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~ . ABSTRACT ’

. -

Canine’ tracheal smooth muscle has been described as a multi~
unit muscle (Bozler, 1948; and Kroeger and Stephens, 1975).: Treat-
ment of this muscle with Tctracthy]ammqnium (TEA), a K+ conductance
blockgr, results in a conversion from multiunit to single-unit type
of béhaviour. This study was desigﬁed to investigate the morpho-
logical bases for this conversion.

The results obtained demonstrate a functional cholinergic
)
§

-
excitatory and a B-adrenergic inhib{tory innervation to canine
- tiachealis. Two types of varicositfes'were characterized on the

basis of the distribution of vesicles. Nerve fibres or their

varicosities were found in the space between bundles of smooth

v
1
-

[

muscle cells. : .

The smooth musc]e ce]]s, as seen in thin sections under/the -
electron microscope, were irregular in shape,with many processes.
Gap jun;tion§ were seen‘exclusiQély between processes of two cells
and had a typical 7:Iayered appearance with a,central.Z nm wide
gap.

Treatment of tissues with TEA resulted in phasic mechanical

activity and was accompanied by a significant increase in the
number of gap junctions. The compound Q—Aminopyriding (4-AP),
another K+ conductance blocker, also induced phasic ;esponse~and‘
‘an- increase in the number of gap}juncfions in canine trachealis.
There was a.correlatioﬁvin time of the struct;ral and fnﬁG&iona]'
Ehanges brought about- by TEA and L-aAP, but not with respect to 'z
the doses employed.

Responses to TEA were not affected by atggpinel On the other

.
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Hand, the mechanical effects of 4-AP could be b]ocwcd by atropine.
Atropine did not prcvent the increase in the numbef of gap junctions
brought about by 4 AP, TrcatmenL of tissucs with %cetyfcholine

. f
(Ach) did not result in either phasic mechanical attivity or in-

creased junction formation. The mechanlcal and structural effects

of 4-aAp appear thus. to. 1nveave, in addition to re];asing Ach, a
direct smooth muscle action.

The rapidity of %EA— and Q—AP-inducedﬁJUnction'formetiow .
suggested a meEhanisp indcpendent of new protein éynthesis. Inhi- 7
bition of protein synthesis Gto’ﬁpe extent of 95%)'by‘cyelohexi_

' N
mide (CHX) did not prevent increased junction formation in tissues

where phasic‘mechanica] activity to TEA and‘h—AP was present. ’
waever, in pissues where such mechenica] activity“was not indpced
after similar treatment, no such increase in gap junctions was ob~
served. These results were interpreted in the light of the extent .
of structural damage to cells observed in the CHX-treated tissues.
Continued formarion of gap Junctions in thé absence of new

protein synthesis in canine trachealis suggested a mechanism in-

volving assembly of preformed subunits in the membrane. oFreeze-

--fracture studies revealed gap junctions on processes of cells.

Gap Junctlons were very :rarely encountered in the replicas and the

stages leading to thejr formqtion after TEA and 4-AP treatment

could not be observed. ’ . i .
Gap junctions have been suggested to play a role in celj-to-

cell electrical coupling .in smooth muscle and their presence in

‘canine trachealis may provide one-necessary basis for such coupling.

Their increase after trea;;epf\w+th\I§A and L-AP may provide



better coupling between the cells. HoweveY, any such increased
couplingiwas not by itself sufficient to induce single-unit be-

haviour. An attempt has been made to relate the structural eff-
¢
ects to the clectrophysiological changes seen after TEA-treat-

.

ment. Study of the eclectrophysiological changes accompanying
- A

the action of 4-AP in the presenée and absence of atropine Wwould
aid in elucidatipng the necessary and sufficient conditions for

-

single-unit; behaviour.
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CHAPTER |
GENERAL INTRODUCT I ON~

A. REVIEW OF LITERATURE

“Classification of smooth muscle: The vertebrate smooth muscles were

divided into two categories by Bozler (1948).

i) Single-unit, which are usually spontaneéus]y active, behave
as a sing]q synchronized unit in contfactile function. Action poten-
tials Initiatéd\in any cell are conducted‘to other cellé. The smooth’
muscles of the gut, uterus and ureter were considered by Bozler to

belong to this category.

a

ii) Multidnit smooth puscles, which are usually not sEontaneous-
ly active, consist of independent ly acting units. Theée’are depé6~
dent on activity of nérveé and/or diffusion of mediator to each cell
for initiation of excitation. Bozler included most vascular smooth
muscles, nictitating membrane, iris sphincter, urinary bladder,
tracheobronchial smooth muscles {n this cagégbry.

- Many of the multiunit smooth muscles were, in Iqter studies,
shown tc exhibit single—ﬁnit characﬁeristics; such as conducgéd
aciicn potentials. Guinea-pig vas deferens and bladder'éna'ﬁaﬁy
vascular smooth muscles are egampjes of ghis type (Burnstocki 1970).

A class: "icai’on of smooth-muscles based on the nature of auto-

nomic innerwv.t ‘he cells was proposed»by Burnstock (1970).  The

Kagl



smooth muscles were categorized into three t?pcs:
v
i) The smooth muscles in this groub were considercd“to have

innchation to ali the acells with close nzuromuscular coﬁtacts.v This
mode ! WOQId correspond to éozler'; multiunit category and is repre-*
sented by vas.deferens from mouse and rat and possiBly'cat ciliary
muscie. The cells were thought to be connected through '"tow-resis-~
ténce”.contacts, through which there could be electronic spread of

junction potentials and spike activity. The membrane properties would

limit the spread of all-or-none action poteng]g3s in these tissues.

f
ii) Two types of cells were envisioned in this group. One type
the direétly innervated Or'”key” cells which ére influenced by frans—
mitter released from nerve endings closely situated to them. The.
other type is indirectly }nnervated or “coupled" cells, in which junc-
tion potentials are evoked by electrotonic spread from key cells.
When excitation by nerves affects é large—enough area of the cell
membranes of bbtﬁ cell types, a pr?E)gated action potential can occur.

The smooth muscles like guinea-pig vas deferens, bladder, circular

intestinal muscle, etc. were considered to belong to this category.
. ¥ )

iii) The smooth muscles in this group behave like the unitary

- types proposed by Bozler. There are very few or no close junctions
between the nerves and the cells,in smooth(nuscles of this type.

(A
Three ty 2s of cells were described: a few directly innervated or 'key"



cellsy a tew "coupled' cells which are activated by electrotonic

spread.of” junction potentials; and few "indirectly-counled' cells

activated by propagarad action potantials from other cells. The longi-
- . .

tudinal muscle of the qut, ureter, most vascular smooth musclas and

possibly the uterus come-under thic classification.

Thé classification of Burnstock, kor the wost part, was purof{ .
speculative. The mechanisms of excitation of the smooth muscles in the
three catogor{cs cannot(be deduced ffom the descriptiov of the organi-
zation of the cells. There {is alsg_anliﬁplLséL assumption that "low-
resistance'' contacts exist betsieen the cellsvin all smooth muscles.

The classification also seems to be rigid, much like the earlier 6né

proposed by Bozler.

fnnervation of smooth muscles:

Quantitative e%am}nation of neuromuscular contacts in different
smooth muscles has been undertaken. In the vas deferens of adult rat
(Richz-Jdson, 1962 and Taxi, 1965), mouse gLane and Rhodin, 1964 and
Yamauchi and Burnstock, 1963), and guinea;pig (Merrillees-gﬁ_gij 1963),
the regﬁlts of such studies Suggestffﬁat individual cells are inner--

"vated. Close neuromusc}ldr contacts have been described in these
tissues (separation of abput 286\A3 between nerves and muscle ce]]g).
Smooth muscle like the circular coat of intestine was shown to have
dense innervation, but not every cell seems‘to be .innervated (Burnstock,
1970). Mosf vascular smooth muscles, uterus, ureter and the longitudinal

‘ layer of the intestine were shown to have sparse innervation. Finally,

smooth muscles with no nerves have been described, like the muscle



—

cells OF the chick amrion (Burnstock, 1970). Thus, the density ot

i

. i .h~ . .
tnnervation difters in different smooth muscle systems examined.

Tracneo-bronchial smooth muscles:

The simooth muscles of the rQSpiratory'Lract from different species
have heen studied for the pattern and types of innérvation. The exci-
tatory innervation to the respiratory smooth muscle ha' been shown to
be éholiﬁergic (Mizers, 1955 and Widdicombe, 1963), from the vagal bara—
sympathetic component of the autonomic nervous system.  There is aiso

"
an inhibitory innervatfon from the syﬁpathetic system (Rikimarq and
| Sudoh, 1971). In addition, a third ;bmponent of nervous activity,
which has been described for the smodth muscles of the gastro-intestinal
tract (Burnstock, 197}) , has been shown in the respiratory smooth
.muscles of‘guinea-pig (Coburn and Tomita, 1973) and human (Richardscn
and Beland, 1972}, the non-adrenergic and non-cholinergic inhfbitory
system (NA1). There is no evidencévfor the prcsénce of this.inhibitory
innervation to the canine tracheal smooth muscle (Suzuki et al, 1576).
Thus, the airway smooth muscles are thought to be regu]ated‘by both the
parasympathetic and .the sympathetic somponents of the autonomic nervous
system acting iq concert. With respect to the presence QF non-adrenergic
inhibition, there scem to be species differences.
The nervous rcgulatién of the smooth muscles of the gastrointésti&al
as wellvas those of the respiratory tracts seem to be similar. The
smooth muscle, epithelinm, vagal innervation and the ganglion cells in

the lung have been si ..+ to have a common embryological origin with

these systems in the gut (Krahl, 1964). Thus, it is not surprising that



N

/
/

‘ /
the neural control of both these systems are identical /in some respects.
/

/

Electrophysiological, hisfochemica] and ultrastr@ﬁtural studies on
respiratory smooth muscle have bqen carried out to correlate the |
physiological responses to the innervation prcsent./ I'n the human
tracheobronchial musc]é, Richardson and Be1énd (1976) demonstrated
an atropine-sensitive excitatory response a%d a fctrddogoxin (TTX) -
sensitive inhibitory response‘to fieid stimulation using appropriate

¢

parameters.'-There was no eviden;e for an adrgﬁergic inhibitory
influence with this technique, nor could thgrnerves gc demonstrated
by'histochemical techniques. In the rcspifatory smooth muscle of the
guinea-pig there was pharmacologfcal evidence for the presenée of
adrenergic inhibition and the nerves cédld be dem;nstrated by histo-
chemical techniques (Richardson and Bouchard, 1975).

In a correlated histochemical ultrastructural study on th:= cat
tracheobronchial Smoofh muscle, Silva and Ross (1974) showed an exten-
sive-autonomic innervation. Fluorescence studies revealed a network of
adrenergic fibres on the surfacrs of the trachealis which aléo‘extended
between the muscle cells. In cats treated with 6—Hyd?oxy dopamine
(6-LHDA), an agcnt which has been shown to cause selective degeneration
of adrenergic fibres (Thbenen et al, 1970), the fluorescence associated
with adrénergic nerves was no longer seeng In trachea][s muscle, nerve
fibres with structurally different vesicles were noted: agranular
vesicles (300 - 2000 A° diameter); sma]i (300 - 600 A®) and large gra-

nular vesicles (700 - 1200 A®). After 6-OHDA treatment, the nerve fibres

contained predominantly agranular vesicles and very few large granular



vesicles. Those nerve profiles which contained large granular and
sma 1l granular vesicles were considered to be adrenergic nerves, since
they wwere apparently destroyed by 6-0HDA treatment . The profiles re-
maining after 6-0HDA Lreatment, predominant!y aqranular‘vcsiclcs and a
few large qranular vesicles, were considered to be cholinergic.

Cameron and Kirkpatrick (1977) produced evidence for a cholinergic

.

A :
excitatory innervation for the bovine tracheal smooth muscle. Using

the single-sucrose gap apparatus to record ﬁotential changes, they re-
cofded excitatory junction potentials (eips) in resbonse to electrical
field stimulation. The ejps were folfbwedlby brief twitch-type con--
tractions of the tissue strips. On repetitive stimulation, both the
amplitudé of the depola?lzations and the tetanus were increased, with
no evidence of fack]itation or production of action poten%ials.

