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FIGURE 3.9 (See color insert following page 208.) Mechanoosmotic model of a Paramecium cell in an
(A) isosmatic, (B) hypoosmotic, or (C) hyperosmotic solution. The model is drawn as a cylinder with a
semipermeable piston (bar labeled SM) that is fixed to the bottom of the cylinder by a coil spring (Mj).
The piston and the coil spring correspond to the semipermeable cell membrane and its elasticity (the bulk
modulus of the cell), respectively. The inside and outside of the cylinder correspond to the cytosol and the
external solution, respectively. Medium gray corresponds to the cytosolic osmolarity (C.,), lighter gray to
an osmolarity of the external solution (C,,) lower than C.,, and darker gray to a C,, higher than C_,. A
dotted area in the cylinder corresponds to an osmotically nonactive portion of the cell (na). The corre-
sponding cell shape is shown below each model. When C,,, = C_, (A), no osmotic water flow takes place
across the piston, so the coil spring is neither expanded nor compressed; that is, the cell is neither swollen
nor shrunken. The length of the coil spring in this situation corresponds to its natural resting length. The
corresponding cell volume is thereby termed the natural cell volume (vN). When C,, is lowered below C,,
(B). water osmotically flows into the cylinder through the piston (water inflow, Q,.; downward blue-bordered
black arrow). Q,. is proportional to the osmotic pressure of the cytosol with reference to the external
solution so + ., (upward black arrow) can be obtained from Equation 1, where A is the area of the
semipermeable cell membrane and L, is the hydraulic conductivity of the membrane. A hydrostatic pressure
in the cytosol with reference to the external solution P, (downward white arrow) is generated as the coil
spring is expanded by the water inflow (the cell is osmotically swollen) and causes a water outflow from
the cylinder through the piston (upward blue-bordered white arrow labeled Q). which is proportional to
P. (Equation 2). Q. cancels Q,. and the overall water flow across the piston becomes 0 when the cell
swells to a level where P., = -, and, therefore, Q. = Q,. (Equation 3). Inversely, when C,,, is raised
beyond C., (C), the water osmotically leaves the cylinder through the piston (the water outflow; upward
blue-bordered black arrow labeled Q,.), so the coil spring is compressed (the cell is osmotically shrunken)-
A negative hydrostatic pressure with reference to the external solution is thereby generated in the cylinder
and causes a water inflow through the piston (downward blue-bordered white arrow labeled Q,;). The overall
water flow across the piston becomes 0 when the coil spring is compressed to a level where P, =+, and,
therefore, Q,; = Q,. (Equation 3). For discussion see Baumgarten and Feher.'” Abbreviations: v,,, volume
of the osmotically nonactive portion of the cell (na); v, cell volume; « v, volume change after changing the
external osmolarity.
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where v, is the volume of the osmotically nonactive portion (nonaqueous phase) of the cell (F igure
3.9). For each C,4, range (C,q < 75, 75 < C,q4 < 160, Or 160 < C.g < 245 mmol/L), N can be
written as:

N+ Cyovy =V, * (3.5)

because C, = Cy and v = v\, when C,,, = C,.

The vaTues for Coy * o aNd Mg can be estimated from the data in Figure 3.10A and Figure
3.8A according to Equations 3.1 to 3.5 based on the assumption that v,, remains constant in the
specific C,q, range employed, as represented in Figure 3.8 (B, C,,; C, * o Dr Mg ). The value
for v,, is not available at present so we employed two different plausible values for v,,: 20 and
40% of the cell volume of cells growing in the original culture medium (84 mOsmol/L) for the
estimation (black and gray lines in Figure 3.8B, C, and D correspond to 20 and 40%, respectively).
Changes in these parameters caused by a change in C,4, are essentially the same for the two different
V,, cases; that is, ¢ o 15 highest (greater than ~1.6 « 10° Pa) at its lower C.,qp Vvalues in each range,
where the difference between C_, and C,,, is largest, and it is almost 0 at the highest C,q Values
because, at these values, their di?‘ference is essentially O (Equation 3.1).

That the cell volume decreases continuously as the adaptation osmolarity increases (Figure
3.8A), even though the cytosolic osmolarity increases stepwise (Figure 3.8B), implies that the
resistance by the cell to volume change (its M;) also increases stepwise at each critical osmolarity
as C,, increases. M is highest at the highest C,, values in each osmolarity range, and the highest
value in each C,, range is larger in the higher osmolarity range (~12, ~17, and ~114 « 105 Pa at
75, 160, and 245 mOsmol/L for C,,, respectively). For an easier understanding of the mechanoos-
motic behaviors of a Paramecium cell, a cell model is presented in Figure 3.9 that is consistent
with the mechanoosmotic behaviors exhibited by the cell when the external osmolarity is changed.

B. Recuiatory VoLume ConTroL
1. Time Course of Change in Cell Volume after Changing the External Osmolarity

When a cell adapted to a specific C,, is transferred into another solution with an osmolarity (C.,,)
different from the C,, the « ., changes so the cell volume will change until a new balance for
and Pqrl is established (Equations 3.1 and 3.2). The time courses for the changes in volume of 16
groups of cells adapted to different C,q, after they were each transferred into a different stimulatory
Cym are shown in Figure 3.10. C,,, and C,,, for each group are visualized by vertical arrows in
each corresponding inset. Downward and upward arrows correspond to a decrease and an increase,
respectively, in the external osmolarity upon subjection of a cell to the stimulatory C,,,. The number
at the tail end of each arrow indicates the C,4, and the number at the head end indicates C,,, in
mOsmol/L. The length of each arrow corresponds to the amount of change in the external osmolarity
upon subjecting the cell to C, (black, gray, and light gray arrows correspond to 60, 40, and 20
mOsmol/L of change, respectively). A horizontal bar that crosses an arrow corresponds to a C,, (75
or 160 mOsmol/L) and is placed on the same osmolarity scale with that for the arrows. When the
arrow crosses a horizontal bar, the external osmolarity is changed beyond a C,, (Figure 3.10A, C,
D, F, H, 1); when the arrow does not cross a horizontal bar, the external osmolarity is changed in
an osmolarity range where no Cy is crossed (Figure 3.10B, E, G, J). Some representative microscope
images of the cells adapted to different C,,, before and 15 and 30 min after subjecting the cell to
a different C,,, are shown in Figure 3.11.

