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Trypsin-Sensitive, Rapid Inactivation of a
Calcium-Activated Potassium Channel

Christopher R. Solaro and Christopher J. Lingle*

Most calcium-activated potassium channels couple changes in intracellular calcium to
membrane excitability by conducting a current with a probability that depends directly on
submembrane calcium caoncentration. In rat adrenal chromaffin cells, however, a large
conductance, voltage- and calcium-activated potassium channel (BK) undergoes rapid
inactivation, suggesting that this channel has a physiological role different than that of other
BK channels. The inactivation of the BK channel, like that of the voltage-gated Shaker B
potassium channel, is removed by trypsin digestion and channels are blocked by the
Shaker B amino-terminal inactivating domain. Thus, this BK channel shares functional and
possibly structural homologies with other inactivating voltage-gated potassium channels.

Calcium-activated K* channels provide a
link between elevations of cytosolic Ca’*
and membrane excitability (I). The physi-
ological functions of different types of
Ca**-activated K* channels are thought to
reflect intrinsic differences in kinetics of
activation, voltage dependence, and Ca**
sensitivity (2). However, at a given mem-
brane potential, Ca?*-activated K* chan-
nels are, in general, thought to function as
persistent sensors of the submembrane
Ca’™* concentration (2, 3). Here, we report
that a large conductance, voltage- and
Ca’*-activated K* channel, often termed
the BK channel (4), can undergo rapid and
virtually complete inactivation, suggesting
a new physiological role for this channel
distinct from that of noninactivating BK
channels (5). Although the relation be-
tween BK channels and the family of volt-
age-gated K* channels is not known, BK
channel inactivation and inactivation of
some voltage-gated K* channels (6-8)
share a number of striking similarities.
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Unlike most other BK channels (3), BK
channels (275 = 9 pS; mean = SD; n = 6)
in rat adrenal chromaffin cells undergo rap-
id inactivation (Fig. 1). The cytoplasmic
face of excised, inside-out membrane
patches (9) containing BK channels was
exposed to saline containing a fixed con-
centration of calcium ([Ca’*],). We acti-
vated BK channels by stepping the patch
potential from —40 to +60 mV for 680 ms
every 3 s. After opening in the presence of
5 uM [Ca®*], BK channels inactivate be-
fore the end of the voltage step (Fig. 1A).
Single-channel openings were not observed
when the patch was bathed in a Ca’*-free
solution (Fig. 1B). Ensemble averages gen-
erated from idealized single-channel records
show that during the voltage step the prob-
ability of channels being open (P,,) rises and
then decays with a time course reflecting
single BK channel activation and subse-
quent inactivation (Fig. 1C). Consistent
with effects of tetraethylammonium (TEA)
on other BK channels (10), 1 mM TEA
applied to an outside-out patch inhibited
more than 90% of the single-channel en-
semble current (Fig. 1D), whereas 50%
inhibition was observed between 200 and




300 uM TEA. When TEA was applied to
the cytoplasmic face of inside-out mem-
brane patches, 50% inhibition was ob-
served between 20 and 30 mM. In addition,
inactivating BK channels were completely
blocked by externally applied 1 mM quini-
dine, a blocker of BK and other K* chan-
nels (11), but were not affected by external
4-aminopyridine (5 mM), a blocker of
A-type K* channels (12), curare (200
wM), or apamin (200 nM), both of which
block voltage-independent, Ca?*-activated
K* channels (13). On the basis of single-
channel conductance, the dependence of
channel opening on both [Ca’*]; and volt-
age, and the differential sensitivity to K*
channel blockers, these channels appear to
belong to the BK ion channel family. How-
ever, the rapid and essentially complete
inactivation of this channel markedly con-
trasts with previously described BK chan-
nels. Under identical experimental condi-
tions, for example, we have found that BK
channels in clonal rat GH; pituitary cells
exhibit no measurable inactivation, as de-
scribed by others (n = 12 patches) (14, 15).