. | -6 \ ’
External administration of acetylcholipe (10 gm/ml) simulated the
responses (both mechanical and electrical) to repetitive electrical
stimulation. Neostigmine potentiated and atropine either reduced or

»

abolished the contraction as well as the ejps. Thus, it was evident

that -the ejp and contraction were due to release of acetylcholine from
the intrinsic nerve endings. Their electron microscopic studies re-
vealed that the nerves were present in the clefts between smodth muséle
cell bundles. The axonal var?cosities were not seen in close préximity
to the cells. Determination of-thé quantitative p%oport}on of muscle
cells and nerves revelaed a sparse innervation.

In the canine tracheal s@ooth muscle, Suz;ki et al (1976) showed
that the nerves bewteen the muscle cells were rare. The nerve fibres

contained three kinds of vesicles:'a) agranular vesicles (diameter 500 -

700 A°); b) small granular vesicles (diameter 600 - 8QO A®); and ¢)



large granular vesicles (diameter 1000 - 1500 A").  The nerve [ibres
with the agranular vesicles were reportedly more frequent than those
containing granular vesicles. Their histochemical studies for acety -

cholinésterasc revealed a diffuse staining; also the catecholamine-
fluorescence wac locali.ed mainly arcund the Blood vessels and close
téicartilggc wilh few fluorescent fibres between the muscle cells.

The smooth muscle of the guinea;pig sphincter pupillae has been
shown to have a very dense i~ :rvation (Gabella, 1974). |n a full
cross-section of thc spincter, Gabella réported abouﬁ 2791 profiles of
nuscle cells and 843 né;vc fibrel, more than half of which contained
synaptic vesicles. About 194 out gf the 843 nerve fibres were seen
separated from muscle cells by»a gap of about 20 nm. Post-junctional

. e

specializations were alsQ noted along some of the closely located nerve .
endfnés. Based on the approximate length (7 um) of avvaricosity;
Cabella reported that there could be more than half a mi]]ién nerve
terminafs in one pupillary musé]e. 't yas concluded that all muscle
cells were innervated and many of them could be in close proximity to
several varicositiés.

in the vasa déferentia of rat and guin.z-pig, Goto et al (19777
observed spontaneods'junction potent}afs “irs). They aféo reported a
denser innervation and higher frequéﬁcy of di;charge ofvsjps in the
rat vas deterens than in the guinea-pig muscle. They'attrib;ted'the
sjp Frequency to the density of innervation bf the muscle.

From'the foregoing discussion it is evident that differeht
visceral smooth muséles vary in their pattern and density of inner-

vation. Smooth muscles like the pupillary muscles and the vas deferens,

which are involved in rapid movements, are characterized by innervation
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of what appears to be every muscle fibre. On the other hand, in smooth

~muscles showing slow graded responscs like those of the gut and the.
wieru f the innervation allows for diffuse release of transmitter from
the nerve endings (Burnstock, 1970).

In émooth muscles where excitation is supposedly initiated by i
nerves'and/o; diffusion of transmitter from the terminals the density‘of
innervation has been shown to be high (Bennett and Merdillees, 1966 and
'GéBella 1976). in smooth muscles where nervous inﬁluence is considered
to regUIatc the'spohtaneous aqtivity ofvthe CC]]S;.thC innervation has
been found to be less dense (Bennett and Rogers, 1967). As cited above,
for the bovine and canine tracheal smooth muscles, where initiation of
excitation is considered dependent on nerves (in the absence of myogenic
electrical activity), the density of inaervation has been found sparse.
hus, the basis of excitation of smodth muscles cénnot always be inferred
from knowledge of the density of ignervation. '

Cameron‘and Kirkpatrick(1977) hypothesized the following scheme of
events to be operative during neuro-muscular transmission in the tracheal
smoot! muscle: depolarization.of more peripheral cells in the tissue by
the acety]éholine released from parasympathetic postganglionic nerve
fibres and electrotonic spread of the potential changes to cells in deeper
bundfeslthrough Iow—resistanée interconnections. The tYpes of cell-to-

\celf contacts found in these muscles are discussed in a later section.
S{nce\the'sbace constant of these tissues is long (see later section), it

is conceivable that there could be nondecr-mental ccnduction of

potentials.



General -ultrastructure of smooth muscles:

Size and shape of smooth muscle cells:

The cells in different smooth muscles vary in size, but in any
one tissue seem to be cénstant (Gabella, 1973). The diameter of cells
in different sméoth muscles has been reported (Bnrnstock, 1970) and
varies from about 1.5 ua up'to.6 um. The cells in smooth'muscles
fixed in the re]axed and contracted states have different Cross-
scctlonal areas (Gabella, 1973 and 1976) Durlnq isotonic contrac-
tion, the smooth muscle cells of the guinea-pig taenia coli were
shown to increasg in the cross-sectional area. The percentage increase
was found to be the same as the percentage.decfease in 1cngth.$ In
longitudinal sections of stretched tissues, the cells were shown to
run parallel with smooth suifaces while in isbtonica]]y contracted;
tissues they were larger with numerous finger-like brojections.

) The smooth muscle cells of the gut are usually round or oval in
transverse sections whén fixed in the relaxéd state. in some mQSCIes,
the cells have more irregular shapes. In the rat anococéygeus musclé,
the surface membrane of the cells wés shown to have large invagi-
nations throughout the length of the muscle (Gabella, 1973). The
cells of the guinealpig sphincter pupillae also had very irregular
shapes (Gabella, 1974). The ;surface to volume ratio, due to the
shape, was shown to be very high. ‘Trachealis smobth muscle cells were
shown to have elliptical shapes in cross-section (Suzuki gﬁ_gl_ 1976).
These ‘processes should be dlfferent/from those observed by Gabella

, ¢
(1976) in-smooth musc]es fixed in the contracted state.

VI



Surface membrane:

Thersurfacc membranes of smooth muscle cells have structurcs
described as caveolae. Some caveolac opcn to the extracellular com-
partment, as demonstratcd in studies using extracellular tracers
(Gabella, 1873; Devinmg et al, 1972; and Garficld, 1973). 1In thin
sections, some caveolae appear to be intracellular although this could
arise due té the connection not being included in the plane of the
scction. In the longitudinal muscle of the mouse intestine, Rhodin
(1962) reported that the caveolae incfeased-the surface of the cells
by 25% whercas in the guinea=pig tacnia coli Goodford (13970) reported

e '
a 70% increase in surface.

A role for these caveolae “in control of cell volume has been
proposed by some investigators (Daniel and Robi;son, 1970). The study
by Garfield and Daniel (1977) reveals that the membrane vesicles in
rat myometrium have prope}tics in common with the vofume pump des- -
cribed by Daniel and Robinson (1971) and Rangachari et al (1972) in
this tissue. The maintenance of vesicles seems to be dependent on
ATP formation and metabolism of the cells.

The caveolae have an ‘average diameter of about 1000 AC (Gabe]]a,
1973 and Garfield, 1973). THey have been shown to appear very early
in embryonic development (GaEel]a, 1973). It is thought that the
vesicles delimit a spacé around the cells whose jonic compo on fsv

directly controlled by the cells themselves.

[N

Cytoplasmic organelles: -




The superficial regions of the cytoplasm, subjacent to the
surface membrane and the caveolae, of many smooth muscle cells have
abundant sacs and tubules of smooth sarcoplasmic reticulum: These
have been observed in vascular smooth mu;cle (Somlyo et al, 1971)
as well as in taenia coli, utefus, vas deferens, intestine and stomach
smooth muscles (Gabella, i97]). In the taenia coli, Devine et al
(1972) have estimated that thelsarcoplasmfc reticulum contributes
about 2% of the total cytoplasmic volume. The presence ofnéarcoplas-
mic reticulum in smooth muscle just‘below the surface membrane and
caveolae has prompted investigators to specul -1n a'rél; in storage,
release and transport of catt in smooth muscile (GéBcl]a, i97l and
Somlyo and Somlyo, 1971).

The deeper regions of the cytoplasm, especiéﬁ?y at the poles
of the nucleus, in smooth muscle cells are the Qmooth and rough sar-

coplasmic reticulum and mitochondria. Mitochondria are also seen

underneath the surface membrane.

Cell-to-cell contacts in smooth muscle:

The cells in different tissues come into close contact at certain
regions and the structures of these various contacts have been the
basis of some reviews (Weinstein and McNutt, 1972; McNutt and Wein-

stein, 1973; Friend and Giluia, 1972; Pappas, 1973; Furshpar

Potter, f968; and Henderson, 1975). In smooth muscles, P8ur major
types of cell-to-cell contacts have béen described: ?exUses, inter-
mediate contacfé, jnterdigitations and simple appoéitions. The
structure and functions ‘of 'the nexus are discussed in a later section

of this Chapter.



Intermediate contacts: These thave been demonstrated after glutaral-

dehyde érimary fixation followed by osmication and staining in smooth
mugcles. The plasma membranes of neighbouring cells are parallel
with a scparation of about 50 nm (range 40 - 70 nm) at these junc-
tions (Henderson ot al, 1971). The cytoplasm of the cells, just
underneath the membrancs at the Junction, appears more dense. The
extracellular space within the contact usually has a dense liné and
is granular in appearance. The intermediate Junctions and desmosomes
seen in epithelial cells (Farquhar and Palade, 1963) resemble the
}ntermediate contécts in smooth muscle, alfhougﬁ‘thc first two types

have narrower intercellular spaces,

interdigitations: These appear as cylindrical or mushroom-shaped

invaginations of one cel] into a neighbouring celi, the shape being
dependent on the plane of séction. Gabella (1972) déscribed them

as '""bulbous projections''. The membranes of adjacent cells lose their
basement memBrénes at these contacts and are separated by a gap of
about 10 nm. There are no membrane specia]izations_observed at

these contacts. lntekdiqitations‘have~been observed more commonly

in tissues fixed with permanganate (Dewey and Barr, 1964; Oosaki

and Ishii, 1964; Bergman, 1968; Nishihara, 1970; ana Henderson‘gﬁ;jﬂj
1971). They also seem to be more frequent in contracted tissues
(Rhodin, 1962; Caesar et al, 1957; Lane, 1965; and Nagasawa and
Suzuki, 1967).

Simple appositions: The membranes of neighbouring cells run para-

Ilel, separated by a gap of about of 10 nm at these junctions

(Henderson et al, 1971 and Gabella, 1972)." Suchicbntacts have been



described in a variety of smooth muscles and they seem to be typical
for smal) arterioles (sece Henderson, 1975) . 5 ‘

The precise phyéiological role for these three types of cell-
to-cell contacts isbnot.knownﬂ The possibility, however, exists
that they could be potential sites of cell-to-cell coupling. There
are no special characteristics of these junctions which make it

possible to identify them in freeze-cleaved replicas.

Nexusesg The cell membranes of adjacent éells are sometimes seen
in close apposition without a visible gap and with no electron-
density of the subjacent cytoplasm at these juné?ﬂoﬁs. 5ewey and
Barr (1962) called these nexuses or tight junctions. They claimed
that the .smooth muscle cell membrane outer leaflets fused at the
_nexus, giving a 5-layered appearance in thin sections of tissues
fixed in permanganate and examined under the electron microscope.
Colloidal ‘lanthanum, an extracellular space marker, could penetréte
some of the structures previously classified as nexuses suggesting
that the outer membrané leéflets were separated by a gap, as in
gap junctions be:--2n epithelial cells (Revel Eﬁ;il) 1967). The
p}esence of a-gap of about 2 nm was confirmed at thé nexus of
smooth muscle and hence the term gap junctiom was used to descri-
be these contacts (see Gabella, f973).