2. Activation of RVD

When the external osmolarity is decreased (C,,, < C,q; see Figure 3.10A-E, downward arrows),
cell volume increases with time to a higher level (osmotic swelling). The cell volume then resumes
its initial level only if the osmolarity decrease crosses a C, (Figure 3.10A, C, D; see also Figure
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FIGURE 3.10 Time courses of change in cell volume after decreasing (A-E) or increasing (F-J) the external
osmolarity in 16 different groups of Paramecium multimicronucleatum. Black, gray, and light gray circles
correspond to changes in the external osmolarity by 60, 40, and 20 mOsmol/L, respectively. Arrows in the
insets show (1) the direction of the osmolarity change (i.e., downward corresponds to its decrease and upward
to its increase), and (2) the degree of change in the osmolarity (i.e., the long black, medium gray, and short
light gray arrows correspond to 60, 40, and 20 mOsmol/L changes, respectively). The number at the tail end
is the adaptation osmolarity (C,), and that at the head end is the changed osmolarity (C,,) in mOsmol/L. A
horizontal bar across the arrow corresponds to a critical osmolarity (C,), where the change in osmolarity has
crossed a Cy. The value for the C, is shown as a number beside the bar. See the text for details. (Adapted
from Iwamoto, M. et al., J. Exp. Biol., 208, 523, 2005. With permission.)

3.11B). By contrast, the cell volume stays at the higher level if no Cy is crossed (Figure 3.10B, E;
see also Figure 3.11A). These findings imply that an outward-directed osmolyte-transport mecha-
nism that decreases C., (with subsequent cell volume decreases) is activated when C,, is decreased
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FIGURE 3.11 Four sets of three consecutive pictures of a representative cell each obtained from a different
group of Paramecium multimicronucleatum cells adapted to one of four different osmolarities taken at 0, 15,
and 30 min, respectively, after changing the external osmolarity by 60 mOsmol/L. (A) A 144-mOsmol/L-
adapted cell was subjected to 84 mOsmol/L. (B) A 84-mOsmol/L-adapted cell was subjected to 24 mOsmol/L.
(C) A 4-mOsmol/L-adapted cell was subjected to 64 mOsmol/L. (D) A 64-mOsmol/L-adapted cell was
subjected to 124 mOsmol/L. A white arrowhead points to an indentation of the cell caused by osmotic shrinkage
of the cell. The top of each cell image corresponds to the anterior end of the cell. A number on the upper left
corner of each picture is the time in minutes, after changing the external osmolarity, when the picture was
taken. Scale bar, 50 « m. (From Iwamoto, M. et al., J. Exp. Biol., 208, 523, 2005. With permission.)

beyond a C. This osmolyte-transport mechanism corresponds to a regulatory volume decrease (RVD)
mechanism (see Chapter 2).

It is clear from the figures that the following are not directly correlated with the activation of
RVD: (1) the amount of decrease in the external osmolarity, represented as the length of a downward
arrow; (2) the maximum amount of swelling of the cell, represented as a peak or plateau value for
cell volume; and (3) the rate of increase in cell volume, which corresponds to the tangent to the
time course of cell volume change after decreasing the external osmolarity.

As is shown in Figure 3.8C, P, of an adapted cell is highest when C,,, is lowest—that is,
close to C in a given C,, range (as at ~75 in the C,4, < 75 mOsmol/L range or ~160 in the 160
< Cygp < 245 mOsmol/L range), as the cell is maximally swollen at this C,,, value (Figure 3.8A).
If a cell adapted to an osmolarity in one of the above C,,, ranges is subjected to an external
osmolarity lower than the C, at the lower end of the range, the cell would be expected to swell
more than the maximal value observed and P, should increase beyond the highest value obtained.
In contrast, however, P_, does not exceed the highest value when the adapted cell is subjected to
an osmolarity increase within the specific C,q4, range. It is therefore concluded that an increase in
P, beyond the highest value is a primary factor required for activation of RVD.

Currently, we do not know how an increase in P, beyond the highest value (the threshold
value) will cause RVD to be activated. There might be a pressure sensor or a tension sensor in the
cell membrane that is triggered by osmotic swelling of the cell that may, in tumn, activate the RVD
system to release osmolytes from the cell across its membrane.
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The threshold P, is approximately1.5 to 1.9 + 10° Pa (Figure 3.8C). The threshold membrane
tension estimated from the P, value approximates 2 N/m, which is thousands of times larger than
the threshold tension required for activation of some mechanosensitive ion channels.®®" This high
pressure must be countered by the expansion of a cytoskeletal system that lines the plasma membrane
or the cell pellicle, which has a high bulk modulus. The tension in the plasma membrane, where the
hypothetical RvD mechanism is thought to reside, when expanded to the same degree as the cytosk-
eleton, would appear to be much lower than that of the estimated tension in the cytoskeletal lining.