Next, we wanted to identify factors that
influence the rate and extent of BK channel
inactivation. This would allow us to deter-
mine whether inactivation might be con-
trolled by physiologically relevant parame-
ters and would provide some insight into
the mechanism of inactivation so that its
properties could be compared to inactiva-
tion of purely voltage-gated K* channels.
To test whether the apparent rate of BK
channel inactivation depends on either
[Ca?*], or membrane depolarization, BK
channels were activated either by a voltage
step to +60 mV in the presence of different
Ca’*, concentrations (Fig. 2A) or by dif-
ferent depolarizations in the presence of 2
uM [Ca?*], (Fig. 2D). Ensemble currents
were generated from idealized single-chan-
nel records. Currents from Fig. 2, A and D,
are shown normalized to peak P, with fitted
single exponential curves superimposed
(Fig. 2, B and E) to emphasize differences
among the time constants (7;) of current
decay. Results from several experiments are
summarized in Fig. 2, C and F, where 7, is
plotted as a function of [Ca?*], or step
potential, respectively. Inactivation was
enhanced by increased [Cal“]i over the
same range of [Ca?*];, which produced acti-
vation (Fig. 2A). Furthermore, at a con-
stant internal Ca?* concentration, the rate
of inactivation increased as the test poten-
tial was made more positive (Fig. 2B).
These data show that the same physiologi-
cal parameters that activate BK channels
also result in inactivation.

A dependence of inactivation rate on
[Ca?*], and voltage could arise in two ways.
First, the microscopic transitions from open
to inactivated states could be intrinsically

Ca?* and voltage-dependent, or second, an
apparent dependence of inactivation rate
on Ca?* and voltage could reflect coupling
of inactivation to Ca?*- and voltage-de-
pendent steps leading to channel opening.
Two observations support the latter possi-

Fig. 1. Inactivating BK channels A
from rat adrenal chromaffin cells
(26). (A) Consecutive traces from
a single membrane patch con-
taining at least eight BK channels
are shown. Out of 198 patches,
152 (~77%) contained inactivat-
ing BK channels (27). (B) BK
channel openings were not ob-
served when the inside face of the
membrane patch was bathed in a
solution containing no Ca2* (28).
The membrane patch and voltage
protocol are the same as in (A).

REPORTS

bility. First, with membrane voltage held
constant, T, saturates as a function of
[CaZ*], (Fig. 2C), and second, at a constant
[Ca?*],, 7, tends to saturate as a function of
step potential (Fig. 2F). The loss of Ca’*

and voltage dependence in 7; suggests that

P 5uM [Ca2*); C

Two representative traces are
shown. (C) Ensemble average BK

channels composed of 57 ideal- Losnunsd
ized traces recorded from the
patch shown in (A). The vertical
scale bar (NP,) represents N-P,,

fh\, 50 pA,0.5 NP,
F 200 ms
P
a a-Control
B b-TEA
0 Ca2+ 50 pA|10 pA
200 ms b o
+60 mV

] +60 mV |

where N = maximum number of channels observed in a patch. (D) Blockade of BK current by 1 mM
external TEA. Ensemble averages of single BK channels recorded in an outside-out patch perfused
with external saline (larger trace) then with external saline plus 1 mM TEA (smaller trace). Washout
of TEA with external saline restored BK current to control amplitude. Internal Ca?* = 2 uM, aspartic
acid replaced CI~ as the major anion in this experiment. External saline: 140 mM KCI, 20 mM Hepes,
5 mM EGTA, pCa 7 (pH 7.4 with KOH), 285 to 315 mosM. Internal saline: 140 mM KCI, 20 mM
Hepes, 5 mM EGTA (pH 7.0 with KOH), 285 to 315 mosM, pCa as indicated.