The presence and the extent of the gap between the apposing
membranes have beenvattributed to the fixation and déhydration
procedures used.‘ There ié no evidence to indicate moré than one

'

type of gap junction in tissues (Gabella, 1973). n tissues fixed
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with permanganate swelling of cells and fusion of membranes has been
shown to ocecur, causing formation of nexus-1ike StructurcS§>Daniel
et al, 1976)) Brightman and Reesc (1969) showed that permanganate

fixation cauded conversion of gap junctions into tight junctions in

the central nervous system. Likewise, in mouse liver fixed in

glutaraldehyde and dehydrated with acctone the gap of 2 nm was

L]
shown to disappear and the junction had a 5-layered appearance

(Goodenough and Revel, 1970).

Fine structure of gap junctions:

a) Thin-section appearance: [n thin section clectron micros-
copy, the gap junction appears as a 7-layered structure w}tH a central
gap about 2 nﬁ wide either after uranyl acetate en bloc staining
(Revgl and Karnovsky, 1967) or after Filling the extracellular space
with electron-dense tracer like lanthanum (Revel and Karnovsky,°]967).
However, in 1anthaﬁum-impregnated tissues, a central zone about 55 A©
in width seems to rendered opaque with lanthanum in thin sections
passing perpendicular to the plane of the gap junct}on due to stain-
ihg of the membrane outer ]eaflgts. In thin sections of lanthanum-
impregnated cardiac muscle, when viewed en face; the nexus is seen
to consist of éubunits about 70 to 80 A° wide. There is a central
th 15 A° in diameter in these subunits (see McNutt and Weinstein,
1973). A similar lanthanum image of gap junctions has been confirmed
by others (?rightman and Reese, 1969). The subunits-of the gap junc-

tions themselves are arranged in a hexagonal array with a cintre-

to-centre spacing of 90 to 100 A° (see McNutt and Weinstein, 1973).



b) Negative staining: In negatively stained isolated liver-

cell plasma membrane fragments, Benedetti and Emmelot (1965) showed

a hexagonal array of subunits. When Revel and Karnovsky (1967)
described the structure of lanthanum-impregnated gap junctions, it
was evident that the hexagonal array of subunits seen in I%ver plasma
"membrane was in fact the gap junction since it only occupied a small
fraction of membrane fragments scanned (Benedetti and Emmelot, 1968).
The hexagonal array of subunits was also demonstrated in hegatively
stained isolated gap junctions from liver (éoodenough and Revel,

1970; and Goodenough and Stoeckenius, 1971). -

¢) Freeze-fracture appearance of gap junctions: Freeze-fracture

studies of gap junctions reveal closely packed particles arranged in

a hexagonal array with a centre-tq—céntre spacing of 9 to 10 nm when
Viewed on the membrane PF face. The membrane EF face has a hexagonal
array of depressions or pits, which also have a centre-to-centre
spacing of 9 to 10 nm (Cha]croft and Bullivant, 1970; Goodené;gh_and
Revel, 1970;. and McNutt and Weinstein, 1970). ‘Howeyer; the rela-
tionship between the subunits delineated by lanthanum in thin sec-
tions as well as by negative staining and the subunits seen {n freeze-.
cleavedsnexuses is.poorly understood.

Thé particles seen on the PF face of nexuses are 6 to 7 nm in
diameter, whereas the subunits seén in lanthanum-impregnated nexusgs
measure 7 to 7.5 nm. The ﬁeasured diameters are thus siﬁi]ar.
Hdwever, the particles seen‘in the replicas are actually enlarged in
size due to capping with Platinum (Rt) during shadowing and in calcu-

lating the true dimensions a correction factor must be introduced.



B

The corrected size of the particles would be 4 to §5 ., in diameter

(assuming that Pt deposition would increcase the size by .5 to 2.5

- ’

nm depending on replica thickness), Thus, the particle. scen in
\ .
replicas are clearly smaller than the subunits delineated by lantha-

num, although they are assumed to represent the same structure

(McNutt and Weinstein, 1970)."

Gap junctions and cell-to-cell coupling:

Electrotonic coupling between cells has been taken as evidence
for the presence of gap junctions in many systems. Likewise, the
presence of gap junctions between ce]]s is conSideree as evidenge
fer electrotonic coupling in tissues. In Some systems, a. temporal
correlation between electrical coupling, as demonstrated by ‘elec-
trophysiological techniques, and the presence of gap juncgions, as
revealed by ultrastructure, has obtained.

Johnson et et al (1974) studied the formatlon of gap Junctlons in.
reaggregatlng Novikoff hepatome cells in culture. Electrophysio-
logical measurement of coupling in these cells was aone concurrently,
They exaﬂined the freeze-fracture replicas of the cells at diffe-
rent times after‘reeggregation and noted.that establishment of
coupling coincided with the appearance of particle aggregates jn
the membrane | The coupling coefficient was found to increase with
an increase in the size of the particle aggregates.

Pappas et _al (1971) and Asada and Bennet (1971), in their
studies on crayfish giant axons, observed a temporal correlation of
loss of coupling and disappearance of gap junctions when solutions

containing low chloride were used. However, the changes were

[



reversible; coupling was restored at a time when gap junctions re-

~
appeared.

L

In chick myogenic cells, prescnﬁc of gap junctions and esta-
blishment of electrotonic coupling were secen to be temporally rela--
ted (Rash and Fambrough, 1973 and Rash and Staehelin, 1974). Revel
et al (1971) found other types of cei]-to-cell contacts in the
myoblasts and argued that their role in coupling should also be
considered. '. /

Human figroblasts which showed coupling, gap junctions and con-
tact inhibition of growth were hybridized with maliénant moﬁse L
cells which were nog coupled, had no gap jgnctions and no ¢
inhibition'TAzarnia et al, 1974). On culturing the hybrids,
cells were seen to lose the human chromosomes and they exhibite:
characteristics of the mouse L cells. These heterokaryons lost th
capacity to form gap‘junctions and were not coupled. The hybrids,
however, had gap junctions and were coupled. This also suggests
that the ability to form gap junctions in these cells is genetically
determined. |

In a study by Gilula g£~gl_(19>2), Chinese hamster fibroblasts
which were incapable of incdrporating purine nucleotides were cul-
tured with cells which were competent in this respect. .When the
incompetent cells were céup]ed with .the competent cells, they showed
gap junctions and incorporated the phrines. However, when ionic
coupling was not established in some cultures, there were no gap
junctions and the cells remained inzohpeteﬁt.

In cardiac muscle immersed in hypertonic solution, Barr et al
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(1965) reported a block of spike propagation due to the disruption of
nexuses.  These pesultls were contradicted by Dreifuss Si_ﬂl‘(l977)
/yho attributed the block of spike activity to swelling of the sarco-
plasmic reticulum.

In smooth muscle incubated in solutions made hypertonic by the
addition of sucrosé, Barr et al (1968) reported disruption of nexuses.
They used permanganate fixation to demonstrate the nuxuses. Hyper-
tonicity was claimed to result in loss of spontaneous spike activity
as a result of loss of nexuses. Their resu]ts could not be confirmed
by other investigators (Cobb and Bennet t, 1969; Nishihara, 1970; and
Daniel et al, 1976). Tomita (1967) showed that loss of spontanecous
Spiking was related to-the hyperpolarizing effect of hypertonic
solutions in the same tissue. |

Electrical coupling had been shown between cells of many smooth
muscles where gap junctions were also seen. On the other hand, some .
smooth muscles, which are electrically coub]ed, were shown not to
possess gap junctions (Henderson et al, 1971; Daniel et al, 1976;
and Gabe]]a, 1973 and 1975). Thus, there is no convincing correla-
tion between presence of coupling as well as gap junctions in all
smooth muscles. So far no instances have been found in which gap
junctions were .present but coupling was absent. Thus, they may be a
sufficient but yot exclusive mechanism for cell-to-cell coupling in
smooth muscles, In the circular layer of the dog small intestine,
Daniel §£~§l,(j976) found gap junctions as demonstrated by thin-
section EM and freeze-fracture techniques. In the iongitudina] layer
of the intestine of dog, gap junctions could not be demonsirated

using these two techniques, despite presence o6f coupling between the



cell s,

(n the quinea-pia taenia coli, scvoral investigators reported
presence of gap junctions belween smooth muscle cells. Geisweind and
. ,
wermbter (1974) obscerved gap junctions in freeze-cleaved replicas of
guinea-piqg taenia coli. However, Gabella (1975) could not de.onstrais

gap junctidns in this tissue.

.Thc presence of gap junctions in the boving tracheal smooth
muscle was reported by'Camoron and Kirkpatrick (1977). An examination
of‘thcir published elcctron nicrograph reveals close contacts which
cannot be identifiod saLisfactori{y as gap junctions. There was no
high power micrograph of a gap junction in their report.

In the canine tracheal siooth ﬁusc]e, Suzuki et al (1976) claimed
that cellular connections like the “tight junction (nexus)” were rare.

In their study on the incidence of nexal contacts and electrical
coupling in the guinea-pig and rat vasa deferentia, Goto Ef;-l_<]977)
reported a correlation between presence of nexal cbntacts and cell-to-
cell coupling. They observed a denser innervation in the rat vas
deferens thah in vthe guinea-pig tissue. The incidence of "complex
nexuses'' (projection of one cell }nto,anothgr) were found to be higher
{n the gﬁinea-pig tissue than in the rat tissue. The guinea-pig
tissue had a longer space constant (about 1.5 mm) than the rat tissue
(less than 0.5 mm). The longer séace constant in the guinea-pig vas
deferens was attributed to the presence of greater number of '"complex
nexuses'' thus allowing for better coupling. The higher density of
innervation in’the rat vas deferens was taken as evidence to support

the model proposed by Burnstock (1970) for classifying smooth muscle

based on the nature of innervation. The tissues in this study were
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ere (fxcd in poerr ~ate which has be owWn o result in tormation
O
oY mcxus-iiky structures in a varicly of Liusuvu/(scc carlier section on
Pesus). Thus, their cvidence tor 4 role of "complex néxuses' in ocell -
to-cell coupling should be interprated with caugiun.
The p;llg in smooth muscles 1ike guinea-pig vas deierens and

taenia coli and the tracheal smooth muscles of bovine and canine species
are Known to be electrically coupled and have cable properties (Tomita,
19606 and 1967 and Abe and Tomita, 1968 and Cameron and Kirkpatrick, 1977
and Kroeger and Stephens, 1975 and Sﬂzuki ct al, 1976). Burnstock 1370)
proposed that the extent of.u]cctrotonic coupling and the dcn;ity of
innervation of smoothlmuscleSAWerc inverscly related, i.e. smooth muscles
where clectrotonic spread of spike activity did not occur had a very
high density of innervation. However, this was shown not to be trué of
some sniooth muscles (see Cameron and Kirkpatrick, 1977).

I'f smooth muscles e}h[bit cable properties, what are the morphoio-
gical correlates of coupling between cells? This fs discussed in the

d .

following ietfion.

)

The passive electrical properties of smooth muscle and cable theory:

-~

The passive electrical properties of the smooth muscle cell mem-
brane are the membrane potential, wmemhrane resistance, membrane capaci-
tance, time constant, and the length constant of the membrane. Djf-
ferent electrical models are avai]ablé to interpret Various attempts
to measure these characteristiﬁ constants: the leaky condenser model

and cable models: one dimensional, two-dimensional and cable model for

limited length. The one-dimensional cable model has been applied to
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smooth. muscle using the insulated partition stinulating method
(Tomita, ¥966 and Abe and Tomita, 1968).
For an excitable tissue to have cable properties, it must meet the fol-

lowing criteria {(Hodgkin and Rushton, 1946):

i) There should be exponential decay of electroponic potential

along the tissue. The electrotonic potential during steady state at

"4

distance x is expressed as:

e"X/X (])

The amplitude of the electrotonic potential at X = 0, V (X = X), can be
expressed as V (X = 0, t = «)/e. 1In other words, the space'ﬁonstant

can be measured graphically at a distance at which the electrotonic

poténtial decays to 1/e or 37%.

ii) The time course of the electrotonic potential, predicted
from the cable equation must fit the actual &ime course of the elicited

electrotonic potential measured at X;

iii) The time to reach half-amplitude of the electrotonic poten-
tial increases linearly wiih distance along the cable. The slope of
this relationship is given by T /2. %, where T is the membrane time

constant; and

iv) The foot of a propagating spike rises exponentially and its
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time constant T is determined by the cable properties of the fibre.

