segregation (and possibly identification of
speakers) on the basis of spatial cues (31, 32).

The wusefulness of natural complex

sounds as stimuli in higher auditory areas
has been emphasized previously (4, 13).
The selectivity for specific types of MCs,
as found in auditory belt neurons, is higher
than expected. However, even in AL, neu-
rons rarely responded to a single call [al-
though they sometimes responded to calls
within the same phonetic category (33)].
This suggests that AL is still far from the
end-stage in processing auditory objects,
and recordings from awake animals in even
more anterior and lateral areas of the STG
may be promising. On the other hand, lack
of extreme selectivity may also indicate
that complex auditory patterns, such as vo-
calizations, are coded by networks of neu-
rons rather than a single cell.
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G Protein 3y Subunit—-Mediated
Presynaptic Inhibition:
Regulation of Exocytotic Fusion
Downstream of Ca®* Entry

Trillium Blackmer,3 Eric C. Larsen,® Michiko Takahashi,?
Thomas F. J. Martin,® Simon Alford,>4* Heidi E. Hamm-3*}

The nervous system can modulate neurotransmitter release by neurotrans-
mitter activation of heterotrimeric GTP-binding protein (G protein)—coupled
receptors. We found that microinjection of G protein 3+ subunits (GBvy) mimics
serotonin’s inhibitory effect on neurotransmission. Release of free GBy was
critical for this effect because a GB+y scavenger blocked serotonin’s effect. GBy
had no effect on fast, action potential-evoked intracellular Ca%* release that
triggered neurotransmission. Inhibition of neurotransmitter release by seroto-
nin was still seen after blockade of all classical GB+y effector pathways. Thus,
GBy blocked neurotransmitter release downstream of Ca®* entry and may
directly target the exocytotic fusion machinery at the presynaptic terminal.

A number of neurotransmitters have been
shown to modulate release from presynaptic
terminals (/, 2) through activation of a G = Gy, may exert their modulatory effect by

protein—coupled receptor (GPCR) (3, 4). The
two arms of activated G proteins, Ga and
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regulating second messenger enzymes, ion
channels, or other targets (5). The cellular
and molecular mechanisms underlying

GPCR-mediated presynaptic modulation re-

294

main largely undetermined because of the
difficulties in manipulating and recording
from presynaptic terminals. The reticulospi-
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nal/motoneuron synapse in the lamprey is one
of the few vertebrate synapses that are exper-
imentally accessible both pre- and postsynap-
tically, because of their large size. In this
giant synapse, serotonin decreases the effica-
cy of synaptic transmission presynaptically
(6, 7) through a GPCR.

We microinjected proteins into the pre-
synaptic terminal and determined the effect
of serotonin on the strength of synaptic trans-
mission. We recorded from pre-and postsyn-
aptic elements simultaneously (6, 8), as indi-
cated in Fig. 1A. Presynaptic axons were
stimulated intracellularly to evoke excitatory
postsynaptic currents (EPSCs) in the postsyn-
aptic neurons. This resulted in mixed electri-
cal and chemical EPSCs (Fig. 1B, part ii).
Separation between the two components was
clear with a fast invariable electrical compo-
nent and a slower chemical component that
exhibited quantal variation in amplitude (Fig.