Fig. 2. Ca?* and voltage
dependence of apparent
inactivation rate. (A) En-
semble averages of BK
current in a single inside-
out patch dépolarized from
—40to +60 mV in the pres-
ence of 1, 1.5, or 2 uM
[Ca%*],. (B) Traces from
(A) scaled to peak ampli-
tude and fitted with single
exponential functions of
the form A- exp(—t/r;) + B.
(C) Time constant of cur-
rent decay (r,) plotted as a
function of [Ca2+*],. Experi-
ments were similar to those

[Ca2+}; (uM)

Voitage (mV)

in (A). Each point repre- 150 300

sents the mean + SEM of 125 * =

three to eight determina- ?100 * 200 *

tions in 13 patches. (D) En- ET5 E

semble averages of BK e 50 *i i { © 400 *

current in a single inside- 25 } s " .
out patch depolarized to ol | .
+20, +60, and +80 mV in 0 5 10 15 20 0 20 40 60 80 100

the presence of 2 pM
[Ca?*]. (E) Traces from

[Ca?*}; (M) Step potential (mV)

(D) scaled to peak amplitude and fitted with single exponential functions as in (B). (F) Time constant
of current decay () plotted as a function of potential. Experiments were similar to those in (E). Each
point represents the mean + SEM of 3 to 11 determinations in 20 patches except the points at 0 and
+80 mV, which represent single experiments. Fitting exponential functions to ensemble currents
was accomplished with a nonlinear least-squares procedure based on the Levenberg-Marquardt
routine (RMSSQ subroutine of the IMSL statistical library, Bellaire, Texas) for minimization of
residuals. External saline contained 15.4 mM KClI, 124.6 mM NaCl, 20 mM Hepes, 5 mM EGTA, pCa
7 (pH 7.4 with NaOH). Internal saline as in Fig. 1.
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the transitions into inactivated states are
themselves Ca”*- and voltage-independent
and that 7, derives its observed Ca’* and
voltage dependence from the Ca?* and
voltage dependence of activation. That is,
as BK channels are activated more rapidly,
they inactivate more rapidly, and, when
activation is maximal, so is inactivation.
Inactivation coupled to voltage-dependent

Fig. 3. BK channel avail- A
ability depends on mem-
brane voltage and [Ca?*],.
(A) A depolarizing voltage
prepulse increases resting
inactivation of BK channels
at a fixed [Ca?*],. Ensem-
ble averages of BK chan-

Prepulse voltage (mV) B

activation has been proposed for many
purely voltage-gated channels (16). Our
results extend this idea by suggesting that
the apparent voltage and Ca?* dependence
of BK channel inactivation is due to cou-
pling of inactivation to voltage- and Ca®*-
dependent activation. Saturation of 7; with
higher [Ca’*], also provides evidence
against the argument that inactivation may

. [Ca?) (M)

nels in a single inside-out
patch show that the
amount of BK current acti-

vated decreases as membrane potential before the voltage step is made more positive. Similar
results were obtained in five patches. Prepulse voltages for a, b, and ¢ were —80 mV, —40 mV, and
0 mV, respectively. (B) Elevation of [Ca2+]; increases resting inactivation of BK channels in patches
held at a fixed potential. Ensemble averages of BK channels from the same patch as in (A) show that
the amount of BK current decreases with higher [Ca?*],. Similar results were recorded in six
patches. Solutions as in Fig. 2. The [Ca2*], for a, b, and ¢ were 5 uM, 10 uM, and 20 uM,

respectively.

Fig. 4. (A) Trypsin removes inac-
tivation from BK channels. BK

channels recorded in an inside-
out patch depolarized from —40
to +60 mV every 3 s in the pres-
ence of 2 pM [Ca2*], (traces 1 to
4) and during exposure to 2 pM h

lA 2I'M[c¥‘2+1i B
~ 1

After trypsin

[Ca?*], + trypsin (0.5 mg/ml)
(traces 5 to 7, 17 to 20). Consec-
utive numbers indicate consecu-
tive voltage jumps. Trypsin appli-
cation began approximately 1 s
before trace 5. The increasing
number of noninactivating BK
channels reflects the progressive
removal of inactivation by trypsin
(29). Because the K* equilibrium
potential was 0 mV in this experi-
ment, inward channel openings
following the step to +60 mV in
traces 6 to 20 are observed. (B)
Ensemble averages of BK chan-
nels before and after cytoplasmic
trypsin application. Inward chan-
nel openings occurring at the end
of the voltage step were not in-
cluded in the ensemble average.
Internal and external salines for
(A) and (B) as in Fig. 1. (C, top)
Trypsin-treated BK channels are
voltage-dependent. Ensemble BK

v 3
+60 mV
Voltage (mV).