The above-mentioned critcriq are fulfilled by many smooth muscles
(Tomita, 1970 ; Kuriyama, ]970): In the partition stimulating methed,
the tissue is stimulated extracellularly and the evokedypotentials are
recorded intrace]lu]af]y at various distances along the muscle from the
site of stimulation. The smooth muscle is treated as a series of in-
aependent cables formed’by end-to-end connections of cells. The po- )
tential change in ce]ls-ia the radial and circumferential axes is con-
sidered similar and it decreases along the length only. The ﬁaximgm
variation in the evoked potentials 'in the radia]'dirc&iion has been
calculated to be about 20% (Bennett, 1972). Benant also points out
the anegtainty as to what c%tent this arises from variations in the
quality of impalements of cells and an éctua] variation in the poten-
tial. Eisenberg ;nd.Jthson (1970) have critically reviewed this as-
pect for the analysis of theicab]c propertiés.

The passive membrane propertkes of visceral smooth musclés have
been” measured with the partition stimulating method using the one-
dimensional éable mode!;

The equation relating space constant A is as follows:

A= (1/4 D Rm/Ri')]/z : (2)

where D is the fibre diameter and Ri’is the 1ongitpdinél resistance of
the muscle fibre. To measure Rm, X and Ri must be known. Alternati-
vely, Rm can be calculated from the relationship Tm = Cm Rm;_where Tm
is ghe time constant and C is the capacifance.. The membrane time
Eonst;nt is calculated experimentally from analysis of eléctrqtonic

potentials produced by square current pulses.
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In the intercalated disc of canine myocardium, where the longi-
tudinal core of the fibre is interrupted by the discs, Spira (1971) has
described a modification to the cable equation for'chcrminihg junction-

al resistance as follows:

r

‘ . il (3)

r.
i
In cardiac muscle, r. =

r For smooth muscle,
i cytoplasm

+r . .
disc.

this would be r, =

ro + r . The resistances are further
i cytoplasm nexus 1
given by:
R R. n R
n
= .0 s Fo= ! 5 and L= 5 (4)
m 2 na nor Toa
. . . 2
Rm = Specific membrane resistance in ohms Cm
Ri = Internal fibre resistivity on ohms Cm.
Rn = Specifié nexal resistance in ohms Cm
n = Number of nexuses (discs) pericm length of fibre.
a = Fibre radius.

.

R .
"N (5)

area

of nexus for fibre

S

The area of the nexus is taken as some fraction (f) of the cross-

sectional area of the fibre. Thus, »
R —
) N ._Ln. Rma
A o=, zZ 72 ‘or A= —_— - (6)
: ‘."“ . nR :
*’ Ri nRN 2 R, +_N
+ 3
. o 2 2 f
N\, oa fna




f' can be calculated from the relationship:

- _ nexal lenqgth - ;
F= fibre width (7)

In order to calculate Rn' values of f, R , R. and a must be Known .
M f .

fn the cardiac intercalated disc, Spira determined Rn to be 1.4 ohms
sz. In smooth muscle, the nexal resisﬁance can be calculated {rom the
above-mentioned relationship. The vaﬁues‘mentioned below (for guinea-
pig taenia coli) were taken from Kuriyama and Ito (1975) and Burnstock
(1970) .

Rm'= 60 K .. Cm° (range 30 - 90 K © Cm?).

Radius of fibre, a = 3 .m.

Fibre length = 100 .m.

Number of fibres/ cm length (n) = 100.

Nexal length = 0.15 um (measured in canine trachealis,

‘Chapter 11).

Therefore f = 9g15»= 0.025.

RN was calculated to be 5 2 sz.

The assumptions implicit in these calculaticnn were essentially
the same as for the intercalated discs of ca;ine myocardium (Spira,
1971). They are:

All current passes through #he nexus and that ‘current passes di-
rectly between the cells, i.e., there can be no;ﬁ@dium capable of
shunting the current to the extracellular med i um. }hn latter assumb-
tion vius made by Spira (1971) on theipremise that the membranes at

: ' . =
the nexus fused. ' Later studies, howeVér, showed the nexus to have a

E 4
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central gap. It is conceivable that the membranes at a gap junction
come into contact at discrete regions maintaining direct cytoplas-
mic continuity between the coupled cells.

From the equation describing the space constant it is evident that

changes .in any of the thrce parameters: Rm’ Ri and/or Rn will affect A

(Equation #6). Thus, an increase in Rm and/or a decrease in either Ri

or Rn will increase XA. 1In situations where an alteration of A Is ob-

R4
\

served experimentally, the interpretation should take into consideration
possible changes in all the three parameters. Even if R and Ri re-
mained unchanged, changes in space constant would be réalized by chan-
'ges in Rn' ‘Among the factors which could change Rn are: presence of
"low-resistance' contacts of a%y type and their number and distri-

bution in smooth muscles.

u

Reqgulation of gap junction formation:

Formation of éap junctions in vitio has been studied in various

cell systems. bThe techniques used {n most cases involved either sepa-
. )

ration of the cells mechanically in low calcium media or using protro-
teolytic enzymes. Alternatively, the dissociafed cé]ls were either
reaggregated in culture or micromanipulated into contact. Presen;e
of gap junctions was studied i thin-sections and/or by the freeze-
fracture techniques. E]ectrica{ coupling between the cells was mea-

sured using electrophysiological techniques. In situ formation of gap

.junctions has also been investigated in a nuﬁﬁé?“éf”tISSues. The cells
/

and tissues investigated and various factors determining the appea-

rance of gap junctions and coupling are discussed in Chapter 1V

’

(Discussion sec-ion).



Potassium conductance blockers:

Multiunit nature of canine tracheal smootn wuscle:

_Thé canine tracheal smooth muscle has been described as belongirg
to the multiunit type (Kroeger and Stephens, 1975). The types of jn-
nerv;tion found in this smooth muscle were described earlier (scctior
on innervation of smooth muscles). Gap junctions have not been con-
vincingly demonstrated in this tissue. The muscle was shown not to
exhibit spontaneou. electrical and mechanical actithics in vitro. The
electrophysiological studies réportcd in literature (Kroeger and
Stephens, 1975 and Suzuki et al, 1976) showed that tetraethylammonium
(TEA) could bring about a conversion fr;m multiunit to single-unit
" type of behaviour of this smooth muscle in vitro.

The compound TEA (a quaternary ammonium ion) hés been used as a
tool to blogg potassium channels of excitable tissues (see Narahashi,
1974) . VoTtage—clamp studies demonstrated th;t the quaternary ammoniumA
ion TEA selectively inhibited potassium conductance. Tasaki and
Hagiwara (1957) fﬁrst studied the effect of TEA on memgrane conductdnces

N :
in the squid giant axon. TEA prolonged the falling phase c¢f the action
potential, creating a plateau phase‘much {ike the ;ardiac action po-
tential. It was effective only wHen pgrfused internally. Voltage-
clamp studies by other investigators were interpreted as confirming
the K+J— conductance blocking effect of TEA (see Narahashi, 1974).
TEA has been shown also to decrease the resting pota;sium conduc-

tance of other tissues; e.g., in skeletal muscle membranes (Stanfield,

1970 and Volle, 1970 and Volle et al, 1972). In Aplysia neurones, TEA
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(when appliced internally) prolonged the duration o' action potentials

CIPSPY (Kehoe, 1969 and 1972).  These effects were described as re-
sulting from blck of potassiun conductance. When TEA was extarnally
aibplied, the blqck ot PSP rﬁquircd a concentration 500 timeb‘lowcr than
that needed to block from internally. The external efiect was inter-

preted as being due to block of acetylcholire receptors. TEA has been
used to eliminate the steady—state current during depolarization in
studies to elucidate the relationship between depolarization and re-
lease of transmitter (Katz and Miledi, 1967, 1969 and 1971).

The aminopyridines have been used recently as tools to block po-
tassium channels in éxcitable membranes. The compoupd h—a%inopyridine
(L-AP) has been reported to selectively block the potassium channels
of axons of cockroach {Pelhate and Pichon, 19/74); squid (Meves and
uPichon, 1975 and Yeh et al, 1976); Myxicola (Schauf et al, 1976);
and the frog node of.Rénvier (Wagne and Ulbricht, 1975). The selec-
tivitly of action of 4-AP in blocking K" conductance was evident fr?m
these studies. However, Yeh gﬁ_él_(l§76) while inve§tigating the
effects of this compound in squid axon membréée concluded that, in
addition to being Selective; it exhibited voltage-, time-, rand

4

They also showed differences in

the mechanisms of action of TEA and 4-AP in the squid axon (discussed

frequency-dependent characteristics.

“in Chapter 111, Discussion).

' The effects of 4~AP on smooth muscle have not Been investigated
thus far. TEA has been known to convert the normally multiunit canine .
trachealis to unitary behaviour. In my studies (reported in Chapter

I11), evidence will be presented that 4-AP is also capable of bringing

about this conversion.



B. Objectives of the Presont Study
——=  UI¢ Fresent Study

) Tne rollowing questions were raised at the

‘gation:

i) Can gap junctions be demon-. trated in

and, . if so, are they necessary for cell-to-cel]

smooth muscles?

ii) What are the structural bases of the

unit to single-unit type of behaviour of canijne

if any?

start of this investj-

this smooth muscle

coupling in multiunit:

conversion from multij-

tracheal smooth muscle,

.. S + . . .
iii)  Can all K conductance blockers bring about this conversion,

both funé&iona]]y and structurally?



CHAPTER 11

NAfURE OF CANINE TRACHEAL SMQOOTH MUSCLE
AND EFFECTS OF TETRAETHYLAMMON |UM ION (TEA)

ON CONTRACTILE FUNCTLION AND STRUCTURE.



CHAPTER 11

Introduction: Nature of Tracheal Smooth Muscle

Each cell of_a‘muytiunit smooth muscle must be excited indepen-
dently either by excitation of nerves or by diffusion of mediator
fhrough the'interstitial space. Gap junctions and any other regions
of close contact providing low-resistance coupling between smooth
muscle‘cells are absent or ineffective in these tissues according to
the original classification (Bozler, 1948). Canine tracheal smooth
muscle has been described as a multiunit smooth muscle and shown to
have no spontaneous electrical and mechanical activities as studied
in vitro (Kroeder and Stephens, 1975 and Suzuki et al, 1976). The
contractile functions of respiratory smooth muﬁcle are thought to be
regglated by both the parasymp;thetic‘and the sympathetic components
of tHe autonomic nervous system (Widdicombe, 1963). The cholinergic
fnnervation from the vagus is excitator? (Widdi;ombe, 1963) while the
adrenergic is inhibitory (Foster, 1964 and R;kiméru and Sudoh, 1971).
In the éanine tracheal smooth muscle, agonists acting on a-adrenergic
receptors excite and those acting on B-adrenergic receptors relax
(Suzuki et al, 1976). There is evidence of a noﬁ~adrenergic and non-
cholinergic inhibitory fnnervation in the tracheobronchial smooth
muscle of the guinea pig (Coburn an& Tomita, 1973 ; Bando et al,
1973 5 Coleman and Levy, 1974 ;and Richardson and Bouchar&, 1975) énd
man (Richardson and Beland, 1976) similar in some ways to the one pro-
posed for the intestinal smooth muscle (Burnstock 1970). The simi—
larity in the neural control of the respiratory smooth muscle to that

of the gastrOIntestlnal tract smooth muscle might be expected from the
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fot that embryologically these two systems have a common origin
{(Krahl, 1964).