25 mV

10 ms

Presynaptic

Postsynaptic
30 uM 5-HT
~—Control

iv
Gpy injection

e

G2

20 pA

10 ms

\

Control

vehicle injection

Fig. 1. Serotonin (5-HT ) and presynaptic Gy inhibit neurotransmitter release. (A) (Left) Schematic
diagram to show the recording arrangement in paired recordings between reticulospinal axons and
ventral horn neurons. The axon is held under current clamp with a microelectrode, and the
motoneuron is simultaneously held under voltage clamp with a patch electrode. 5-HT R, serotonin
receptor. (Right) A hypothesized signaling cascade evoked by serotonin released onto the presyn-
aptic cell. (B) Serotonin (30 M) inhibits synaptic transmission at the giant reticulospinal synapse.
Part i shows presynaptic recordings from a giant axon. The presynaptic action potential was evoked
by a depolarizing current pulse (2 ms) through the recording microelectrode. Part ii shows the
presynaptic action potential-evoked EPSCs in the postsynaptic motoneuron. The application of
serotonin reduced the amplitude of the EPSC but had no effect on the membrane potential. These
data represent the mean responses of 20 consecutive trials. (C) The pressure injection of GB,v, to
the presynaptic axon had no effect on the membrane potential or evoked presynaptic action
potential (part iii) but reduced the amplitude of the EPSC (part i). Part iv is the average of 20
consecutive traces; raw traces are also shown before (part i) and after (part ii) microinjection of
GB,Y,- (D) Microinjection of the carrier vehicle has no effect on transmitter release (data are the
average of 20 consecutive trials).

1C, part i). The averaged postsynaptic re-
sponses before and after exposure to seroto-
nin (30 pM) are shown in Fig. 1B, part ii.
Application of serotonin reduced the ampli-
tude of the chemical component to 19.8 *+
7.5% of the control’s amplitude [four pairs;
P < 0.01 (9)] (Fig. 1B, part ii). Serotonin-
mediated depression was seen concurrently
with application of serotonin (<1 min) with-
out affecting the amplitude of the electrical
component. This serotonin-mediated depres-
sion of synaptic transmission is presynaptic
(6) and is independent of the modulation of
Ca?™ entry into the presynaptic terminal (7).

Serotonin works via a GPCR in this syn-
apse. After activation by a GPCR, the G
protein dissociates into an activated GaGTP
subunit (GTP, guanosine 5’-triphosphate)
and a free Gy subunit (/0). Which G protein
subunit inhibits neurotransmitter release is
not known. We thus injected proteins directly
into the presynaptic terminal (/7). Injection
of vehicle had no significant effect (n = 3;
EPSC amplitude changed to 104 = 7% of the
control’s amplitude) on the EPSCs evoked in
paired-cell recording (Fig. 1D). We injected
GB,7, directly into the intracellular space of
the presynaptic terminal through the micro-
electrode while simultaneously recording
from the postsynaptic neuron. We chose the

A

‘20 mV
T
B
npthe

30 uM 5-HT |20 pA

c Control 50ms
e

~——ct-GRK2
ct-GRK2 + 30 uM 5-HT

Fig. 2. A GB+y scavenger blocks the inhibitory
effect of serotonin. (A) The presynaptic action
potential evoked a postsynaptic EPSC that was
reduced by serotonin (5-HT). (B) Control EPSCs
are the mean of 12 consecutive stimuli from a
typical ventral horn neuron. The presynaptic
microinjection of ct-GRK2 results in an en-
hancement of the EPSC amplitude over control
conditions recorded over the following 30 min,
although this enhancement was not significant.
(C) ct-GRK2 attenuates inhibition of neuro-
transmission by serotonin application.
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GB,Y, subunit combination because it is
widely distributed within the central nervous
system (/2). The averaged postsynaptic re-
sponses before and after Gf3,vy, pressure in-
jection are shown in Fig. 1C, part iv. A
number of individual EPSCs before and after
GB,7, injection are shown in Fig. 1C, parts i
and ii. GB,v, inhibited the chemical compo-
nent of neurotransmission to 35 * 23% of
that of the control (n = 6; P < 0.01) while
leaving the electrical component unaltered.
Gy can mimic serotonin’s effect on syn-
aptic transmission, but is it normally a part of
the serotonin-mediated signaling cascade? A
scavenger of Gy, the carboxyl terminus of
the G protein—coupled receptor kinase 2 (ct-
GRK?2), was microinjected into the presynap-
tic axon (3). ct-GRK2 is a potent and spe-
cific GBvy inhibitor (/4). If the inhibition of
neurotransmission by activation of serotonin

