynein intermediate chain (f). All additions block the ER network formation and the appearance of the peak of

high spectral density at frequency 1.6-2.2 Hz.
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Effect of inhibitors and stimulator of microtubule-dependent ER network formation on the spectral density of 2-Hz

component
Additions Spectral density of 2-Hz Number of track charts Number of digital phase
component (nm?/Hz) = SD analyzed images taken*
No additions 28.6 £ 4.5 100 35
Triton X-100 12.1 £2.1 20 7
Nocodazole 12.1 £2.0 20 7
Hexokinase + glucose 11.8 £2.3 40 15
Vanadate 142+34 20 7
m74-2 antibody 15.4 £ 3.7 40 15
Okadaic acid 65.5+6.8 20 7

* All digital phase images were taken between 10 and 20 min after initiation of microtubule-dependent ER network formation in Xenopus egg

extracts.

component changed with time. A typical profile of spec-
tral density of the 2-Hz component during ER network
formation in the presence of microtubules is shown in
Fig. 5a. As expected, an increase of spectral density was
observed after 5-7 min of extract incubation, which coin-
cides with the initial stages of ER formation as confirmed
by VEC-DIC and fluorescence microscopy. Within these
30 min the spectral density slightly changed as reflected
by 1, 2, or 3 peaks between 5 and 35 min. At about 40 min
the spectral density decreased dramatically despite of the
presence of a fully developed ER network as observed by
both VEC-DIC and fluorescence microscopy. An addi-
tional peak of spectral density was detected at 50 min, fol-
lowed by a late period of enhancement of spectral density
at 90-100 min of incubation (Fig. 5a).

After longer periods of extract incubation the ER
network also formed in the absence of microtubules, ¢.g.
during nocodazole treatment (Fig. 1c). Indeed, the high
spectral density 2-Hz component remain absent during
the first 60 min of extract incubation in the presence of
nocodazole (Fig. 5b). A peak of high spectral density was
first observed around 70 min when the ER network was
first detectable by VEC-DIC and fluorescence
microscopy. Elevated spectral density of the 2-Hz com-
ponent lasted for only about 20 to 30 min, although the
ER network remained stable as seen by both VEC-DIC
and fluorescence microscopy. As in the presence of
microtubules, the late period of enhancement of spectral
density of 2-Hz component was also observed in nocoda-
zole-treated extracts at 90-100 min (Fig. 5b).

Under ATP depletion conditions no 2-Hz compo-
nent with increased the spectral density was detected dur-
ing 120 min of extract incubation (Fig. 5c). Thus, we
clearly confirmed the finding of Dreier and Rapoport [6]
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that both microtubule-dependent and microtubule-inde-
pendent ER network formation as well as the 2-Hz com-
ponent require ATP.

Based on these observations we conclude that the
spectral density of the 2-Hz component reflects active
stages during ER network formation and can be consid-
ered as a kinetic parameter of this process. Because sever-
al peaks of spectral density were observed, our data sug-
gest that the complex process of ER network formation
has several active and inactive phases.

DISCUSSION

Using the method of DP microscopy, we have stud-
ied the process of ER network formation in Xenopus egg
extract. DP microscopy, which is based on direct OPD
measurements, allowed us to detect fluctuations of the
refractive index both near the glass surface and in bulk
solution of the specimen [9-11]. Our data lead to the con-
clusion that the ER or components therein exhibit peri-
odical changes of the refractive index at a frequency of
1.6-2.2 Hz (2-Hz component) during reticular network
formation. These oscillations were strongly dependent on
the presence of ATP but independent of the presence of
the microtubules or the action of the ER-associated
motor enzyme dynein.

The mechanism of the periodical ER oscillations
remains unknown. However, OPD-oscillation seems to
be a common feature of several membrane organelles
from various animal cells. Submicron fluctuations of the
plasma membrane in the frequency range of 0.2-40 Hz
have been detected in cells, such as erythrocytes [17],
lymphoid cell lines [18], fibroblasts, and cardiomyocytes
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Fig. 5. Time course of spectral density of the 2-Hz component
during ER network formation. Spectral density of 2-Hz compo-
nent is shown in the presence of microtubules (a), in the absence
of microtubules after nocodazole treatment (b) and after ATP
depletion with 5 U hexokinase and 15 mM glucose (c). Each time
course is representative of three experiments.