Studies on the density of inncrvation of the airway «smooth muscle
of the bovine species jndicate a sparse distribution of nerves

(Cameron and Kirkpatrick, 1977). The axons and their varicosities
were noted mainly in the clefts between the smooth muscle cell bundles.
These morphological findings do not correspond to expectation for a
multiunit smooth muscle since each cell would have to be excited
directly,

Reported effects of TEA on the canine tracheal smooth muscle:

The smooth muscle cells of the canine trachea had a stable mem-
brane potential in vitro with no evidence of spontaneous oscillations
or action potentials. The membrane had marked rectifying property te
a;polarizing stimuli. Neither electrical stimulation nor applicati
of a variety of stimulatory agents caused phasic electrical or mecha-
~nical responses (Kroeger and Stephens, 1975). A myogenic response to
quick stretch, normally present in single-unit smooth mu;cles, was not
found. Treatment in vitro with TEA however brought about a conversion
from multiunit to single-unit type of behaviour. TEA depolarized thg
cells, abolished the rectification; and Ini;iatc phasic mechanical
activity with action poteﬁtials. A myogenic response to stretch could
then be aCmonstratod (Kroeger and Stephens, 1975).

In elec;rophysiologica] studies, Kroeger and Stephen; (1975)

found that TEA increased the amplitude of the electrotonic poténtials

resulting from hyperpolarizing stimuli. The space constant of the

'
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tissuc was also increased from 1.6 to 2.8 mm atter TEA treatment.
Since the magnitude of the clectrotonic potential is related
to the membrane resistance (Abe and Tomita, 1968 and Abe, 1970), these

cffects of TEA on.Lhc space constaﬁt were interpreted as bufnqlthc
result of an increasc in the transmembrane resistance. However, the
authors assumed that the electrical, coupling and internal core ré-
sistance remained unchanged after TEA treatment.

The effects of TEA were also interpreted as being consistent with

its known action, namely, blocking potassium conductance. Kroeger et

al (1975) concluded that the resting conductance to K+ in this tissue

was so high and the increase in Na+ conductance so sma)l as to prevent
v + :

a regenerative increase in Na permeability resulting in depolariza-

tion and spontaneous ffiring of pace-maker Ce]]S!

Gap junctions hav; been considered to play a role in cell—ﬁo—cell
electrical coupling -in smooth muscle as well as in a variety of other
excitable tissues (Grfepp and Revel,1977), although such evidence is"
largely circumstantial in this tissue. Sjnce TEA treatment results in
an increase in the space constant of canine tracheal smooth muscle
tissue, | considered that this could be the result of not only the

observed rincrease in the transmembrane resistance, but also to a

possible increase in the gap junctional area.

’Objectives‘

The objectives of the present study were:

.

i) To investigate the types of innervation and their relationship

to smooth muscle cells and the effects of nerve stimulation on the



mechanical propertics of the muscle as studied in vitro;
AL Vrtro

i) To study the rncidence of qap junctiong between smooth muscle
cells o the canine trachea and changes in their number‘in Lissucs ex-
posed to TEA when single-unit behaviour is established and thus to
determine whether changes in junctional resistance might account for

the observed alterations in clectrical and mechanical propertics;
iii) To study the correlation between gap junction tormation and
mechanical activity with respect to time, TEA concentration and other

variables.

Materials and Methods

Tissue preparation: Mongrel dogs were anaesthet|zed with pentobar-

bital sodium (30 mg/Xg, i.v.) and the Ccervical tracheae were isolated
by a ventral miéline incision. The tracheal smoéth muscle (Tra-
chealis) which lies on the dorsal aspect of the trachéa, bridging the
defect in the cartilaginous rings, was isolated gently and carefully
from the underlying paries membranaceous and cut into strips 1 cm x
0.2 cm x 0.075 cm., The tissue strips were nointed vertica'ly in a 20-

.ml oraan-bath at 37° ¢ containing Krebs~Finger bicarbonate solution

- 5% €0 was

(Krebs solution) through which a mixture of 95% 02 )

bubbled continuously. The tissues were allowed to recover from
dissection and handling for a period Qf one hour before addition of

drugs or application of field stimulation. One end of the musplé

strip was attached to the tube holding the electrodes for field
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stimulation and the other end to a Grass FT-03 force transducer.
Isometric tension was recorded in a Beckman R 611 recorder through an
appropriate coupler. An initial one g tension was applied to the

tissue strips.

Solutions: The composition of the Krebs solution used is given in
Table 1: Solutions containing TEA were prepared by replacing equimolar

amounts of NaCl by TEA from the Krebs solution.

Electrical stimulation: Electrical stimulation was applied through

a pair of electrodes one cm apart and placed concentrically around
the tissue strip. The current was applied by a Grass S$9 stimulator.
The parameters chosen for nerve and direct muscle stimulations are

given in legends to Figures.

- Electron microscopy (EM): At the end of the incubation or experi-

mental period, the tissue strips were fixed by immersion in 2%
glutaraldehyde in 0.075 M cacodylate buffer (pH 7.4) containing 4.5%
sucrose and 1 mM CaCl2 under isometric cbnditjoﬁs. After 2 hourg in
fixative, the tissues were rinsed for one hour in 0.1 M cacodylate
buffer (pH 7.4) and post-figed in 1% osmium tetroxide in 0.05 M
taCody]ate Euffer of the same pH for 90 minutes. All tissues were
stained en bloc with saturated aqueous‘uranyl acetate for one hour,
dehydrated in graded alcohols and embedded in Spurr resin. Tissues
were oriented parallel to the transverse axis in the blocks so as to-
get cross-sections of smooth muscle cells. Thin sections cut-on a

Porter-Blum MT-2B Ultramicrotome with glass knives and mounted on

35

X4



TABLE |

Composition of Krebs Solution

Salts Normal Krebs-Ringer

(mmoles/litre)

NaCl : 121.9

KC 1 4.7

CaClZ “ 2.5

MgCTZ 1.2

KH, PO, _ 1.2

NaHCO 15.5
3

Glucose - 11.0

36
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300-mesh copper grids were. stained for 2 minutes with Lead cilrate o

examined in Jem=7A or Philips~-301 electron microscopes.

Mechanical studies: Tissues were incubated aither in Kreb, solution

or in TEA-containing solutions and isometric tension was monitored.

Dose-response relationship: The effects of various concentrations of

TEA (from | mM up to 70 mM) on the phasic mechanical activity of
canine trachealis were studied. From thiswrelationship, four con-
centrations, 3, 10, 20 and 33 mM, of TEA were chosen. The minimu%
concentration of TEA capable of inducing a mechanical activity was
found to be 3 mM. The tissue strips were incubated for one hour and
fixed for electron microécopy. Control tissues were incubated in

Krebs solution for one hour and processed for electron mnicr-oscopy.

Time-course of TEA-induced response: The tissue strips were in-

cubated with TEA-containiné solutions until phasic mechanical activity
was established (10 - 15 minutes) and fixed for EM. Control tissues

were incubated in Krebs solution.

Quantitation of 'gap junctions: ~ The number of gap junctions in thin
sections of smooth muscle cells cut transversely were coun+ed at a
magnification of 45,000 in 3 to § grid—sqgares from each t ssue.
Cell-to-cell contacts were%counted as nexuses or gap junctions if
they preéented a 5-lined or a 7—[ined structure with a 2 nm central

gap. A series of non-overlapping photographs of the.cells in the

scanned grid squares were taken at a magnification of 3200. The

37
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ncgatives were enlarged 3 times (x 9600 final magnification) and
printed on 20.3 x 25.& cm paper. « A map measurer (Keuffel and Esser
Co., Switzerland) was used to measure the circumfercnces of cells in
thc‘photogfbphs.

In-order to ensure that nexuses weré not counted from serial
sections of tissues, the measurements were made from grid squares
cccupied by the same section. The number of such grid squares de-
pended on the section dimensions and so large Sections'of tissues were
made. The number of gap junctions counted in the scanned grid squares
was expressed as huqber per 1600 um length ;f memhrane.

The tissue blocks were assigned different codes. The codes were
broken only after the number of gap junctions were determined as well
as the total membrane length measufed. |

The diameter of the gap junctions counted in the scanned grid-
squares was measured from high magnification micrographs of cells

from control and TEA-treated tissués.

Statistics: The Kru;kal—WalJig H test was used for comparing the
significance of the mean number of gap junctions in the control and
the TEA-treated gr&ups and the null hypothesis was rejected  if

’p (HH') at 0.05 level. Pairwise c0mparison§ of the data were made

using the Mann-WHitney U test.
Results

A. General Ultrastructure:

" : -

Freshly excised tracheal smooth muscle tissues from the dogs were
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fixed in 27 glutaraldehyde in 0.0l M cacodylate buffer (pH 7.4) and
protessed for clectron microscopy as described in ghc Methods section.
Grey to silver sections of tissues, where the cells were cut in trans-
varse orientation, were examined under the electron microscope.

Figure 1 shows a low-magnification view of tracheal smooth muscle
bundle. The bundles are separated by lérgc interstitial spaces con-
Laining‘bundlcs of collagen and fibroblasts.

Figure 2 shows a higher magnification view of a few smooth muscle
cells. The cells are very -irregular in shape, with sevcral proccssés.
These processes were seen in both control tissues as well as those

—
treated with TEA. These processes did not appear to be those which
result from contraction of smooth 5uscle as described by Gabella (1976).
'In the guinea-pig taenia coli, that author has shown changes in the
structure of~smooth muscle cells upon contraction and relaxation.
Tissues fixed in the shortened stafé show an increase in the cross- l
sectional area. Individual muque cells show similar changes. The
cells have a very irregular surface with large evaginations. On the
other hand,'in elongated tissues, the cell surface is smooth. The -
triﬁheal smooth mgs;le strips used in this study were fixed with an
initi;l one gmlloéd and can therefore be csnsidered stretched. Also,
they were unable to relax in response to various agents and showed no
evidence of tone or stable active tension.' Nevertheless, tFe cells do
ot appear to have smooth surfaces. The numerous projectioﬁs of the
cells seen }n‘this tissue éouldn't have been an artefact of shor ~g

" ~2r from an effect of the fixative or‘ffom spontaneous contractions
-7 by TEA in vitro.

~<aminatic  of thin sections of tissues revealed presence of gap
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Figure 1. Smooth muscle cell bundle from the canine trachealis.
]

Bundles of collagen and a few fibroblasts (F) can be scen in the

Spaée outside of the smooth muscle cell bundle. Magﬁification

x 6400.
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Figure ‘2. Canine tracheal smooth muscle cut in cross-section.

B

»

Thc'cells have numerous projections and a gap junction (arrow-head)
caﬁ be seen. The caveolae (small arrows) appear along thg surfaces
of the cells. Smooth saréop]asmic ret};ulum (SR) can be seen
(arrows) close to mitéchondria (M) and undaneath the caveolae.

The mitochondria are in orthodox form. The myofilaments and dense-

bodies are seen in the cytoplasm. Magnification x 74,000.
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junctions betweem smooth muscle cells. These juncltions were scen
connecting processcs of two cells. Figures 3 and & show typical gap
junctions as seen in thin sections. The structurce is 7-layered with a
central gap about 2 nm wide. The abutment type o% gap junétions des-
cribed in other smooth muscles (Henderson et al, 1971) were never ob-
served in the canine trachealis. |

The fixation of the tissues was found to be optimél judging from
the appearance of intracellular organelles and other criteria. The mito;
chondria appeared orthodox. The sarcoplasmic reticulum (SR) was of two
.
types: smooth and rough with attached ribosomes. The smooth SR was
found usually close to mitoche dria as well as the surface membréne
(Figure 2). The myofilaments wcie well prescerved and were of three types:

thin filaments measuring about 70 A° in diameter; thick f!laments mea-

suring about 150 A®° in diameter; and intermediate filaments about 100 A°

. %

in diameter. There were many dense-bodies in the cytoplash and vdense
areas subadjacent to the plasma membrane were found in regions lacking
caveolae. The Golgi apparatus with sta;ked cisternae were seen oc-
casionally.

. The surface membrane had many caveolae (Figures 2 and ?). Many of
. the caveolae could be seen to open into the extracellular space. 'Some
of them were also found inside the cytoplasm with no apparent opening
into the extracellular space.. This might be due to the connection being
out of the plane of sectién or their presence intracellularly. The
plasma membrane had the typical three-layered structure approximately h

80 A° in thickness.

Nerves: The intervening space between bundles of smooth muscle cells

had many fibroblasts and collagen bundles. The autonomic nerves were



Figure 3. A gap junction (arrow) between processes of two smooth

muscle cells. Magnification x 74,000.