Fig. 3. GB,vy, has no effect on A
stimulus-evoked presynaptic
Ca?* transients. (A) Schematic
to show the recording arrange-
ment during Ca?* imaging ex-
periments. Axons were stimulat-
ed either through a microelec-
trode for GRy injections or ex-
tracellularly for experiments
with serotonin (5-HT) applica-
tion. Reticulospinal axons were
labeled with the calcium-sensi-
tive dye Oregon Green 488
BAPTA-1 [an example is shown
in (C)]. (B) A single action poten-
tial was evoked in the axon by
extracellular stimulation. This
evoked a transient increase in
axonal Ca?*, and localized areas
of Ca™ influx or “hot spots” are
observed [e.g., part ii of (C)].
Data are normalized to pre-
stimulus levels. The fluorescent
response (AF/F) was integrated
at each time point and plotted as
a function of time (black trace,
control data). The application of
serotonin (30 uM) showed little
effect on the amplitude of the
evoked Ca?* transient (blue
trace). (C) Part i shows the axon
filled with Oregon Green 488
BAPTA-1. Image data were taken
from repeated scanning from the
vertical white line at 500 Hz. The
data were recorded from this
axon with a microelectrode con-
taining GB,v,. In part ii, the

transient increase in fluores-

cence is seen in response to an

action potential evoked by intra-

cellular current injection. Part iii

shows the signal integrated from

part ii before (black) and 30 min

after (red) the intracellular injec-

tion of GP<y. Data are shown

GBy

Control —

REPORTS

receptors is via GBvy, then ct-GRK2 should
attenuate this inhibition. The addition of 30
M serotonin to the superfusate resulted in a
reduction of the chemical component of the
EPSC (Fig. 2B). After serotonin was washed
out, ct-GRK2 was microinjected into the pre-
synaptic axon. Reapplication of serotonin (30
puM) had no effect on the amplitude of the
evoked EPSC (n = 5) after microinjection of
ct-GRK2 (Fig. 2C). Thus, the G~y scavenger
completely occluded the ability of serotonin
to inhibit chemical neurotransmission.

We performed Ca?* imaging experiments
(I15) to examine the effect of serotonin appli-
cation or GB,vy, microinjection on the fast
Ca?* transient elicited by presynaptic action
potentials. We have previously demonstrated
that high-affinity dyes [e.g., Oregon Green
488 BAPTA-1 (BAPTA, 1,2-bis(2-amino-
phenoxy)ethane-N,N,N,' N’ -tetraacetic acid)]

B  Presynaptic Ca?* transient

Control——

5-HT — 0.02 AF/F

q ’0.05AFIF

ii | Presynaptic action potential

20 mV

200 ms

Y

with the same time scale as in part ii of both (C) and (D). (D) As seen in part i, microinjection of
GB v, had no effect on stimulus-evoked action potentials [the axon shown in (C), parts i and ii].
The action potential is shown before (black) and 30 min after (red) the injection of GBv into the

resynaptic axon. Part ii shows the same data but on a time scale compressed to that of the image
F(C), part ii]. The axon was stimulated intracellularly to evoke an action potential.
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may be used to measure Ca?* transients
evoked after action potential activation of
voltage-gated Ca?™* channels in giant axons
(16). This allows us to examine serotonin or
GB+y modulation of voltage-gated Ca®* chan-
nels or modulation of other ion channels,
which could, in turn, change the gating of
Ca?* channels during an action potential.
The amplitude of these Ca®* transients can
be correlated with neurotransmitter release
(7). Single action potentials were evoked in
the presynaptic axons through a stimulating
electrode (Fig. 3A). An action potential-me-
diated Ca®* transient was observed, which
results from the activation of Ni?*-sensitive
voltage-operated Ca?™* channels in this prep-
aration (7, 15). Serotonin (30 uM) slightly
reduced the peak amplitude of this stimulus-
evoked Ca®™ transient (the mean change was
to 82.1 = 3.9% of that of the control; P <
0.0001; n = 28) (Fig. 3B). We repeated this
experiment with a low-affinity indicator

A
With inhibitors
30 M 5-HT + inhibitors
20 mv
—
B i
el
Contro!
ii 30 yM 5-HT + inhibitors