+60

C +20

6 -10

2 NP, [Ca 2+]i (M)
100 ms 5
2

1.5

current from an inside-out patch depolarized to —10, +20, and +60 mV in the presence of 2 uM
[Ca2*],. Note that N-P, at —10 mV is close to zero. (C, bottom) Trypsin-treated BK channels are
Ca2+-dependent. Ensemble averages of trypsin-digested BK channels in an inside-out patch
depolarized to +60 mV in the presence of 1.5, 2, and 5 pM [Ca2*],. (D) The Shaker B ball peptide
(100 uM) selectively blocks rat adrenal chromaffin cell BK channels. Ensemble averages of
trypsin-treated BK channels in an inside-out patch exposed to peptide, mutant peptide
(L7A,Q15E,Q20E), or no peptide (control). [Ca2+], = 2 pM. Similar results were obtained in five
patches. Solutions for (C) and (D) as in Fig. 2. Voltage protocols for (C) and (D) are as in (B);
however, note shorter time scale in (C) and (D). Trypsin (type IX from porcine pancreas, Sigma, St.
Louis, Missouri) removed inactivation from BK channels in 29 of 29 patches.
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be caused by first-order blockade of the
open channel by [Ca?*],, which predicts a
linear rather than asymptotic relation be-
tween blocking rate and [Ca?*], (17).
Because BK channel inactivation de-
pends on the same parameters that produce
activation, the amount of resting inactiva-
tion should also depend on resting mem-
brane potential and [Ca’?*],. To test this
hypothesis, we activated BK channels in
inside-out patches by stepping the mem-
brane potential to +60 mV while varying
either holding potential or [Ca?*],. First,
[Ca?*], was fixed to 5 pM, and the poten-
tial before the voltage step was set to —80,
—40, or 0 mV. The amount of current
activated at +60 mV decreased as holding
potential was made more positive (Fig.
3A). Next, the potential before the voltage
jump was fixed to —60 mV while the patch
was bathed in either 5, 10, or 20 pM
[Ca“]i. The amount of BK current activat-
ed at +60 mV decreased with increasing
[Ca%*], (Fig. 3B). These results indicate
that the amount of BK current available for
activation by a voltage step is governed by
the membrane potential before the step and
by [Ca?*],. When conditions favor steps
leading to channel activation, that is, de-
polarized holding potential and higher
[Ca?*],, the P, observed during a positive
voltage step is relatively low, indicating an
increased likelihood of inactivation before
the voltage step. Because the chromaffin cell
resting membrane potential is probably be-
tween —40 and —50 mV (18) and submem-
brane Ca?* concentrations may reach mi-
cromolar concentrations (19), these results
suggest that the amount of BK current avail-
able for activation can be actively regulated
by normally occurring changes in membrane
voltage and submembrane Ca?*.
Intracellular application of the protease
trypsin selectively removes inactivation
from voltage-gated K* channels (6), pro-
viding support for the “ball and chain”
model of inactivation (20) in which a
protease-sensitive, cytoplasmic domain of
the channel protein binds and occludes the
open channel (7). We tested whether rat
adrenal chromaffin cell BK channels possess
a similar mechanism of inactivation by
applying trypsin to BK channels in excised,
inside-out patches of membrane. A brief
application of trypsin rapidly and irrevers-
ibly caused BK channels to open in long-
lived bursts, consistent with removal of
inactivation (Fig. 4A). The amplitude of
the ensemble current after trypsin digestion
was consistently larger than the peak cur-
rent before trypsin (Fig. 4B). The large
increase in peak current after trypsin re-
flects a higher maximal number of channels
that simultaneously open during a voltage
step (three before trypsin, seven after tryp-
sin). A comparison of the average peak P,