3. Activation of RVI

When the external osmolarity is increased (C,, > C,4, Figure 3.10F-J, upward arrows), the cell
volume decreases with time to a lower value. It then resumes its initial value when the osmolarity
increases beyond a C,, (Figure 3.10F, H, I; see also Figure 3.11D). In contrast, cell volume remains
at the lower value when the increase in external osmolarity occurs within a range where no C,, is
crossed (Figure 3.10G, J; see also Figure 3.11C). These findings imply that an inward-directed
osmolyte-transport mechanism that increases C,, (cell volume consequently increases) is activated
when C, is increased beyond a C,,. This osmolyte-transport mechanism corresponds to a regulatory
volume increase (RV1) mechanism. As is similar to the case for RVD, the amount of increase in
the external osmolarity (the length of the upward arrows), the maximum amount of decrease in
cell volume (the lower peak or plateau value for cell volume), and the rate of decrease in cell
volume (the tangent to the time course of cell volume change) after increasing the external
osmolarity are not directly correlated with the activation of RVI.

As shown in Figure 3.8C, P, of an adapted cell is almost 0 when C,,, is highest in a specific
Cq range where no C, is included (as at ~75 in the C,4, < 75 mOsmol/L range or ~160 in the 75
< C,q4 < 160 mOsmol/L range), as the cell is neither swollen nor shrunken at a C,q, that is close
to C,. If a cell adapted to a given osmolarity is subjected to an external osmolarity higher than C,
at the border of this C,, range that includes the given osmolarity, P, should become negative and
the cell would shrink. Because P, never becomes negative when the external osmolarity is increased
within the given osmolarity range, it is therefore concluded that a decrease to 0 or a negative P,
is the primary factor required for activation of RVI. The cell shrinks and the cell membrane wrinkles
when P, becomes 0 (Figure 3.11D, white arrowhead). A 0 or negative pressure sensor or a wrinkle-
sensitive mechanosensor must be involved in the activation of RVI.

4. Regulatory Volume Control Involves K+ Channels of the Cell Membrane

When a stimulatory solution contains 10 mmol/L tetraethylammonium (TEA) (a potent K* channel
inhibitor), adapted cells that would normally be stimulated to undergo RVD or RVI are not so
stimulated. In these cells, the volume increases (upon decreasing the external osmolarity) or
decreases (upon increasing the external osmolarity) to a new plateau level without returning to their
initial volumes. In the presence of 30 mmol/L of K*, RVD is also inhibited so the cell volume
increases without showing a resumption of the initial volume after decreasing the external osmo-
larity to a point that RVD should have been activated. On the other hand, RV is enhanced so cell
volume is restored more quickly then normal after increasing the external osmolarity to a point
where RVI would normally be activated.>* These findings strongly suggest that K* channels in the
plasma membrane of the cell are involved in regulatory volume control mechanisms in Paramecium
in both RVD and RVI. Involvement of several kinds of K* channels in regulatory cell volume
control has been demonstrated in several cell types.' %2818 (A|so refer to Chapter 2.)

C. Cew Vorume ControL anD CVC Activity

Four representative time courses of change in the CVC activity presented as R after changing the
external osmolarity by 60 mOsmol/L are shown in Figure 3.12. In Figure 3.12A, a 164-mOsmol/L-
adapted cell was subjected to 104 mOsmol/L; the external osmolarity was decreased beyond a C,,
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FIGURE 3.12 Four representative time courses of change in the rate of fluid segregation and discharge by
the contractile vacuole (R.,) after changing the external osmolarity by 60 mOsmol/L in Paramecium multi-
micronucleatum. (A) A 164-mOsmol/L-adapted cell was subjected to 104 mOsmal/L. (B) A-144 mOsmol/L-
adapted cell was subjected to 84 mOsmol/L. (C) A 104-mOsmol/L-adapted cell was subjected to 164 mOs-
mol/L. (D) A 84-mOsmol/L-adapted cell was subjected to 144 mOsmol/L. An arrow in each inset shows the
direction of change in the external osmolarity; the downward arrow (A, B) corresponds to a decrease, while
the upward arrow (C, D) to an increase. A number at the tail end shows the adaptation osmolarity and that at
the head end shows the changed external osmolarity in mOsmol/L. A horizontal bar that crosses the arrow
corresponds to a Cy, indicating that the change in the external osmolarity crossed a C,. A number beside the
bar is the osmolarity of the C,. (From Iwamoto, M. et al., J. Exp. Biol., 208, 523, 2005. With permission.)

of 160 mOsmol/L so RVD was activated and the cell volume returned to normal. The corresponding
time course of change in cell volume is shown in Figure 3.10A. In Figure 3.12B, a 144-mQsmol/L-
adapted cell was subjected to 84 mOsmol/L; the osmolarity change was made without crossing a
Cy 50 RVD was not activated and the cell volume remained higher than normal. The corresponding
time course of change in cell volume is shown in Figure 3.10B. In Figure 3.12C, a 104-mOsmol/L-
adapted cell was subjected to 164 mOsmol/L; the external osmolarity was changed beyond a C,,
of 160 mOsmol/L so RVI was activated and the cell volume approached a normal value. The
corresponding time course of change in cell volume is shown in Figure 3.10F. In Figure 3.12D, an
84-mOsmol/L-adapted cell was subjected to 144 mOsmol/L; the osmolarity change was made
without crossing a Cy so RVI was not activated and cell volume remained below normal. The
corresponding time course of change in cell volume is shown in Figure 3.10G.

