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TABLE 1 Labelled structures in the optic tectum after transport of *?°I-labelled NT-3

Structure Fractional area 21h
Axon 25.2 28.0
Terminal axon 9.7 10.8
Synapse 2.7 9.0
Distal dendrite 27.2 28.2
Proximal dendrite 10.3 8.8
Neuron soma 9.3 4.3
Astroglia 6.8 3.5
Unidentified 7.7 6.7
Number of grains sampled 250

Per cent grains

Labelling density

+T7X 54h 21h +TTX 54h
27.8 31.5 1.11 1.10 1.25
12.1 6.2 1.11 1.25 0.64
8.1 9.1 3.33 3.00 3.37
22.0 21.6 1.04 0.81 0.79
6.6 6.2 0.85 0.64 0.60
8.1 9.5 0.46 0.87 1.02
3.7 4.6 0.51 0.54 0.68
10.3 10.4 0.87 1.34 1.35
130 150 - - -

interpretation of these data is that NT-3 is an anterogradely
transported trophic messenger, although we cannot rule out an
alternative interpretation, that NT-3 acts trophically on RGCs to
enhance the anterograde transport and release of a second trophic
factor. TTX-induced cell death was not prevented by NT-3
injected in the eye 0 or 18 h before TTX (data not shown). This
suggests that TTX induces cell death by a different mechanism
from PTX, and that the response to NT-3 may require activation.

Our study on the anterograde transport of exogenously intro-
duced neurotrophins, together with recent data on the antero-
grade transport of endogenous neurotrophins®, provides direct
evidence that neurotrophins may act as anterograde trophic
messengers. Enhanced survival may be but one of several func-
tions of anterogradely transported neurotrophins. BDNF and NT-
3 modify synaptic transmission of developing synapses*, and
these neurotrophins may have important functions in the stabili-
zation of appropriate synapses and the loss of inappropriate ones
during development®’®. The modification of synaptic structure
and efficacy may also play a role in synaptic plasticity of the adult
nervous system, and particularly in processes related to learning
and memory>. 0
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The inward rectification
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A HUMAN genetic defect associated with ‘long Q-T syndrome’, an
abnormality of cardiac rhythm involving the repolarization of the
action potential, was recently found to lie in the HERG gene,
which codes for a potassium channel'. The HERG K" channel is
unusual in that it seems to have the architectural plan of the
depolarization-activated K* channel family (six putative trans-
membrane segments), yet it exhibits rectification like that of the
inward-rectifying K* channels, a family with different molecular
structure (two transmembrane segments)’~. We have studied
HERG channels expressed in mammalian cells and find that this
inward rectification arises from a rapid and voltage-dependent
inactivation process that reduces conductance at positive vol-
tages. The inactivation gating mechanism resembles that of C-
type inactivation, often considered to be the ‘slow inactivation’
mechanism of other K* channels. The characteristics of this
gating suggest a specific role for this channel in the normal
suppression of arrhythmias.

HERG K* channels expressed in mammalian cells have the
same basic properties previously reported for channels expressed
in oocytes™: they required depolarization for their activation, but
they carried a relatively small outward current (Fig. 1a). On
repolarization to a negative membrane potential, the conductance
increased to a large value within a few milliseconds, before
returning slowly to the resting closed state. The peak currents
measured by stepping to various voltages after activation showed
inward rectification (that is, the inward currents were substantially
larger than the outward) (Fig. 1b). This inward rectification has
been proposed to result from an ‘inactivation’ mechanism that
turns channels off at positive potentials but quickly recovers at
negative potentials*®, producing a rising phase in the inward
current. Unlike the clear time-dependent inactivation of other
voltage-activated K* channels like Shaker, this inactivation was
thought to be kinetically invisible for depolarizing steps because it
is much faster than activation.

The onset of this inactivation process was revealed by a
modified voltage-clamp pulse protocol. After a long depolarizing
pulse to activate the channels, the membrane was hyperpolarized

* To whom correspondence should be addressed at the Massachusetts General Hospital.
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(Fig. 1c). Channels recovered rapidly from inactivation and then
began to close slowly, but before they closed appreciably the
membrane was again depolarized. At this time the channels
were still activated (because they had not yet closed), but the
inactivation process had to re-occur. This ‘re-inactivation’ was
seen as a single exponential decline in current, returning to the
same steady-state level seen in the first depolarizing pulse.

Without this inactivation, the channels did not exhibit inward
rectification. Channels were activated by depolarization and then
hyperpolarized to —80 mV to allow them to recover from inacti-
vation. From this starting point, an instantaneous current—voltage
(I-V') relationship obtained by steps to varying voltages was
roughly linear (Fig. 2a, b). This method measured the current
through channels before inactivation gating was allowed to
adjust to the new voltage. Thus, inactivation gating produces
inward rectification in a channel with non-rectifying permeation
properties.