before and after trypsin application (Fig.
4B) suggests that at —40 mV and 2 pM
[Ca?*], the probability that an inactivating
BK channel will open during a depolarizing
voltage step is about 25% (21). Two factors
may contribute to this low probability of
opening. (i) BK channels may have access
to inactivated states directly from closed
states so that during a voltage step channels
would not necessarily open before inacti-
vating (22). (ii) Because [Ca®*], was fixed
at 2 uM in this experiment, a high level of
resting inactivation may have been estab-
lished. The effect of trypsin was inhibited
both by soybean trypsin inhibitor (0.3 mg/
ml) and by leupeptin (100 uM) and was not
observed when trypsin was applied to the
extracellular face of the membrane. Trypsin
removes inactivation from BK channels
without grossly altering other properties of
the channel. Ensemble averages of trypsin-
treated BK channels show a noninactivat-
ing current that retains voltage dependence
(Fig. 4C, top) and Ca?*; dependence (Fig.
4C, bottom). In addition, the conductance
of BK channels was not significantly
changed after trypsin digestion (275 + 9 pS
before trypsin; n = 6; versus 270 = 12 pS
after trypsin; n = 6). Although trypsin is a
nonspecific protease that can cleave at
many sites on a channel protein, the high
degree of specificity with which it removes
inactivation supports the notion that it is
digesting an exposed protein domain that is
distinct from voltage-sensing and Ca’* -
binding portions of the channel protein.
Inactivation that involves a cytoplas-
mic, protease-sensitive protein domain is
reminiscent of N-type inactivation de-
scribed for Shaker BK* channels in which
the NH,-terminal 20 amino acids of the
channel protein block the open channel to
cause inactivation (7). Mutant, noninacti-
vating Shaker K* channels can be made to
inactivate by internal application of a pep-
tide corresponding to the Shaker B (ShB)
NH,-terminus (7). This ShB ball peptide is
known to block noninactivating BK chan-
nels incorporated into lipid bilayers from
both rat brain and coronary artery smooth
muscle (23). Internal application of 100
uM purified ShB peptide blocks trypsin-
treated rat chromaffin cell BK channels by
about 50% (Fig. 4D) (24). Trypsin diges-
tion of the ShB peptide removed its ability
to block BK channels (n = 3), and appli-
cation of a ShB peptide with three amino
acid substitutions (25) did not block the
channels appreciably. Blockade by the ShB
peptide shows no time dependence, sug-
gesting that the peptide has access to its
binding site whether the channel is open or
closed. Thus, a potential binding site for an
inactivating domain may be available while
channels are at rest, consistent with the
high level of BK channel resting inactiva-

tion we have observed. Although BK chan-
nel inactivation may involve the ShB pep-
tide binding site or some other site on the
channel protein, our results demonstrate
that a binding site for the ShB peptide is
conserved in rat chromaffin cell BK chan-
nels.

We have shown that rat adrenal chro-
maffin cells possess a BK channel that un-
dergoes rapid and virtually complete inac-
tivation. Similar to N-type inactivation
characterized for Shaker B K* channels,
BK channel inactivation derives an appar-
ent dependence on conditions which lead
to channel opening, but has little inttinsic
dependence on these factors. In addition,
the availability of BK channels for activa-
tion is reduced when submembrane Ca?* is
elevated and the plasma membrane is depo-
larized. BK channel inactivation is removed
by trypsin digestion, and the channels spe-
cifically bind the ShB inactivating domain,
suggesting additional similarity between
this BK channel and the ShB channel.

The observation that some Ca?*-acti-
vated K* channels exhibit rapid inactiva-
tion adds a new level of complexity to the
role that these channels may play in regu-
lating cellular excitability. Furthermore,
our findings indicate that this BK channel
uses a mechanism for inactivation analo-
gous to that used by other voltage-gated K+
channels, demonstrating that structural fea-
tures found among members of the voltage-
gated K* channel family may extend to the
family of voltage- and Ca?*-activated K*
channels.
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ShB peptide used in Fig. 4 was purified by the
Protein Chemistry Laboratory, Washington Uni-
versity School of Medicine, St. Louis, MO. Pure
ShB peptide obtained from the Protein Nucleic
Acid Facility at Stanford University produced
about 75% blockade at 70 nM, suggesting that
the dissociation constant (K,) may vary among
preparations. The ShB peptide appears to have a
higher affinity for Shaker K+ channels than for
some mammalian Shaker homologs [J. P. Rup-
persberg, R. Frank, O. Pongs, M. Stocker, Nature
353, 657 (1991); (7)].