Figure 4. A gap junction between two smooth muscle cell processes
at a highér magnification. The 7-layered structure with a central

gap (small arrows) is evident. Magnification x 147,000.
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seen in this space.  Figure 4 g uIN)Q:, such nerve bundles in the tracnea
smooth muscle of the doq. Typically these bundles consisted ot axons
well as the axonal varicositices ensheathed by Schwann céll cytoplasm,
At some regions, the axonal varicosities were not Fully enclosed in or
were cven devoid of the Schwann cell sheath (Fiqure 4 b). Occasionally,
nerve bundles or several axons werc observed within muscle bundles
(Figures 5 a and b). The closest distance of the varicosity from the
smooth muscle cell observed was 1400 A°,
i

The varicosities of the nerves contained three types of vesicles
(Figures 4 b, 5 b anpd 6), a) small agrénular vestcles about 500 - 700 A
wide; b) small granular vesicles about 600 - 800 A° wide; qnd c)
large granular vesicles about 1000 - 1200 A" wide. Occasionally
varicosities were seen which could not be class}f}ed. Amongst these,
the agranular vesicles were the most abundant. Suzuki et al (1976) .
have demonstrated with histochemical methods, the presence of acetyl -

cholinesterase and catecholamine-positive nerve fibres in the canine

trachealis.

B. Mechanical response to field stimulation:

The effects of elgctrica] field stimulation on the motor res-
ponses of canine trachealis were studied. ‘Field stimulation was
applied at lO\Hz, Lo v and 0.5 msec pulse duration to.stimulate the
intrinsic nerve}éﬁaﬁpgé. To stimulate muscle directly, 50 Hz, 15 v
and 5 msec pulse duégtion were used. The amplitude of the pulse was

varied over a wide FLnge, keeping the duration and frequency constant,



Fiaqure b a. The axons (A) are cnsheathed

in Schwann cell (S) cvto-

- L4 ' “
plasm. Some of the axons (arrows) are not completely enclosed by

the Schwann cell cytop g2n fication x 68,000.

Figure b b, Varicosities in the canine trachealis. One varicosity

(single arrow) has small agranular vesicles (SAV). Two varicosities

' 4
(double arrows) in the profile have both SAV and large granu]aw
vesicles (LGV). Magnification x 50,000.

Abbreviations SAV and LGV will be used in Figures 5a, 5band 6.






Figure 5 a. A bundle of axons ensheathed in Schwann cell cyto-
plasm (large arrow) can be seen within the smooth muscle cell

bundle from canine trachealis. Magnification x 40,000.

Figure 5 b. A varicosity (large arhgw) containing both SAV and
LGV is seen within the smooth muscle cell bundle. Magnification

~ 51,000.







Figure 6. Axonal varicosities in the canine trachealis con-

taining both SAV apd LGV. Magnification x G5b nrn,
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and a 15 V pulse was found optimal for direct muscle stimilation.
Using parameters for nerve stimulation, field stimulation caused

an “on”-contrection; the tiesue relaxed to the base-line on rurning

the stimulus off. This contractile response was completely blocked

by atropine (10"7M) consistent with activation of cholinergic nerves

by field stimulation. ' .. o sarameters for direct muscle stimulation-

WY
amplitude was higher than that ach|a§$ﬁ

resulted in a contract: P

through nerve stimulation. atropine (10 M) diminished this %H%&mm:-
tile responise, but did not block it. Thus at these stimulus parameters
/

both cholinergic nerves and muscle were stimulated (Figures 7 and 8).
r

C. Mechanical response»to TEA treatment:

Canlne trachea] smooth muscle (from ten anlmals)lncubated in

vitro in Krebs solution wasy qUIescent Appllcatlon of TEA chesed fhe

Lensfon to ris@k There was a lag per.iod between exposure to” the drug
and development of phasic activity. This was dependent on the cops
centration of the drug used, shorter for higher concentrations of rbe ‘
drub (from a few seconds up to one minute for 33 mM; trom 2 to §

minutes for 3 and 10 mM TEA). The tissues ;tarted to exhibit spon-

'r=ous {ﬁythmic oscillations of tension, which attained a steady-
7 ',

state. Figure' 9 shows the resgbnSes to 3, 20 and 33 mM’ TEA 3 Though

there was fluctuation of tension, it did not return to the original

base-line (Figure 10 a). .

N - )
The steady-state tension attained was dependent on the concen-

tration of TEA used. The meximum ‘tension achieved after 33 mM TEA was

greater than for the other three concentrations. The maximum active

/

tension attained in tissues expased to 10, 20 and 33 mM TBEA are given - -



Figures 7 and 8. Mechanical response of the canine tracheal

-

smooth muscles to electrical stimulation. Arrows indicate

stimulus duration.

N - using parameters for nerve stimulation: 40 V, 0.5 msec and

10 Hz.
M - using parameters for direct muscle stimulation: 15V, 5 msec.
and 60 Hz. S

Figure 7 - shows mechanical response to electrical stimulation.
Figure 8 - shows mechanical response to electrical stimulation

. - - 7 ¥ .
2 minutes after exposure of tissues to 10 ° M atropine.
N
. < ~
Consult text for description of responses.
el ’ e
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Figure 9. Mechanical activity of canine trachealis strips to

N

3, 20 and 33 mM TEA. Arrows indicate drug additions. Bottom
trace is continuation of 3rd trace (;§ mM TEA response). 4 min

~
i

on top trace indicates time after addition of 3 mM TEA.

Consult text for details.
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Figures 10 a and b.

Figure 10 a. Fluctuation in tension with phasic activity after

treagqent with 33 mM TEA.

Figure 10 b. Mechanical response to 33 mM TEA after addition of
]OH6M atropine (arrow). Note a slight fall in tone.

Solid lines indicate zero tension for both traces. Time and tensijon

calibrations are same for both traces.
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in Table 11.

The phasic mcghanicaI éctivity scen after TEA (3 to 33 mH) treat-
ment was not blocked by atropine at concentrations t"‘romVIO—7 to 10_-5 M
or by TTX (up to IO-5 g /ml). However, atroginc diminished the tone
slightly fﬁ these tissues but the tone recovered with time (Figure 10 b).
Tissues from animals. incubated in Ca++—free Krebs solution containing
0.5 mM EGTA, 'when latér exposed to TEA, did not show any mechanical
activity. Mechanical activity could be restored on addition . of CA++.
to the medium (to a concentration of 2.5 mM). D-600 (IO—5 M), an agent
known to block Ca++ entry upon depolarization, éomp]ctely abolished ﬁhe
'mechanjcal activity after TEA treatment. Thu-, TEA seems to depend on
availability of extracellular Ca’t for inducing the mechanical effects.
Kfoeger'gf_gl_(l975) have shown the lack of effeét of atropine on
mechanical activity ard phe ability of D-600 to block the response.
When TEA-containing solutions were replaced with Krebs solution, the
tension usually fell sharply to the original base;line. Occasionally,
(2 out of 10 cases) the tissues had to be washed with Krebs solution
repeatedly to féstore tension’ to basé:]ihe after exposure to 33 mM TEA.

e

D. Effect of fiéld'stimﬁiatioh on TEA-induced mechanical response:

When the phasic mechanical activity was established after ap-

plication of TEA, the tissues (from six animals) Zere éubjected to

-electrical field stimulation. The‘parameters of gtimulation are
5
g

shown in legends to Figures. After treatment with 3 and 10 mM TEA,
field stimulation caused an increase in tension. When the tone was

maintained at _the higher level (after a few seconds) , repeating the
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o

Maximum Active Tehsion in TEA-Treated TissuesTL

nlt 10mM 200M 33mM
10 o385 (1) 65 (3)° 100%

1 N ‘ " Mw,
i . . - . -
The maximum active tension attained =~ issues treatc

33mM Tﬂ% for one hour was taken as 100% response. Thisnﬁas not

‘the maximum tissue response.
t4 o
Number of tissues studied.

. \\\
AN

“Values are significanfly lower (p < 0.001) than_maximum
respoise. Response to 10 mM TEA was significartly lower

(p < 0.001) than the response to 20 mM TEA.

Values in parentheses are + S.E.

-~



stimulation caused a relaxation (Figure ll). When the tissues were con-
tracted after cexposure to‘ZO mh TEA, field stimulation caused a re-
laxation. On turning the stimulus off, tension reached the pfc-stimulus
level (Figure 12). Inability to elicit a contraction at larger doses

of TEA could be due to the tact that the tisspu was already at near
maéimal tepsion and only capable of relaxation. Propranolol (10 am/

mli'blocked the relaxation to field stimulation in six experiments
after TEA trecatment and the rcsbone consisted of a contraction (Figure
13), suggesting a B-adrenergic mechanism. TTX (IO~5 gm/ml) failed to
block the relaxation (in 5 out of 6 experiments) nor did }t affect the
tone. This could mean either operation of a TTX—inénn;;va - hanism

or.a relative insensitivity of the tissue to th’ irug.

E. Gap junctions in control and TEA-treated rissues:

i) Gap junctions in control tissues: Control tissues incubated

in vitro in Krebs solution and fixed for electron microscopy contained
gap junctions. These junctions as seen in thin section;'Pf tissues
were always located on cell processes. The number of gaﬁ junptions in
control tissues was 3.36 + 0.05 per 1000 Lm membrane length (Table 111).
The measured diameter of the junctions in these tissués was 0.15 +

0.05 um. The structure of a typical gap junction seen in thin sections

¢

is shown in Figure 3.

N

"ii) Gap junctions in TEA-treated tissues: Four different con-

centrations of TEA were used in these'studies, namely, 3, 10, 20 and

33 mM.  Tissues were incubated-at 37° C for one hour and fixed for EM.



Figures 11, 12 and 13. w
Fiqure 11. Electrical field stimulation on the TEA-induced

mechanical activity of canine trachealis. Arrows indicate
stimulus duration. The parameters chosen for stimulation .

15,V, 5 msec. and 60 Hz.

Figure 12. Mechanical response to electrical stimulation of

¥ “canine trachealis strip after exposure to 20 mM TEA. Arrows in-

e

?§§£icéte stimulus ‘duration. The stimulus parameters are: 15 v,

" 5 msec. and 60 Hz.

" Consult tex: for details.

« 3 -

Figure 13. Mechanical response to electrical stimulation of strips

treated with 20 mM TEA and 10—6‘gm/ml propranolol. Stimulus parameters

are: 40 V, 0.5 msec. and 10 Hz. /

Consult text for description of the responses.
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R The number of gap junctions in thesce tissues were: 5.35 +0.20;

5.0h + 0.20; 7.4.+ 0.40; and-5.69 + 0.19 per 1000 um membrane length

p3
£3

< in 3 mM, 10 mM, 20 mM and 33 mM TEA-treated tissucs respectively

< (Table t11). These values Qerc significantly higher than the number
in c0ntrei,tissues (nhove). However, their diameters (0.17 + 0.09 um)
were not significantly different from the control value. The number
of gap junctions in the various treated grdues were not significahtl; Z:&%‘l
different from,each other. Thqs, a dose-effect relationship on e
Jstructure Qas not evident. a

Fihure &h shows the size distribution of the gdeijunctiens.mea—

sured fr mi crographs of control and TEA-treated tissues as a per-
centage of the total number of gap junctiens counted from each group.
y The measured diameters of the sgap Junctlons in control fall }n the
lrange of 0 04 to 0.24 um. HOWever, about 15% of : gap functions
-whose diameters were measdredafrdm TEA-t reated ! fall in a/range
; '; of O.2h't0'0.28‘um. The'meanfdiamepersffrom the':,u grngs‘were noﬁ ‘

»

.tissues,
N

Wy .‘sigd}{jcant]y dffferent , as described above. As*in-cont

. N
[ "

the\§ap JunctIOns ln the - treated tlSSUeS were typhcally £ ¥od between

e . ' ’ >

o

e . ‘cell processes. ‘ ‘
The number of gap f\hﬁiﬁhns in t|$SueS exposed to’ ;}MmM TEA amd
, R
“ fixed at a tnme when spontaneoﬁs mechan|ca] actnvnty was’ estaollshed
(10 to 15 minutes) was 5.10 + 0.l£ per 1000 um me.brane length. This
value wesfalso significantly higher than the number in contrql tissuesi
MoreOVer there was no 51Jn|f|cant dl?ference betWeen this value

é
and the number in one hour-treated tlssues. Thus the structural

changes werg evident at the time of onset of mechanical activity.
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Discussion

{
\)\h”

Gap_junctions in 1 the tracheal smooth wuscle:

The claim that multiunit smeoth muscles like the trachealis do
not have gap junctions is contragicted by the results of this study.
Gap junctions wére regularly seen between smooth muscle cells of the

. i

canine tra wzlis (Figures 3 and 4). They could also be demonstrated

L%

by the frecze-fractu:e techniques (Chapter V).