In the cases of osmolarity decrease, R, appeared to increase in parallel with an increase in cell
volume; that is, R increased as cell volume increased after subjection of the cell to a 60-mOsmol/L
decrease in the external osmolarity. R, then decreased when the cell volume resumed its initial
value after activation of RVD (compare Figure 3.12A with Figure 3.10A), while R.,. remained
higher when the RVD was not activated; therefore, the cell volume also remained higher (compare
Figure 3.12B with Figure 3.10B).
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C.,. decreases as the cell osmotically swells. The reduction of C,, therefore, appears to be
involved in enhancing the R, activity. It is highly probable that control by the cell of the ratio
of osmolarity in the CV fluid (Ccyc) to cytosolic osmolarity (Cc,/C.,) is a primary factor for
determining the R. activity. When the ratio increases over the ratio existing before changing the
external osmolarity, Reyc will become higher. When the cell resumes its initial volume after
activation of RVD (Figure 3.10A), C,, is assumed to decrease to the same extent as the decrease
in external osmolarity. We previously reported that the ionic activities of the K+ and CI- ions in the
CV fluid are reduced stepwise similar to the overall cytosolic osmolarity that follows RDV activa-
tion." Thus, the CV fluid is also affected by RDV activation, and the cell keeps its ratios of K*
and CI- activities in the CVC to those in the C,, more or less constant at ~2.4 (Table 3.1)."° Reyc,
therefore resumes its previous value as the cell volume resumes its initial value (Figure 3.12A).
Quantitative analysis of the relationship between the C,./C, ratio and R, is necessary to
understand the control mechanism of the rate of water segregation by the CVC (R¢yc).

On the other hand, the time course of change in R, after increasing the external osmolarity
by 60 mOsmol/L was essentially the same, independently of whether RVI was activated or not
(compare Figure 3.12C and D with Figure 3.10F and G, respectively), That is, R.,c became 0
immediately after the cell was subjected to an increase in the external osmolarity. It began to recover
around 30 to 40 min after increasing the external osmolarity and then gradually increased with
time. These findings imply that a decrease in cell volume or a concomitant increase in C.,, or a
decrease in C,c/C.,, Caused by an increase in the external osmolarity, is not directly correlated
with the inhibition of Rgc. In fact, as explained earlier, we have determined that the decorated
tubules, which bear the electrogenic V-ATPases, immunologically disappear when the cell is
subjected to increases in external osmolarity, and it takes 60 to 120 min for the CVC membrane
potential to return again to its plateau value of +80 mV.* R cannot return to normal until the
decorated tubules with their V-ATPases are reattached to the CVC.

It is unlikely that the CVC of Paramecium regulates the overall cell volume during either RVD
or RVI by extrusion of cytosolic water and osmolytes through the CV. The initial rapid increase in
Reye when the cell is subjected to a decreased external osmolarity will buffer the cell against mechan-
ical disruption that could result from a large initial osmotic swelling. Similarly, the rapid decrease in
Reve 10 0 upon subjecting the cell to an increased external osmolarity would eliminate the effects of
continued CVC activity upon the cell if excessive osmotic shrinkage were to occur. Dunham and his
colleagues®"'? had earlier suggested a role for the CV in buffering the osmotic changes in cell volume.

D. Parasitic PROTOZOA

Physiological responses to hypoosmotic stress have been studied in parasitic protozoa, such as
Trypanosoma,’® Giardia,® Crithidia,"® and Leishmania.'? These parasitic protozoa encounter a
wide range of fluctuation in external osmolarity as they progress through their life cycles; that is,
a single life cycle that begins in the gut of the intermediate host (insects) may end in the cytoplasm
of the definitive host (mammals). Docampo and his collaborators'' demonstrated that Trypanosoma
cruzi showed RVD in response to hypoosmotic stress in their various life-cycle stages. The major
osmolytes responsible for RVD are neutral and anionic amino acids instead of K* and Cl-, which
are the predominant osmolytes responsible for RVD in many cell types, including Parame-
cium, 486589110 The efflux is assumed to be mediated by some putative osmotic swelling-sensitive
organic anion channels.**% They also demonstrated that external Ca** ions were indispensable for
triggering RVD in T. cruzi. It is generally accepted in many cell types that external Ca?* ions that
enter the cytosol through osmotic swelling-sensitive Ca?* channels in the plasma membrane are
the mediators of RV D.%512 |nterestingly, control of the cytosolic Ca?* concentration by using Ca®*
ionophores showed little effects on the amino acid efflux responsible for RVD. They concluded
that, although Ca?* appears to play a role in modulating the early phase of amino acid efflux, it is
not a key determinant of the final outcome of RVD.
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IV. FUTURE WORK ON PROTOZOAN OSMOREGULATION
AND VOLUME CONTROL

One of the most pressing questions waiting to be answered in CVC research is the osmolarity of
the CV in protozoa other than Paramecium. Most Dictyostelium researchers seem to have accepted
the unproven conclusion that the CV of this cell is hypoosmotic to the cytosol.*6'97 This must be
confirmed or disproved using in situ techniques that can be applied to the living cells of these small
protozoa. In addition, the ion channels and osmolyte transport systems of the plasma membrane
and CVC membranes must be explored with regard to their possible osmoregulatory and water and
osmolyte secretion activities: biochemically, molecularly, and proteomically. Finally, as with the
osmolarity of the CV, the number of organisms investigated must be increased to look for differences
in the CVC cycle that may be revealed in different species.