25 pA

10 ms

=~ With inhibitors

Fig. 4. Blockade of kinases and phosphatases
does not prevent the inhibition of neurotrans-
mission by serotonin (5-HT). Paired recordings
between a reticulospinal axon and a motoneu-
ron are shown. (A) Presynaptic stimulation
evoked an action potential. This was not al-
tered by the application of free phosphate to
block phosphatases (200 mM KPO,~) through
the presynaptic recording electrode and the
application of 1 wM wortmannin, 10 pM
genistein, and 10 wM staurosporin to the su-
perfusate to block Pl 3-kinase, tyrosine kinases,
and Ser/Thr kinases, respectively (control not
shown). Subsequent addition of serotonin also
did not alter the action potential. (B) The pre-
synaptic action potential results in a postsyn-
aptic EPSC with an electrical and chemical com-
ponent. The application of phosphatase and
kinase inhibitors neither altered the response
(parts i and ii) nor prevented serotonin-medi-
ated inhibition of neurotransmitter release
(part ii). Data are the mean of 10 consecutive
trials.
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[Fluo-4 dextran (dissociation constant K, =3
uM)] (I7). A similar lack of effect of sero-
tonin on the amplitude of the Ca?™ transient
was observed (amplitude after serotonin ap-
plication was 95% of the control’s amplitude;
n = 2) (18). Furthermore, serotonin has no
effect on Ca?* currents recorded from giant
axons under whole-cell voltage-clamp condi-
tions (7). The reduction in peak amplitude of
the Ca®* transient cannot account for the pro-
found depression of the EPSCs elicited by
application of serotonin.

GPCRs modulate voltage-gated Ca?* chan-
nels in the soma of cultured lamprey dorsal cells
(19), as in other preparations (20—25). We thus
performed Ca?* imaging experiments as de-
scribed above. Control Ca®* transients were
recorded (Fig. 3C, parts ii and iii), and then the
presynaptic axons were loaded with GB,y,. Mi-
croinjected GB,v, had no significant effect on
evoked Ca®" transients (mean change in Ca?*
transient amplitude was to 99.6 * 0.25% of the
control’s amplitude after injection of GB,v,;
P < 0.01; n = 6) (Fig. 3C, part iii). Similarly,
GB,7, injection had no effect on the amplitude
or duration of the presynaptic action potential
(Fig. 3D, parts i and ii). Therefore, presynaptic
GBy does not control evoked Ca** entry
through voltage-gated Ca®* channels and must
mediate its inhibitory effect on neurotransmit-
ter release downstream of Ca®* entry.

There are many known GRvy effectors,
including adenylyl cyclase II (AC II), phos-
phatidylinositol 3-kinase (PI 3-kinase), phos-
pholipase C—32 (PLC-B2), and several ty-
rosine kinases (5). Any of these effectors
could mediate the inhibition of neurotrans-
mitter release. We wanted to block all known
GRy effectors, as well as any possible GBy
regulation of Ser/Thr kinases or phospha-
tases, and determine whether serotonin inhi-
bition of synaptic transmission could still oc-
cur. Application of forskolin has no effect on
the serotonin-mediated inhibition of the
EPSC (7). Therefore, it is unlikely that GRy
works via AC II. We have shown that GBvy
does not cause a change in the internal Ca®*
concentration (7); thus, PLC-B2 is not a like-
ly target. Presynaptic phosphatases were
blocked by injection of 200 mM free phos-
phate through the presynaptic recording pi-
pette. GBvy activation of PI 3-kinase was
blocked by wortmannin (1 wM), activation of
tyrosine kinases was blocked by the wide-
spectrum tyrosine kinase inhibitor genistein
(10 wM), and activation of Ser/Thr kinases
was blocked by staurosporine (1 wM). This
cocktail of inhibitors did not occlude the
ability of serotonin to inhibit neurotransmis-
sion (n = 4; serotonin reduced the evoked
response to 23.5 * 12% of that of the control)
(Fig. 4B). These data suggest that GR+y inhi-
bition of neurotransmitter release is not me-
diated via classical GB+y effectors or via other
unknown effectors that may involve Ser/Thr
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or Tyr kinases or phosphatases. Thus, we
considered the possibility that GBy may act
directly on the exocytotic machinery that me-
diates vesicle fusion.