[19]. In vitro experiments with erythrocyte ghost prepa-
rations have shown that cell membrane fluctuations in
the frequency range of 0.3-5 Hz depended on ATP and
could be attributed to the ATPase activity of actin fila-
ments [20]. Furthermore, our previous studies indicate
that mitochondria isolated from liver and heart also con-
tain an oscillating component. In this case the spectral
density of the 2.10-2.25-Hz component was strongly
dependent on ATP [21]. In many cases the exact mech-
anism that generates these oscillations remains to be
identified. In Xenopus egg extract the oscillation was
found to be an intrinsic property of ER undergoing net-
work formation. Therefore the network formation is
requirement for the generation of the oscillation.
However, presently the identification of a biological sub-
strate or process responsible for the periodical ER is not
possible because the mechanism of ER network forma-
tion without microtubules and actin filaments is still
largely unknown.

VYSHENSKAYA et al.

In Xenopus egg extract the dominant 2-Hz compo-
nent appears to be present during three phases of ER net-
work formation. The early phase occurs about 10 min after
incubating the egg extract and coincides with the micro-
tubule- and dynein-dependent network formation. The
second phase occurs about 1 h after incubating the extract
and coincides with a microtubule- and actin filament-
independent network formation. The third phase occurs
about 1.5 h after incubating and its origin is unknown.

Several previous in vitro assays of Xenopus egg
extracts indicated a direct role of microtubules in the ER
network formation [3-5, 22]. Because these assays
allowed only the observation of microtubules and mem-
brane tubules close to the glass surface of a specimen,
Dreier and Rapoport [6] suggested that only surface-
attached microtubules stimulate ER network formation
and have no effect on general ER network formation in
the bulk of the solution. Indeed, when we reproduced the
stimulatory presence of microtubules, both VEC-
DIC/fluorescence microscopy and DP microscopy
detected more rapid ER network formation. In the pres-
ence of microtubules the prominent peak of the 2-Hz
component was measured in extracts much earlier (after
10 min of incubation at room temperature), while in the
absence of microtubules it occurred only after 60 min.
Microtubules did not change the frequency of the oscil-
lating component in the ER. Therefore, we propose that
microtubules and dynein activity have stimulatory effect
on ER network formation without altering the basic
membrane fusion mechanism responsible for ER network
formation at the molecular level.

Measuring the long-term changes of spectral density
of the 2-Hz component during both the microtubule-
dependent and the microtubule-independent ER network
formation resulted in an unexpected finding. Because the
2-Hz frequency appears to be generated by ER mem-
brane tubules or by a component associated with the ER
membranes, we expected that after ER network forma-
tion the spectral density of the 2-Hz component would
reach a steady state at some high level. However, the spec-
tral density declined after the ER network had been
formed. Usually three major early peaks of spectral den-
sity of the 2-Hz component were detected in the presence
of microtubules and two additional late peaks occurred
both in the presence and in the absence of microtubules
(Fig. 5). Therefore, we suggest that the enhancement of
spectral density of the 2-Hz component is associated only
with active stages of the ER network formation. The early
waves during normal network formation are not observed
in microtubule-deficient situations. ER does not always
oscillate periodically, but only when it undergoes active
stages during the process of network formation. Thus, the
process of ER network formation appears to have several
active phases. Since an ATP regenerating system was
present we can exclude the possibility that these activity
waves are due to fluctuations in ATP levels.
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Both in presence and absence of microtubules we
observed a peak of spectral density of 2-Hz component at
90-100 min. It is expected that the 90-100 min peak also
reflects an active stage of ER network. Interestingly, under
conditions used this peak appeared at about the same time
as the transition of interphase extract to metaphase extract
occurs in the presence of delta cyclin B (our unpublished
data). Therefore, it will be very important to compare the
dynamics of microtubule-dependent ER network forma-
tion with actin filament-dependent formation in
metaphase-arrested extract. However, we cannot exclude
the possibility that ER network formation has its own bio-
logical clock working independently but synchronously
with the cell cycle as found for centrosome duplication [23].

Notably, the area of the peaks, i.e. the total activity of
the spectral density of the 2-Hz component detected in the
presence of microtubules, was equal to that in their
absence, which indicates that the same ER membrane-
associated process may be involved in both microtubule-
dependent and microtubule-independent network forma-
tions. Furthermore, stimulation of ER network formation
by activating signal cascades activates the amplitude of the
2-Hz oscillations in microtubule-dependent ER forma-
tion. The major 60-80 min peak of the 2-Hz component
that was detected without microtubules was not observed
with microtubules (Fig. 5). These data indicate that micro-
tubules have a strong influence on the kinetics of ER net-
work formation that can occur without microtubules.
Therefore, we suggest that the two mechanisms, the micro-
tubule-dependent and the microtubule-independent ones,
have to cooperate with each other during ER network for-
mation in vitro and in vivo. The influence of microtubules
on ER network formation and membrane properties as well
as the nature of the 2-Hz component need to be further
elucidated. For the later one can propose that fluctuations
of membrane potential connected with the activity of
membrane AT Pases generate periodic oscillations of ER.
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