Physiological studies on the regulatory volume control in Paramecium have only just begun;
therefore, various conventional physiological approaches are now required to compare physiological
characteristics of this specific cell with other cells for which more detailed physiological studies
have already been completed. The comparison will potentially lead to a better understanding of
physiological mechanisms underlying cell volume control. Some suggested experiments include
the following: (1) Continuous measurement of the cellular membrane potential after changing the
external osmolarity would reveal the dynamic change in the cytosolic K* concentration associated
with RVD or RVI, as the resting membrane potential of Paramecium is dependent predominantly
on K+.# (2) Continuous monitoring electrically with a Ca?*-sensitive microelectrode or photo-
metrically using a Ca**-sensitive dye of the cytosolic Ca?* concentration after changing the external
osmolarity would reveal the possible involvement of Ca?* in modulating RVD or RVI. (3) Exam-
ination of the effects of appropriate channel inhibitors on the time course of cell volume change
would reveal the ion channels that directly or indirectly participate in RVD or RVI.

To characterize RVD or RVI, simultaneous monitoring of associated cellular events such as
changes in cell volume, cytosolic osmolarity, membrane potential, cytosolic activities of K* and
CI, etc. are indispensable. We are developing a novel intracellular osmometer.® The tip of the
probe of the osmometer is ~2 » m in diameter so it can be inserted into the cell together with other
microelectrodes for measuring membrane potential and ion activity. The basic principles of the
microcapillary osmometer are illustrated in Figure 3.13. At present, the semipermeable Cu,Fe(CN),
plug at the tip of the probe is too short lived (-3 min) to be very useful. Development of a long-
lasting (at least 1 hr) semipermeable plug is necessary for the practical use of this technique.

The probe without a semipermeable plug can be used for monitoring the change in the hydro-
static pressure of the cytosol after changing the external osmolarity. Measurements of the cytosolic
pressure are indispensable for estimation of the volume of the osmotically nonactive portion of the
cytoplasm as well as the bulk modulus of the cell.
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An Intracellular Microcapillary Osmometer
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FIGURE 3.13 A novel intracellular microcapillary osmometer that can measure the osmolarity of the cytosol
with a time constant of less than 1 sec. The microcapillary probe (the tip of a glass microcapillary similar in
shape and dimensions to a conventional glass microcapillary electrode) is first plugged by a semipermeable
material such as cupric ferrocyanide. An osmotic pressure reference solution is then introduced into the
capillary and mineral oil is introduced to make a meniscus between the reference solution and the mineral oil
in the capillary. When the tip of the probe is inserted into a cell, water moves across the plug according to
an osmotic pressure difference between the reference solution and the cytosol, causing the meniscus to shift.
The shift of the meniscus is detected by a photosensor that produces an electric signal proportional to the
shift. The electric signal is amplified and fed into a pressure generator to generate a counter hydrostatic
pressure in the pressure chamber to which the probe is connected and prevent a shift of the meniscus. The
counter pressure required to prevent a shift in the meniscus is monitored by using a pressure sensor in the
pressure chamber. The output of the sensor (V;) corresponds to the counter pressure. The difference between
the counter pressure and the osmotic pressure of the reference solution is the osmotic pressure of the cytosol.
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Introduction

Communication between neurons or from neurons to
their target tissues takes place at a specialized struc-
ture called the ‘synapse’ (Greek meaning ‘to clasp’).
Synapses consist of two functionally and morpho-
logically distinct components: the presynapse, from
which neurotransmitter molecules are released, and
the postsynapse, where specific receptors for the
respective neurotransmitters are localized on the sur-
face and the complex signaling cascades proceed. As
such, one neuron can activate or inactivate connected
neurons or target tissues, depending on the transmit-
ter molecule they utilize for their signal transmission.
Based on electrophysiological experiments pioneered
by Katz and colleagues in the 1960s, it has been
postulated that neurotransmitters are released from
presynaptic terminals in discrete packets termed
‘quanta.” Electron microscopy revealed that at pre-
synaptic terminals, hundreds of small and round
membranous vesicles — synaptic vesicles (SVs) — are
clustered, which can be reasonably linked to the
quanta (Figure 1(a)). Furthermore, biochemical exper-
iments using isolated vesicles from mammalian brains
have proven that SVs exhibit a variety of transport
activities for major chemical transmitters. Based on
these findings, it is generally believed that SVs store
neurotransmitters and the fusion of SV membrane to
the plasma membrane elicits the quantal release of
neurotransmitters. Because of their important roles in
basic neural functions, much effort has been focused
on understanding the molecular machinery of SVs.
This article focuses on general features of SVs in
terms of morphology, biogenesis, and recycling and
their overall molecular composition.

General Features of Synaptic Vesicles as
an Organelle

Clustered at the nerve endings, SVs are one of the
most striking morphological hallmarks of presynaptic
terminals in electron micrographs. They appear to be
roughly homogeneous in size and shape, but it has
been determined that some heterogeneity exists
among them. Under certain experimental conditions,
their shape appeared to be of two types — almost
spherical and oval or flat. This difference may be an
experimental artifact presumably from the fixation

process. Interestingly, this difference in shape may
be associated with their transmitter content. It was
found that most excitatory, asymmetric glutamatergic
synapses contain spherical vesicles, and inhibitory,
symmetric, GABAergic synapses contain the latter.
Regardless of the functional significance, this obser-
vation has provided a possible morphological char-
acteristic to distinguish glutamatergic SVs and
GABAergic SVs.