,

Since our:thin section ¥M studies were performed with tissues
» "
incuh%ﬁed in vitro, it could be argued that the gap junctitns -formed

during this procedure. Howevef’, | have observed gap junctions between

“smooth muscle cells in tissues fixed in situ through a catheter in the

left vetricle of the dag.’-

Dewey and Barr (1962) used %Frmanganate as a fixative: to demon-
. O .

. 'Strate nexuses in smooth mP€C]?;' ‘They claimed that glutaraldehyde

-

" fixative failed to prdﬁéqve,thﬂﬂf sgructures. Use -of permanganate as |

‘L

. O
had Y . . .
a fixative to demonstrate nexuses in3maecth muscle has been question

>

by many Jnvestigators. In a correlated thin-section EM and freeze~
fracture study of different smooth muéc]es, Daniel et al (1976) have
shown that gldtaraldehyde fixa;ion results in adequate preservation of

/
Y .
these structures. Their study also showed that permanganate fixationm

0t . . Y . .
W esults in formation of nexus-like structures in smooth fmuscle due to

- P
swelling of cells. Nexuses were dqécribe& as g—layered structures due

A > -

to the fusion of the outer Teaflets of the apposung ce]ls by Dewey and
y N ~

‘Barr (1962) ., On the other hand, nexuses have been shown to be 7—layered

structures, w1th a central gap about 2 nm wide using glutaraldehyde
ﬁ" 4,

leathn Aand en

1967 and Dani'l et al, 1976)

70
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~va]ues are very h|gh4

Cable propertics of tracheal smooth muscle:

Canine tracheal smooth muscle has been shown to exhibit cable

properties as studied in vitro (Kroeger and Stephens, 1975 and Suzuki

Sy

ot al, 1976). » The evidence for such comes from the electrophysiological

4 . ,‘. o - *
studies of these autho?é, Using the partition-stimulation technigue of

Abe and Tomita ¢J968),’these authors have shown that there is an ex-

pone ential decay of the electrotonic potentials evoked(by hprrpolarnznng

o~

current pulses. They also reported a space constant of 1.6 mm for the

canine trachealis whick is many times tHe length of a smooth muscle

“with 33 mM TEA&p Suzuki et al (1976)

w

cell. The space constant value |pgreased to 2 8 mm after treatment .

M

reported a space constant of 3 2

mm for the contro] tlssues and a tlme Constant of about 450 msec. .

-

These parameters were not measured after TEA treatment However,”these

. bW -\7'?,
oy L . o

. . . g- 'g&:f v .

Innervation. of canine tracheal smooth muscle: ‘\\\\\ . ///
9 /’L’
\
The studies reported here suggest that there is a cholinergic
B ' [
hc]

excitatory as well as an adrenergic inhibitory innervation in the

7
4

.

canine tracheal smooth muscle. Field stimulation of the nerves re-

sulted in a contraction which could be blocked by atropine. The re-

laxation seen after electrical stlmulatlon of TEA-treca: .d tlssues

\

could be blocked by propran0101 suggestxng a d-adrenergic mechanasm

-

[ 2

nervatlon to thls smooth musc]e has besn prevnously shown (Suzuki et
S ’}. N

‘ff\ N,

Theeabsence of a non-adrenergic and non- chollnerglc inhibitory in-

—_—

v

f§76) These studles have a sb demonstrated the presence of

4

I8

[
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cholinergic and adrenergic innervation by histochemical staining for

acetylcholinesterase and catecholamines respectively. However, there
seem to be species diffcrva" for such an inhibitory mechanism. in
‘thgjtrachcaf smoqth musc . the «_inea-pig, a non-adrenergic inhi-
bitory inneryatfon qu'at”ir" i Coburh and Tomita (1973), which has

thdé been cOnffrmed by others (Bando et al, 1973 and Coleman and Levy,

1974 und Richardson and Bouchara, 1975). i S

: e . : . .
The nerve profiles in“the canine trachealis contained three types
J A ER: W

Y

.)E"H\‘ Ly R )
wf.vesicles: small agranular vesicles, some small“granular vesicles, Y%

wd

and mostly large granular vesicles (Fiqures 4 to 6). .The  small a-
4 4 : ] ; Y ‘

grénuté}'vesicles’are generally gon#idgredato_be présent in éhol?ne(gic

-, v [S—

. “ . o L 1 _ .
nerves (Burmstock, 1975), Studies also indicate that nerves gontaining
. ST ey . . -
Ly . SR - , , I ,
nbﬁ@?renallne have a preponderance of stall grahular vesicles (Burn-
. SRStk 1 dl . Faf _ ,

ato;k,‘{975)ﬁv The 1a¥ge gBAular vesiélés have been shown to take up
: G i ; S ) » ) » . . )

L4

and store.catecholamines” (Tranzer andb%hoenen,rT968,and}Furné§s et al,”

1970), but are

J

relqtiyé]y‘fesjétant to depletion by reserpine (Taxi,
. r)

1965 and Bloom and Barrnett, 1966 and Clementi et al, 1966),

T

Effects of TEA: ) ’ f
. )
C ~
The effects of TEA onvahe geieration of conducted action potentdals
{7 [P . S -

have been studied in a variety of smnoth muscles where gap junctions

were reported as absentfgnd witich had also been described as belonéing
s/ : :
to the multiunit txfe. Mekata (1971) reported stable membrgne pro-

?erties iﬁ\tﬁé'smooth muscle cells of the rabbit common carotid artery.

The muscle exhibited cable éroperties as studied in vitro with a space

.
, ’

2

.

s
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e R o

’ , N Y .
constant of about 1.13 mm and 3 time constant of about 212 msec. Th(
. R

membrane had marked rectiiying properties to dcpo]arizingrstimullf

Application of TEAC‘}Q.B mH) in vitro, caused a depolarization of about

10 mv an& action potentials were produced. The current-voltage

relationship in TEA-containing solution reyealed that the rectification
s G\m

was completely abolished. The membrane slope resistance, however,

remained unchanged after TEA treatment.
fto et al (1970) have studied the effects of TEA on the smooth

muscle of the guinea pig stvomach. The most striking change was an

N : i
increase in the spike amglitude using a double-sucrose gap method.

TEA caused an increase in the membrane slope resistance and abol ished

the rectifying property of the membra%p.
In the bovine tracheml smooth muscle, which has stable mcmbrano

. R Sy
e]ectrtca] properties

Baused depolarization and +nduction of ¢

u@ﬁa 1975). The strong rectlfy:ng property

of the membrane was. also abollrned by TEA. in the canine tracheal

spike act1v1ty (Klrkpatt

smooth muscle, which exhvblts characterlstics similar to that of bovine
tracheal smooth muscle. TEA brought about similar changes. 'lg addition,

Kroeger et al (1975) erOlted an increase in the sapce constant on

[}

treatment with TEA, as described earl.ier

TEA also increased the trans-
membrane resistance and abolishgd’the‘strong'rectifying property to
. PR SR .

derolarizrng stimul b
Thus”’the effects of TEA op vascular smooth muscle, guinea- pig

. ‘ . e . - ' . .
stomach and the tracheal smooth muscles of the bovine and canine species

S~
-



7h

were consistent with its known<taction, namely, blocking K conductance
; .

Wcadinq\go decreased rectification and in most cases an increase in

trans.aembrans resistance.

TEA-induced structural effects:

&
\.
The number of gap junctions is increased significantly in tissues

exposcd to TEA as compared to the number, in control tissues (Table'lll).

~ o
The resultant increase in the gap junctional membrane area (from Oﬂ&@h

in control to 0.05% in the TEA-treated tissues) could serve to decrease
the junctional resistance for current flow between the coupled smooth

musc le cells.] The observead increase in the space constant of the TEA-
K} 7

treated tissues could thus be a consequence of eiiher an increase in

-

the transmembrane resistance or a decrease in the juncticnal resis-
tance or both. itwplicit here are the assumptions that gap junctions
™y

act as low-resistance pathways for current flow between smooth muscle

-cells and 'the space constant is determined solely by values of membrare

g . . . ’
and junctional resistances.

Gap junctions as gathways for current flow in smooth musclec
{

A} x

(‘ In smooth muscle, the evidence supporting gap junctions as low-

I

resistancelpathways ;or current flow between cdel}s is only circumstan-

hd £

. N
4 i
.

! The jinctiodal membrane afea was calculated by multiplying the mean
~ :su-ed diameter of gap junctions by their mean number per 100 um

renc.n 6f membrane.
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¥

tial, based on the provinity of the apposgpg membranes (a gap of 2 nm .

3&" eparates the outer cmbrane lcaflets) aﬁd on the permeability and
J:.v . » L

v

» A
s/l coupling properties of similar contact;ﬂggiween epithelial cells..
'ww*$* ‘

There have been no . irect measurements of the resistance of these
junctions. Indirect estimates of the specific resistance of the nexus

at the intercalated disc of canine myocardium (Spfra, 1971), a structure
0 _

N

resembling the gap junction of smooth muscle, are however consistent

with their presumptive role as low-resistance contacts. There is no

general correlation between the presence of electrical coupling and the

€5

presence of gap junctions in smooth muscle. Daniel et a1 (1976) in

their studies on the longitudinal smooth muscle layer of the dog intes-

tine could not demonstrate gap junctions by both thin-section EM and

freeze-fracture techniques. There is errwhelminq evidence forielec-

trical couéal ing between tm%, cells. in & 1'ayer. . On the oth "“;hand,
RE LN -

ggp junctions could be der# “?éted in the main circular layer of dog

Tk el
el oo .

intestine by the same fixation techniques as well as by freeze-frac-
. - A

turing. Recently, in rat myometrium studied in situ (Garfield et al,

1977) it has been shown that large gap junctions‘can form rapidly under:

-

physiological control by hormones, but even prior to the appearance of

gap junctions the tissues showed evidence of good electrical coupling .,

’ . 5 -~ .::A ) s
asistudied in vitro (Kuriyama et al, I§76 and“Lodge ahd Daniel, 1973).
- . - . ¥ : -

-~

'The presence of gap junctions in the canine tracheal smoqth‘ A
» muscle may provide one basds for coupling and their rapid formation
. aftereTEA treatment could é;count for a decreased junctio;al resistance.
| %here is é-para%iélism between tHe»fgnctibnal changes'and the structural
-3 . : .
effects induced by TEA in this smooth muscle shggesting that gap -

%

junctions could %e involved in the changed properties. .

N .
~



The mechanism whereby TEA can induce rapid formation of gap

\ . .
junctions in canine trachecal smuoth muscle is either through de novo
- OVO

synthesis of membrane proteins involved in their assembly or through
aggregation of pre-existing membrane Proteins by accretion to
structorcs recognized as gap junctfons in thin sections. These pos-
sibilities are considered: in Chapters IV and v.