We conducted binding assays with puri-
fied GB,y, and glutathione S-transferase
(GST) fusion proteins syntaxinl A (amino ac-
ids 1 through 265), soluble N-ethylmale-
imide—sensitive factor attachment protein
(SNAP)-25B, and vesicle-associated mem-
brane protein (VAMP) II (amino acids 1
through 94) (26). GB,v, binding to syntaxin
(27) and SNAP-25 was detected while bind-
ing to ternary soluble N-ethylmaleimide—sen-
sitive factor attachment protein receptor
(SNARE) complexes consisting of syntaxin,
SNAP-25, and VAMP was markedly en-
hanced in comparison to either syntaxin or
SNAP-25 binding alone.

Various GPCRs and G proteins modulate
synaptic neurotransmitter secretion at several
sites either upstream from, at, or downstream
from Ca?* entry mechanisms. In neuronal
cell bodies, in transfected cell lines, and in
Xenopus oocytes (28-31), GB+y directly acti-
vates a class of G protein—coupled inwardly
rectifying K* channels that would result in
inhibited Ca®>* entry. GPCR-mediated inhi-
bition of neurotransmitter release via inhibi-
tion of voltage-gated Ca2* channels has also
been demonstrated at one presynaptic termi-
nal (32, 33). The ability of G proteins to
mediate inhibition of synaptic neurotransmit-
ter release at a step beyond Ca®* entry was
first demonstrated in the neuromuscular junc-
tion (34, 35). Spontaneous exocytotic events
can be detected by recording miniature
postsynaptic currents (mPSCs). mPSCs are
modulated by many GPCRs (7, 36, 37). Bio-
chemical studies also support the idea that G
protein activation inhibits neurotransmitter or
hormone release downstream from Ca®* en-
try, because the inhibitory effects of GPCR
activation are preserved after cell permeabi-
lization (38).

Our results show that GB+, and not Ga, is
the active G protein subunit that mediates the
Ca?*-independent pathway of a GPCR’s pre-
synaptic inhibition. We demonstrated that
GPy inhibits neurotransmitter release down-
stream of Ca™" entry mechanisms. By block-
ing endogenous GRvy activity, we also
showed that activation of a GPCR requires
free GB+y to inhibit neurotransmitter release,
because a GBvy scavenger blocked the sero-
tonin inhibition. Moreover, the serotonin in-
hibition persisted in the presence of agents
that block classical GBvy effector pathways,
indicating that GBy may affect transmitter
release mechanisms directly. GBvy binds
SNARE proteins syntaxin (27), SNAP-25,
and the ternary SNARE complex, suggesting
that GB+y could directly target the fusion ma-
chinery to inhibit vesicular release. The
mechanism underlying GPCR-mediated pre-

synaptic inhibition at a site distal to Ca>"
entry may involve a direct interaction be-
tween GB+y and the core fusion machinery.
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Two Functional Channels from
Primary Visual Cortex to Dorsal
Visual Cortical Areas

N. Harumi Yabuta, Atomu Sawatari,* Edward M. Callaway}

Relationships between the M and P retino-geniculo-cortical visual pathways and
“dorsal” visual areas were investigated by measuring the sources of local
excitatory input to individual neurons in layer 4B of primary visual cortex. We
found that contributions of the M and P pathways to layer 4B neurons are
dependent on cell type. Spiny stellate neurons receive strong M input through
layer 4Ca and no significant P input through layer 4C. In contrast, pyramidal
neurons in layer 4B receive strong input from both layers 4Ca and 4CB. These
observations, along with evidence that direct input from layer 4B to area MT
arises predominantly from spiny stellates, suggest that these different cell types
constitute two functionally specialized subsystems.