Due to their uniformity in size and abundance in the
brain, it is feasible to isolate SVs with high purity and
in large amounts — a prerequisite for biochemical and
biophysical experiments (Figure 1(b)). Electron micro-
scopic observations of isolated SVs from rat brains
have revealed that the surface is uneven. They are
decorated with one or more prominent globular struc-
tures and several spiky or amorphous substructures
are observable under electron microscope. After pro-
teolytic digestion these structures are removed and the
rims of the lipid bilayer become clearly visible,
demonstrating that the vesicles are coated with pro-
teins on the surface (Figures 1(c) and 1(d)). As measured
by electron microscopy, their size varies substantially:
The diameter of the outer bilayer ranges from 35 to
50nm, with an average peak at 42 nm. The total dry
mass of an average SV was deduced from a combina-
tion of protein quantitation, lipid quantitation, and
SV particle counting, resulting in approximately 30
attograms (ag) per vesicle, which consists of 17 ag of
proteins and 12 ag of lipids. Assuming the thickness
of a lipid bilayer is 4 nm, the average inner volume
can be estimated as approximately 20 x 107"l
which provides enough space for approximately
1800 transmitter molecules at a concentration of
150 mM. Within these physical and molecular con-
straints, SVs are effectively equipped with a unique
set of proteins and lipids necessary for executing the
fundamental tasks in neurotransmitter release.

Biogenesis of Synaptic Vesicles

Like other proteins of the secretory pathway, most SV
proteins are synthesized at the endoplasmic reticulum
and processed through the Golgi apparatus for matu-
ration in the cell body of neurons (Figure 2(a)). Con-
ceptually, subdomains which selectively collect the
SV proteins bud off from the Golgi apparatus and
then travel along the axon to the presynaptic term-
inals. However, since no vesicles are as small as
mature SVs, and some larger nonuniform tubulove-
sicular structures are seen in the axons, SV constitu-
ents are thought to travel along the processes on
heterogeneous membranes termed SV precursors.
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Figure 1 Morphology of synapse and synaptic vesicles. (a) A transmission electron micrograph of synapse. The presynaptic terminal
(T) contains numerous synaptic vesicles (SVs) and mitochondria (Mit). A small portion of SVs is attached to electron dense structures at
the presynaptic plasma membrane termed the active zone (AZ), where exocytosis of SVs takes place. Opposite the AZ, there are electron
dense structures beneath the postsynaptic membrane termed postsynaptic density (PSD), where neurotransmitter receptors form
signaling complexes. D, dendrite; SC, synaptic cleft. (b) An electron micrograph of synaptic vesicle fraction. SVs were purified from
mouse whole brains, negatively stained, and imaged by transmission electron microscopy. Inset shows immunogold labeling of the
vesicles with an antibody against an SV marker protein, synaptophysin. Approximately 95% of the membranous structures are labeled.
(c, d) SVs before (c) and after (d) proteolysis imaged by cryo-electron microscopy. Scale bar = 1 um (a), 100nm (b, inset), 20 nm (c).
(a) Adapted from the George E. Palade EM Slide Collection at Yale University School of Medicine. (c, d) Reproduced from Takamori S,
Holt M, Stenius K, et al. (2006) Molecular anatomy of a trafficking organelle. Cell 127: 831-846, with permission from Elsevier.

Once formed, the SV precursor needs a pathway to  axon on distinct cargo, suggesting that segregation of
reach its destination. Microtubules are known to  the presynaptic proteins is initiated before they arrive
serve as the roads for transporting cargo. Motor pro-  at the terminals. The mechanism by which the SV
teins of the kinesin superfamily (KIFs) bind to both  constituents are selectively recruited into the SV pre-
the microtubules and the cargo, and they control the  cursor is unknown. It is possible that SV proteins
directional transport of intracellular transporting  have a specific signal sequence that is assembled and
cargo. Among the KIFs, KIF1A and KIF1Bf are  forms microdomains at the exit of the trans-Golgi
known to participate in axonal transport of SV pre-  network, but no such common signal sequence has
cursors. Gene disruption of either KIF1A or KIFIBf  been found. Furthermore, the molecular mechanism
results in reduction of SV density at the presynaptic  regarding how the constituents of the SV precur-

terminals and therefore impaired neurotransmission.  sors can be recognized by KIF1A/1BfS proteins
The KIF1A- and KIF1Bf-carrying SV precursors s poorly understood.

contain the major SV marker proteins, such as When SV precursors arrive at the presynaptic ter-

synaptophysin, synaptobrevin, synaptotagmin, and  minal, they fuse with the plasma membrane where the

rab3A, but not presynaptic plasma membrane pro-  main route for SV biogenesis is initiated. This route,

teins, such as syntaxin 1 and SNAP-25. In addition,  the AP-2-dependent pathway, is mediated by several
proteins that form the cytomatrix at the active zone,  essential proteins for vesicle endocytosis, namely cla-
such as piccolo and bassoon, are transported to the  thrin, dynamin, and AP-2. An alternartive route by
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Figure 2 Biosynthesis and recycling of SVs. (a) Biosynthesis of SVs. SV proteins are synthesized in the cell body of neurons and the SV
precursors bud off from the trans-Golgi network. The SV precursors are transported along the axon, guided by the microtubules and
kinesin motor proteins (KIF1A and KIF1Bp). (b) SV cycle at presynaptic terminal. (1) SVs are filled with neurotransmitter. (2) The SVs are
then transported to the active zone and docked to the presynaptic plasma membrane (docking) (3). The docked SVs become fusion
competent by molecular events called priming (4). When an action potential arrives at the terminal, calcium influx through voltage-
dependent calcium channels triggers fusion of SV membrane with the plasma membrane (exocytosis), causing discharge of SV content
(5). Exocytosed SVs are regenerated either by clathrin-independent fast endocytosis (6) or by clathrin-dependent slow endocytosis (6').
The newly regenerated SVs are immediately refilled with neurotransmitters (7) or, in some case, they undergo fusion steps with early

endosomes (7').