We measured the steady-state voltage dependence of inactiva-
tion to see if it matched the voltage-dependent rectification. After
a long depolarizing pulse to activate channels, the membrane
voltage was stepped briefly to various test voltages and then to a
constant measurement potential of +20 mV (Fig. 2¢). During the
brief step, the inactivation process relaxed rapidly to the steady-
state level appropriate to the test potential. The initial current on
stepping to +20mV then gave the relative number of open
channels, which was large at negative voltages that relieved
inactivation, but smaller at more positive voltages where steady-
state inactivation was significant. For very negative voltages, we
corrected for the fast closing that occurred during the brief
hyperpolarizing step (see Fig. 2 legend). The data could be
fitted by a Boltzmann function with half inactivation at about
—90mV and an effective valence of about 1 (Fig. 2d).

If inward rectification results from this inactivation process,
then the rectifying /-1 should be given by the product of the open
channel I-V (Fig. 2b) and the steady-state inactivation function
(Fig. 2d). To test this, we re-plotted the peak /-1 data of Fig. 1a, b
with corrections at negative voltages for the de-activation process,
and compared the rectification with the prediction (Fig. 2e). The
match between the two shows that the inward rectification of
HERG channels can be quantitatively accounted for by the
properties of the inactivation process.

FIG. 1 Inward rectification of HERG and the HERG a

We then investigated the molecular basis of the HERG inacti-
vation process. One mechanism for inward rectification used by
some members of the inwardly rectifying K* channel family, is a
voltage-dependent channel blockade by intracellular Mg**
(refs 7-10). If the onset of this blockade were sufficiently slow, it
could appear as a time-dependent inactivation process. But we
found that Mg®* did not play a role in HERG inactivation. The
presence or absence of Mg?* in the intracellular solution perfusing
an excised inside-out patch made no difference in the rate or
extent of inactivation (Fig. 3a).

Inactivation of another voltage-activated K* channel, the
Shaker K* channel from Drosophila, occurs by two distinct mole-
cular mechanisms: N-type inactivation, which occurs by an intra-
cellular ball-and-chain mechanism"", and C-type inactivation,
which involves a conformational change at the outer mouth of the
channel'*', The classical K* channel blocker tetraethylammo-
nium (TEA) can be used to distinguish the two mechanisms:
blockade by intracellular TEA inhibits N-type inactivation,
whelrseas blockade by extracellular TEA inhibits C-type inactiva-
tion".

We tested the effects of TEA on the HERG inactivation
process. Intracellular TEA applied to an inside-out patch reduced
the HERG current with an apparent affinity of about 0.2 mM, but
there was no change in the time course of inactivation (Fig. 3b).
This effectively ruled out an N-type inactivation mechanism, and
indeed any mechanism that relies on an intracellular pore blocker.
Any such mechanism should compete with the binding of TEA to
the intracellular mouth, and it would thus be slower in the
presence of TEA.

By contrast, extracellular TEA did interfere with inactivation.
Extracellular application of 100mM TEA reduced the peak
current and slowed the time course of inactivation (Fig. 3c).
The simplest explanation for this combination of effects, which is
also seen for the C-type inactivation mechanism of Shaker
channels®, is that blocked channels (B) cannot inactivate (I) (O,
open):

Kot
B——" 021
Kon[TEA]
If binding and dissociation of the blocker are rapid (at equilib-
rium) relative to the rate of inactivation (), then the apparent rate
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inactivation process. a, HERG currents transiently

expressed in an HEK293 cell were activated by a ~
long depolarizing pulse to +20mV, and then
stepped to various voltages to show inward
rectification. b, Peak -V from the currents in a.
¢, Method used to show the onset of HERG
inactivation. After a long step to +20mV to
activate the channels, repolarization to —80 mV
produced rapid recovery from inactivation. If the
voltage was maintained at —80mV, channels
proceeded to close by de-activation. If the voltage was stepped back to
+20mV after 30 ms, the recovered channels produced a large current that
then declined through the inactivation process (tr ~ 11 ms). Currents in ¢
were measured from an excised outside-out patch.

METHODS. The HERG complementary DNA was subcloned into the GW1-
CMV vector under control of the human cytomegalovirus promoter*®, This
cDNA contained two point mutations (V198E and P202L) compared with
the published HERG sequence (G. Robertson, personal communication).
Transfection and electrophysiology methods were as previously
described??24, The basic internal solution was 160 mM KCI, 1 mM EGTA,
0.5mM MgCl,, 10 mM HEPES, pH 7.4 and in the case of the zero internal
Mg+ experiments, MgCl, was replaced by 5mM EDTA. The external
solution contained 150 mM NaCl, 10 mM KCI, 3mM CaCl,, 1 mM MgCl,,
10 mM HEPES, pH 7.4. The HEK293 cells express variable amounts of an
endogenous outward rectifier K channel, which is blocked by external TEA
with an affinity of about 1 mM (data not shown). We did not use cells or
patches where the endogenous current was substantial compared with
HERG expression.
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