The primate visual system is characterized by
dozens of distinct cortical areas, each thought
to be specialized for the functional analysis of
different aspects of the visual environment
(1-3). These areas can be divided into a
“dorsal” stream specialized for the analysis of
spatial relations and a “ventral” stream spe-
cialized for object recognition. The function-
al differences between these areas are be-
lieved to arise in part because of differences
in contributions from parallel, functionally
specialized magnocellular (M) and parvocel-
lular (P) pathways that originate in the retina
and terminate in separate layers of primary
visual cortex (V1)—layers 4Ca and 4CB,
respectively (2-7). Layer 4C neurons in turn
connect to neurons in more superficial layers
of V1 that provide the output to “higher”

Systems Neurobiology Laboratories, Salk Institute for
Biological Studies, 10010 North Torrey Pines Road, La
Jolla, CA 92037, USA.

*Present address: Department of Neurobiology, Har-
vard Medical School, 220 Longwood Avenue WAB227,
Boston, MA 02115, USA.
1To whom correspondence should be addressed. E-
mail: callaway@salk.edu

www.sciencemag.org SCIENCE VOL 292

dorsal and ventral areas. Specifically, ventral
stream areas receive inputs directly or indi-
rectly from layer 2/3 of V1, whereas dorsal
areas receive their input from layer 4B.

Local circuits in V1 generate two func-
tionally and anatomically distinct channels,
“blobs” and “interblobs,” contributing to ven-
tral visual areas (2—7). Thus, for the ventral
stream, the relationships of M and P path-
ways to extrastriate areas can be inferred
largely from anatomical studies of the con-
nectivity from layer 4C to blobs versus inter-
blobs in layer 2/3 (8—10).

In layer 4B, neurons projecting to differ-
ent dorsal visual areas or modules (V2 thick
stripes, V3, and MT) are spatially intermin-
gled. Thus, anatomical observations of V1
circuitry do not clearly reveal the connection-
al relationships between M and P pathways
and the cortical areas that receive layer 4B
input (11, 12). Neurons in layer 4B that
project to different cortical areas are morpho-
logically distinct. In the macaque monkey,
direct input to area MT (V5) comes primarily
from spiny stellate neurons (/3), whereas
areas V2 and V3 also receive input from
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pyramidal neurons (/4-16). Thus, it is pos-
sible to study the different contributions of
the M and P pathways to layer 4B—recipient
visual areas by using scanning laser photo-
stimulation to identify the sources of func-
tional input to morphologically identified cell
types in layer 4B (11, 17-20).

We used scanning laser photostimulation
and whole-cell voltage-clamp recordings in
living brain slices to identify the locations of
neurons providing excitatory input to layer
4B neurons in macaque monkey primary vi-
sual cortex (21). Excitatory postsynaptic cur-
rents (EPSCs) evoked in the recorded cell
after photostimulation are indicative of direct
monosynaptic connections from neurons near
the stimulation site to the recorded cell.
Polysynaptic responses mediated by second-
ary neurons far from the stimulation site are
ruled out because such secondary neurons do
not fire action potentials (APs) under the
stimulation conditions used (20, 21).

Photostimulation and intracellular record-
ing, along with subsequent anatomical and
physiological analyses (22), yielded complete
excitatory input maps for 14 layer 4B pyra-
midal neurons, 4 spiny stellates, and 5 inhib-
itory neurons. Figure 1 illustrates excitatory
input maps to two pyramidal neurons (Fig. 1,
A and C), one spiny stellate neuron (Fig. 1B),
and one inhibitory neuron (Fig. 1D). All four
neurons received strong excitatory input from
layer 4Ca. Layer 4Cf provided strong input
to the pyramidal neurons but not to the spiny
stellate or inhibitory neuron. These character-
istics of the excitatory input patterns were
typical of the populations for each cell type.

To quantitatively compare input strength
across layers for each cell, we calculated the
proportion of the excitatory input [estimated
evoked input (EEI) (22)] to each cell from
each layer by expressing the average value
from each layer as a percentage of the sum
from all four layers, 4Ca, 4CB, 5, and 6.
These values are shown for all cells in our
sample in Table 1. We also calculated the
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