which SVs are generated from early endosomal mem-
branes at the presynaptic terminal is dependent on
AP-3. The latter pathway does not seem to account
for the majority of SVs since there are no remarkable
alterations in SV morphology and numbers in the

mocha mouse, which lacks functional AP-3. How,
then, can SV proteins, but not plasma membrane
residents, be recruited into newly generated SVs? Sev-
eral amino acid sequence motifs or molecular deter-
minants for each SV protein have been proposed to

Encyclopedia of Neuroscience (2009), vol. 9, pp. 801-808

-174-



804 Synaptic Vesicles

explain this mechanism. First, a dileucine motif located
in the cytoplasmic tails of vesicular transporters
(VMAT2, VAChT, and VGLUT1) is important for pre-
cise sorting and fast recruitment of those SV proteins.
A VAChT mutant which lacks the dileucine motif was
trapped at the plasma membrane of the cell body of the
differentiated cholinergic SN56 cell lines, and the tar-
geting of the mutant protein to neurites and varicosities
(which resemble axon terminals) was dramatically
reduced, indicating that the SV precursor cargo carry-
ing VAChT is not directly transported through the axon
burt is delivered to the plasma membrane of the cell
body before being transported along the axon. Second,
the intravesicular N-glycosylation of synaptotagmin 1
is essential for its vesicular targeting. Interestingly,
synaptotagmin 7, one of the synaptotagmin family
members which resides preferentially on the plasma
membrane, is targeted to vesicles when the intra-
vesicular portion is replaced with a portion containing
the N-glycosylation site of synaptotagmin 1. The mecha-
nistic basis and involvement of other factors is not
clear, but the interaction of glycoresidues of synapto-
tagmin 1 with other proteins at the cell surface may
govern the targeting of synaptotagmin 1 to vesicles.

It is likely that multiple factors, including protein-
protein interactions and glycoresidue—protein inter-
actions, modulate the sorting of SV proteins. The
general principle of the segregation of SV proteins
from plasma membrane proteins during SV bio-
synthesis has not been clarified.

The Synaptic Vesicle Cycle

At the presynaptic terminals, SVs are not of ‘single use.’
They are regenerated at the terminals independent
from protein synthesis in the cell body. The SV cycle
can be outlined, with the uptake of neurotransmitter
into SVs as a first step (Figure 2(b), step 1). Neuro-
transmitters in the central nervous system (CNS) are
synthesized locally in the cytoplasm of the presynaptic
terminals and are actively transported into SVs.
Away from the plasma membrane, the majority of
neurotransmitter-filled SVs are either diffusively float-
ing in the cytoplasm or tethered with cytoskeleton
components such as actin and spectrin (step 2). For
exocytosis, SVs must come into physical contact with
the plasma membrane (docking; step 3). SVs do not
evenly dock to the whole area of the presynaptic
plasma membrane but, rather, to a restricted area called
the active zone. There, large cytomatrix proteins, such
as bassoon, piccolo, and munc13, form huge protein
complexes that appear as electron-dense structures on
electron micrographs. Docked SVs are then trans-
formed into fusion-competent SVs via a process called
priming (step 4). As soon as an electrical stimulus

arrives at the terminal, voltage-dependent calcium
channels at the active zone open, resulting in a rapid
and local increase in Ca’* concentration. Ca®* ions
trigger the fusion of the SV membrane with the plasma
membrane in less than 100 ps. Since other exocytotic
reactions (i.e., hormone secretion from endocrine cells)
take much longer (seconds to minutes), there must be
unique factors present only in neurons to perform such
a rapid membrane fusion reaction.

After exocytosis, SV components that are incor-
porated into the plasma membrane are retrieved to
form a new SV by endocytosis. There are at least two
kinetically distinct modes of endocytosis. The time
constants of the fast and slow phase are approxi-
mately 1 and 10, respectively. Whereas the molecu-
lar machinery for the fast phase is not well understood,
the slow phase is mediated by the formation of cla-
thrin-coated pits. In both modes, GTP hydrolysis by
the GTPase protein dynamin is indispensable for
the fission of the invaginated membranes of newly
formed SVs. Although various endocytosis-related
proteins, such as AP-2, endophilin, amphiphysin,
and synaptojanin, have been identified and impli-
cated in controlling endocytosis, their precise roles
are a matter of intense research.

The reformed SVs then either recycle back and are
refilled with neurotransmitters (step 1) or pass
through the early endosomal intermediates before
recycling back to step 1. An alternative pathway has
been proposed that is similar to the exocytosis of
secretory granules; that is, SVs do not fully collapse
with the plasma membrane upon fusion but instead
form a narrow and transient fusion pore which does
not allow a complete discharge of neurotransmitter
content. As soon as the pore closes, the half-empty SV
can either be immediately engaged in another round of
exocytosis or go back to step 1. The existence of such a
rapid recycling mode in the CNS, termed the ‘kiss-
and-run’ mechanism, is under debate.