The purified mutant peptide contained the follow-
ing three amino acid substitutions, expressed as
[wild-type residue, residue position, mutant resi-
due]: L7A, Q15E, Q20E. This peptide has an
approximately tenfold lower affinity for the Shaker
B peptide binding site than does the native ShB
peptide (R. Murrell-Lagnado, personal communi-
cation).

Adrenal medullary chromaffin cells from adult
male Sprague-Dawley rats were enzymatically
dissociated as described in A. Neely and C. J.
Lingle [J. Physiol. (London) 453, 97 (1992)]. Cells
were used 2 to 14 days after plating.

Fifteen of 198 (~8%) rat chromaffin cell mem-
brane patches contained only noninactivating BK
channels. The remainder of patches, 31 of 198
(~16%), contained both inactivating and noninac-
tivating BK channels.

Free Ca2* concentrations were calculated with
the EGTAETC computer program (apparent sta-
bility constant-for Ca2+ = 10626 at pH 7.0). For
free [Ca2*], greater than 2 pM, 5 mM N-hydroxy-
ethylethylenediaminetriacetic acid (HEDTA) rath-
er than EGTA was used to buffer Ca2+. Voltage
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protocols were generated with the pClamp soft-
ware package (Axon Instruments, Foster City, CA)
running on an IBM AT computer. Single-channel
currents were recorded with an Axopatch 1C
patch-clamp ampilifier (Axon Instruments), digital-
ly sampled at 2500 Hz, low-pass—filtered at 1 kHz
(Bessel filter, —3 dB), and written to computer
disk. Analysis of single-channel data was accom-
plished with in-house software. We corrected raw
current traces for leakage and capacitative cur-
rent by subtracting an average of current activat-
ed in the absence of intracellular Ca2*. We ide-
alized single-channel events with a half-amplitude
threshold detection routine. Solutions were ap-
plied locally to a membrane patch with a glass
pipette containing seven separate perfusion lines.
Flow in each line was driven by gravity and
regulated by computer-controlled solenoid
valves. Solution exchange time was approximate-
ly 100 ms. Experiments were done at 21° to 24°C.
29. As in Fig. 4A, an apparent initial decrease in

opening probability was routinely observed after
trypsin application. One interpretation of this ob-
servation is that the putative BK channel-inacti-
vating gate, once cleaved from the rest of the
channel protein by trypsin, has a higher affinity for
its binding site than does the attached gate. Thus,
for channels that are exposed to trypsin while
inactivated, the cleaved inactivating gate will dis-
sociate from its receptor site more slowly, giving
rise to a temporary decrease in F,.
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A Strategy for Delivering Peptides into the Central
Nervous System by Sequential Metabolism

Nicholas Bodor,* Laszlo Prokai, Wei-Mei Wu, Hassan Farag,
Sastry Jonalagadda, Masanori Kawamura, James Simpkins

Most peptides do not enter the central nervous system because of their hydrophilic
character and the presence of peptidolytic enzymes in the lipoidal blood-brain barrier. To
achieve brain delivery of a peptide conjugate, an opioid peptide (enkephalin) was placed
in a molecular environment that disguises its peptide nature and provides biolabile, lipo-
philic functions to penetrate the blood-brain barrier by passive transport. The strategy also
incorporates a 1,4-dihydrotrigonellinate targetor that undergoes an enzymatically mediated
oxidation to a hydrophilic, membrane-impermeable trigonellinate salt. The polar targetor-
peptide conjugate that is trapped behind the lipoidal blood-brain barrier is deposited in the
central nervous system. Analgesia was observed with “packaged” enkephalin but not with
the unmodified peptide or lipophilic peptide precursors.