The SVs clustering at the presynaptic terminals can
be divided into two functional pools. The first pool
contains a small fraction of SVs (5-10% of the total
SVs at the presynaptic terminals) that can be released
rapidly by a brief high-frequency train of action
potentials or by stimulation with hypertonic solution.
This pool is thought to be release-ready and is there-
fore referred as to the readily releasable pool (RRP).
The second pool, the reserve pool (RP), represents a
vesicle fraction that does not immediate participate in
exocytosis. Instead of participating in exocytosis, the
RP vesicles replenish the RRP pool after the RRP
vesicles undergo exocytosis. Both the amount of the
RRP and the rate of replenishment of RRP with RP
are critical parameters to determine the availabi-
lity of vesicles for exocytosis, thereby affecting the
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characteristics of short- and long-term plasticity of a
given neuron. Classically, the RRP was related to a
fraction of morphologically docked vesicles at the
plasma membrane and the RP was thought to be
spatially distant from the plasma membrane. How-
ever, one study suggested that the RRP vesicles do
not necessarily correlate with the morphologically
docked vesicles but are randomly distributed in the
SV cluster at the terminal, indicating that there are
no correlations between the anatomical locations
of SVs and their functional fusion competence.
Mechanisms underlying how the mobility and the
fate of an individual SV can be molecularly defined
are uncertain.

Molecular Composition of Synaptic
Vesicles

With respect to SV functions as described previously,
SVs should be equipped with two classes of essential
protein components: transport proteins involved in
neurotransmitter uptake into SVs and membrane traf-
ficking proteins involved in the regulation of vesicle
cycle and exo-endocytosis. A large body of work has
focused on identifying protein components on SVs,
leading to an almost complete identification of SV
proteins. The stoichiometry of SV proteins may be
flexible because many cytoplasmic proteins are tempo-
rarily attached to and detached from $Vs depending on
the status of a specific SV during recycling. On the
other hand, a basic set of essential proteins must be
present on all SVs for vesicle functions, and the num-
bers of individual proteins and the proportions within
an SV might proteins within an SV to be maintained
(Figure 3(a)). Furthermore, immunohistochemical
studies on SV proteins have demonstrated that most
of the major SV proteins consist of multiple isoforms
whose expressions in the CNS are partially overlap-
ping or mutually segregated, the combinations of
which would create heterogeneity in protein composi-
tion in each SV. In contrast to the identification of SV
proteins which became relatively handy with advance-
ments in mass spectroscopy, understanding the mecha-
nistic function(s) of each protein has been not so
trivial, mainly because of technical limitations wich
regard to manipulating and measuring the intracellular
events with high temporal and spatial resolution. The
following sections introduce some of the essential and
abundant SV proteins, which are stoichiometric com-
ponents with at least one copy per SV.

Proteins for Neurotransmitter Uptake

The accumulation of neurotransmitters in SVs is
driven by a proton electrochemical gradient which

is generated by a vacuolar-type proton ATPase. The
proton pump consists of at least 13 subunits and is the
largest functional protein complex in the SV mem-
brane. It contains two functional units — a larger peri-
pheral protein complex (V;) which catalyzes ATP
hydrolysis and an integral membrane protein complex
(V,) which builds up a ring structure in the memb-
rane and mediates proton translocation. The molecu-
lar weight of the entire complex is approximately
800 kDa; therefore, a single complex accounts for
approximately 10% of the total SV protein. An SV
conrtains a single copy of the proton pump complex,
which may be sufficient to energize neurotransmitter
uptake into the SVs.

With the aid of a proton electrochemical gradient,
vesicular transporters specific for neurotransmitter-
type mediate neurotransmitter uptake into the
vesicles. There are four distinct uptake systems for
neurotransmitters in the CNS. Three isoforms of vesic-
ular glutamate transporters (VGLUT1-3) transport
glutamate into SVs. GABA and glycine share the
same transporter, the vesicular inhibitory amino acid
transporter (VIAAT; initially called vesicular GABA
transporter (VGAT)). Two monoamine transporters
(VMAT1 and VMAT2) transport all biogenic amines,
with VMAT?2 preferentially expressed in the brain. The
uptake of acetylcholine is mediated by the vesicular
acetylcholine transporter VAChT. All four transporter
families belong to the solute carrier protein family, but
there are no sequence homologies among the transpor-
ters for different neurotransmitter types. There are
differences in energetics of the transpory; some of
them preferentially utilize the membrane potential
(VGLUTs) and others use the pH gradient (VMATSs
and VAChT) as the main driving force. The expression
of a particular transporter in the SV membrane is the
ultimate determinant for the type of neurotransmitter
which is released from a given neuron. Morcover,
there are indications that the expression level of
the transporter per SV modulates the amount of neuro-
transmitters accumulated in an SV, thereby regulating
quantal size.

In addition to the neurotransmitter transporters dis-
cussed previously, SVs contain a chloride channel
to facilitate the acidification of SVs. The voltage-
dependent chloride channel CIC-3 was proposed to
confer this activity on SVs. Although several channel
activities, such as a cation selective channel, have been
demonstrated by electrophysiological methods on
reconstituted systems, the molecular identities of the
activities have been elusive. The SV2 protein family and
tetraspan vesicle membrane proteins (synaptophysin,
synaptogyrin, and SCAMPs) have been identified as
SV-specific proteins, and their predicted protein struc-
tures suggest their role as a transporter or a channel.
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Figure 3 Molecular composition of SV. (a) Protein composition of SVs visualized by 16-BAC/SDS two-dimensional gel electrophoresis.
Atotal of 500 ug of SV proteins was applied. The spots containing the major SV proteins are circled. (b) Structural model of an average SV.
Based on quantitative measurements, a three-dimensional model of an average SV was constructed. An average SV contains
70 copies of synaptobrevin, 30 copies of synaptophysin, 10 copies of neurotransmitter transporter (VGLUT), 8 copies of synapsin, 15
copies of synaptotagmin, 25 copies of Rab GTPase, and 1 or 2 copies of SV2, synaptogyrin, SCAMP, and V-ATPase. The numbers of
phospholipids and cholesterol are estimated to be approximately 7000 and 6000, respectively.
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