The blood-brain barrier (BBB) is the
major obstacle for the development of
centrally active peptides. The capillaries
in the brain parenchyma possess high-
resistance, tight junctions between the
endothelial cells (I). The cells also lack
pores; thus, the brain capillary endotheli-
um behaves like a continuous lipid bilayer.
Diffusion through this layer, the physical
BBB, is largely dependent on the lipid
solubility of the solute. Water-soluble
molecules (for example, glucose, essential
amino acids, and glutamate) enter the
brain almost exclusively by carrier-medi-
ated transport (2). Most peptides, such as
the naturally occurring enkephalins, are
hydrophilic and do not cross the BBB,
because of the absence of specific transport
systems in the membrane. Their metabolic
instability also implies that the highly
active neuropeptide-degrading enzymes
(3), such as the capillary-bound ami-
nopeptidase (4), arylamidase (5), and en-
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kephalinase (6), constitute an enzymatic
BBB for peptides that results in their rapid
cleavage. .

Various strategies have been applied to
direct centrally active peptides into the
brain. An invasive procedure that in-
cludes surgical implantation of an intra-
ventricular catheter followed by pharma-
ceutical infusion into the ventricular com-
partment delivers a metabolically unstable
peptide only to the surface of the brain
(7). Transient opening of the tight junc-
tions by the intracarotid infusion of an
osmotically active substance (mannitol,
arabinose) in high concentrations (>1 M)
may facilitate an indiscriminate delivery of
molecules that otherwise cannot cross the
BBB (8). However, this procedure is ac-
companied by severe' toxic effects, which
can lead to inflammation, encephalitis,
and seizures. These invasive procedures
are only justified for some life-threatening
conditions and are not acceptable for less
serious illnesses.

A noninvasive method for peptide de-
livery into the central nervous system
(CNS) has been suggested that uses the
formation of chimeric peptides (9). This
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strategy relies on the presence of specific
receptor-mediated transcytosis systems in
the BBB for certain larger peptides such as
insulin, insulin-like growth factor, trans-
ferrin, and albumin. Covalently coupling
(for example, through disulfide bonds) a
nontransportable peptide to these trans-
port vectors results in a chimeric peptide
that can also undergo receptor-mediated
transcytosis, and the active peptide can be
released by its enzymatic cleavage in the
CNS. However, these carriers are not
brain-specific, as uptake by nonneural
cells or cells outside the CNS has also
been shown (10). Low amounts of the
peptide relative to the carrier molecule
and the receptor-based cellular transport
mechanism, that has physiologically limit-
ed transporter capacity (saturable) also
prevent pharmacologically significant
amounts from entering the brain. Finally,
release of the active peptide from the
conjugate has not been documented.

Our approach is an enzyme-based strat-
egy and is distinct from a simple pharma-
cologically based approach in which pep-
tide “prodrugs” are applied that are lipo-
philic esters or amides of the molecule
(11). Although the acquired lipophilicity
of these prodrugs may assure penetration
to the BBB (and to other membranes),
this is not the sole factor involved in the
transport of a peptide into the CNS. BBB
transport of cyclosporin, which is one of
the most lipid-soluble peptides, is para-
doxically low as a result of peptide degra-
dation (12). The enzymatic BBB is also
circumvented by our approach. The pro-

‘totype of the system (Fig. 1) has been

designed and evaluated for the enkephalin
analogs, (D-Ala?)-Leu-enkephalin and (D-
Ala?)-(D-Leu’)-enkephalin. Both the
COOH-terminus and the NH,- terminus of
the molecule have been modified in such a
way as to increase the lipid solubility of
the peptide and also to prevent cleavage
by the BBB aminopeptidases. Additional-
ly, the 1,4-dihydrotrigonellinate redox
targetor (T) exploits the unique architec-
ture of the BBB, which allows for the
influx of the lipid soluble neutral form, but
it is not permeable to the positively
charged form. The redox targetor has
proved to be widely applicable for brain
targeting of a variety of substances (13),
and its attachment alone results in brain-
specific delivery for small molecules such
as dopamine (14).

The enkephalins are sensitive to cleav-
age by endopeptidases at the Gly>-Phe*
peptide bond. Cholesteryl, a bulky and
lipophilic steroidal moiety (L), provides
an ester function that increases the lipid
solubility and also hinders the COOH-
terminal portion of the peptide from being
recognized by peptide-degrading enzymes.