_ The changes in the biophysical properties of canine trachealis
upon TEA treatment could result from its effect%on-blocking K" ~on-
ductance; increasing the transmembrane res}stance;‘abolishing_thé

rectification and/or from its ability to 'nergse the number of gap

junctions leading pOoSIb]y to a decreased ,uncflonal res:s"nce The

» Y i':
oy
ability of a simple chemlcaﬁgagent to sincrease- ﬁh&;nulber gap
¥
QAZJ‘ .- C\.

Juncttons rapldly and reproducxbly SUQQQStSIItS ud® 55 g tool to pro-

vide more dnrect evidence about the role of gap junctions in cell-to-

cell couplnng of smooth muscles and possibly in other tissues.

e
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CHAPTER {11

Introduction

TEA induces spontaneous electrical and mechanical activities in

the canine. tracheal smooth muscle in vitro (Chapter {1). The effects

of TEA were' interpreted as being consistent with its known action

*‘.ootassium conductance bwt 4150 from

”gap'junctions.

namely, blockifig K conductance in smooth muscle (see Chapter I1).

4
From the results of the structural studies reported in Chapter i, it

A

e was concfhdhd that the functional changes brought about TEA in tra-

cheal smooth muscle cou]d arise not only from its effect.on blocking

1 .
i

8,

fts ability to induoe;Formation of -
. o :

a.

The oompound Q-Amjnopyridine (4-AP) has been shown to block se-

2

tassium channels of cockroach giant axons, squid axons

and a variety of other excntable Wembranes (see Discus-ion). Althobgh
o !‘b ) . o
sthe: selectﬁ>§ty of actlon of hqﬁp has been establnshed its site and
2 }

mode of act|on resultlng id potassrum conductange blockade has been

shovin to differ from those of TEA. In the Iight of such differences,
. 3 . . -
| wanted to test if-4-AP was also capable of bringing about a con-
1 - ) < | . . ) P
version from the muitiunit ‘to the single-unit stape of canine tracheal

smooth muscle in vitro with the attegndant structural changes.* The
effects of 4-AP on smooth muche have fiot been investigated to date.

The objectives of the present investigation were:

i) To test if 4-AP was ;gpab]e of induoing phasic mechanical

activity in tracheal smopth muséle in vitro;

L

e
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el s

i) tf o, to establish the dose-response relationship and the

time course of action;

A} v

i) To test effects of electrical stimulation in the presence

of A_AP, ' : v

ivl To test if this compound was capable of inducing formation of

gap junctions;

- : : v ¢y ,
} : : L
v) To test if the structural changgs can be prevented by ‘blocking ;?\:>
A 5 - RS {

J
the mechanlca% é%@ects induced by 4-AP.

P L . ¥
K { eh
e 4 :
i

Materials and Methods ‘ ‘ , o

1

i)

Tissue preparation: Tracheal smooth muscle strlps were obta|ned from

- Time-course of h-APgeffeCt:_ Two concentrations were-ch6§qn} l and:. |0

(.J v B -
dogs using the methods descrtbed in Chapter It and mounted in & 20 ml -

organ- bath at 37° ¢ to record isomet r¥c ten5|on An initial dhe gm

u o g

tension was applled to all tlssue strlps

N
A

<,

Dose—response:relationship to L-Ap: Three concentrations of Q*AP

were used in these studies, 1, 3 and 10 mM. - After incubating for 1 haur

&

the tissues were fixed for electron microscopy (see Chapter 11). .

S

P

mM. Tié;ue§'wéfe,fjxed for electron microscopy at a time whensiphasic

mechanlca] actlvnty was establushed (10 to 15 minutes) andndne‘houF / or

after a¢d|tlon of the drug. ) S



~

\‘“;
Solutions: h-AP was dissolved in water ‘and the pH of this solution
was adjusted to 7.4 with 0.1 N'HCl'to give. a- finmal concentration of

0.1 M. This stock solution was diluted with Krebs solution to achieve
the desired bath Conccntra;ions’ofhl, 3 and 10 mM. The Krebs solutions
~containing the different 4-AP concentrations were prepared by replacing

an equimolar amount of NaCl with the drug.

i

Electrical stimulation: Field stinuiation was achieved- through a pair .

\.“

-of platinum electrodes placed concentrically around the tissue strips,
attached to a Grass Stimulator, Model $9. Both nerve and direcct

muscle stimulations were obtained by varying the stimulus parameters

(see Methods in Chapter [1).

Electron microscopy: Tissues were fixed after fﬁé necessary incu-
bation’period and précessed for electron microscopy as per Methods
describeq in\Chapter .

- . -

N\

Quantitation of gap -junctions: The gap junctions between smooth>™

muscle cells in thin sections of tissues cut in transverse orientation

'

were quantitated as #lready described in Methods, Chapter II.
!

Results

Effects of 4-AP on isometric tension in the canine tracheal ..:

T
&
Tissues incubated in Krebs solution fajled to show any mechanical

response (Chapter I1). C adding solution containing 4-AP, the tension

80
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W

rose almost immcdiatcly. There was no indicdtioh‘gf a haa period. he-
twc;n Addition of Rpc drug and the onset of meghqnical response (o
concentrations 1, 3‘and 10 mM L-pp) . This was in contrast to the
eFFCCLs seen with.TEA.  The tension reached a steady valye anﬂ Lhc-
gﬁssuu‘started to exhibit ;pontaneouﬁ rhythmic contra;tions.‘ The tone
fluctuated, by it did not reach the original base-1ine (Figure 15).
Upon addition of Krebs éolution; the tension fel) sharply to the baqé-
line. Some tissue Strips which were exposed v b-AP hag to be *
washed repeatedly with Krebs solution to r (- i ine tension.
Tissues Fromvsevén animals were studied. -

The maximum active tension attained after addition of M—AP was
dose—relatéd, beingvhighcr'for larger doses. Phasic activity was seen

o . .

consistently with 3 and FoO mM 4-AP. with 1 mM 4-AP | phasic activity
was not discernible on the trace in some strips. The response, when
Present, consisted of a stcadi]y”increasiég tong which reached 3
steady-;tate énd remained unchanged thereafter.

Table v shows §he.maximum active tensjon attained after exposing
the tissues to the three 4-pp toncentrations. The maximum tension

attained with 10 mM L-AP vas taken as lOO?l The results from eleven

experiments (33 strips) are included in this study,
Electrical stimulatien of tissues:
———————=- atien of tissues

. «, -
The effects of electrical fielg stimulation on the mechanical
response induced by 1, 3 and 10 mM 4~AP vere studied in tissues from
Six animals. The mechanical effects are illustrated in ngure 16.

When the isometric tension reached 1 steady-state leve] after



TAELL IV

Maximum Active Tension in 4=AP-Treated Tissues

o o 3 o 10 o

.

33 38.8" (3.35) 557 (3.0) 100

The maximum active tension attained in tissues trrated

with 10 mM L4-AP for one hour was taken-as 100Y% résponse.

W‘“Number of tissue-strips from 11 animals.

-~

“Values are significantly lower (p « 0.001) than maximum

-

response.

Maximum response to .l mM L-Ap are significantly lower

(p ~ 0.01) than response to 3 mM L4-AP.

Values in pérentheses are + S_E,

82
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Figure 15, Fluctuation of ten-i -y ' th nhasic mechanical activity

of canine tracheal smooth muscle Strip Ceated with 10 =M L-ap.

\ ‘

Fiqure 16 Electrical field stimulatibnuof trachealis strips after
~ ) -

tréatment with 1, 3 and 10 mM L-pp. }Stimulﬁs parametefs.are: 15v, 5§

msec. and 60 Hz. Arrows indicate stimulus durafion. Consult text

for the nature of the fechanical responses.
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’
application of 4-AP, Lhe tissucs were stimulated clectriCéll;. After
treatment with 1 mM 4-AP, field strmulnlion of either nerves or direct
muscle stimulation resulted in an increase in tone, during the period
the stimulus was applied. The tension returned to the pre-stimulus
lcvgl when the stimulus was disconﬁi%ued. Afgor treatment wigh.B-and
10 mM M-AP,-%ield stimulation éaused a relaxation durin the stimulus i
duration. On turning the stimulus off, the tension was.restored to
the pre-stimulus level. The revaxatioq seen after 10 mM 4-AP was
larger in amplitude than fhat seen after 3 mM &—vatreatment. The
maximgﬁ active tension, as shown above, wasfalso higﬁer witﬁ\lgﬁmM
L-ApP than with 3 mM 4-AP. This suggésts that the ﬁ;gnitﬁde of re;
laxation after fi;ld stimulation is related to the basal tone in the
p?eparation. “

%his relaxation was blocked by propranolol (VIO_6 M) suggesting
that as with TEA_a B-adréneréic_response to released amines. The
failure to elicit a contractile response to field stimulation after
3 and 10 mM 4-AP coujd be due to the muscle response being at near

maximal level. This was true in tissues exposed to higher concen-

trations of TEA (Chapter |1, Results section).

Effects of atropine on 4-AP-induced mechanical response:

The initiation of phasic mechanica]-actiVit§ in the canine
tr;chealis by TEA.is not blocked by atropine sqggesting§§hat the
effect is not dependent on the release of acetylcholine from the ?b:
trinsic nerVe endings (Chapter I, ﬁesu]ts)."The phasic actfvity in-
duced byuh-AP could be the result of either release of transmitter

-

.
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from tbe nérvcs or a direct |effect on the smooth muscle cell membranc

Lo blorL‘potassium‘conducta. & ér both. 1In order to diskinguish between
these possibi]itfés, atrobinc, a muscarinic cholin&rgic blocking agent,
was used.

Tissues were exposed to 4-Ap (1, 3 and }O.mM) and when phasic
mechanical activity was established, atropine Qés added to the bath
(to reach a final concentration of 10_7 to 1076 M). The phasic as.well
as the tonic.respoﬁses were completely abol}shed by atropine (Figure
17) (n = 4). Tisgues wer: :lso preincubated with the same concen-
trations of atropine for 10 minutes ard later exposed to the three
concentrations ofvh-AP. Mechanical aétivity was not seenip any of
thése tissues (n = 4),

Aftef‘atrépine treatmeﬁt,ﬂField,stimufation of nerves failed to
elicit any response. When the duration of the pulse was increased
(from 5 msec up to 50 msec), field stimulation caused a contraction
during the stimulus duration. The tension reached the base-line on
turning the stimulgs off. Phasic mechanfca] activity co&ld not be

initiated in thése tissues by electrical field stimulation.

These findings suggest that the b-AP-induced mechanical effects

"7 are’due to release of acetylcholine from the nerve endings. If so,

external application of acetf]cho]jne must eljcit a phasi¢c mechanical
response, simulating the actions of bjAP. 'Howev%r,‘applkcation of Ach
(]O—8 to ]O~7 gm/ml) caused only a sustained increase in the tone of
the tissue, with no evidence of a phasic combonent- .lt is

difficult to explain thé initiation of phasic activity sbjely by rée-

C . iy .
lease of transmitter from nerves. The tone ih .,the tissues after 4-AP

treatment could be due to the re]e;;EH\trangmitter. Raising the tone



Figure 17. Mechapical response of canine tracheal smoath muscle

strip after exposure to 10 mM 4-AP. Arrow indicates addition of

10 M atropine. -

+
»

Consult text for the nature of the mechanical response.






viith field stimulation of muscle in atropine~treated tissues also
failed to initiate phasic activity. . This tends Lo rule out the Jepen-

dence of phasic response on tone. t

"

Gap junctions in 4-AP-treated tissues:

Dose-response relationship on structire:

. AR
N A
- : S

The effect of treatment in Vitro for<one hdur with two differdnt

concentrations of 4-AP (1 and 10 mM) on the number of'gép junctions| in
the cai ‘ne trgcheal smooth muscle was studied using electron micros-
copy. The numPer of g%p junctions seen as 5- or 7-layeredlstructures
with a central 2 nm gap in thin sections of tissues cut in cross--
sections was counted. The number of 'gap junctions in éontrolvtissues
was 3.82 + 0.12 per 1000 um length of membrane. The number of gap
junctions in tissues treated with | mM 4-AP was 8.Il'f 0.33 per 1000
m membrane leﬁgth. . The number of gap junctions in 10 mM L-AP-treated
tissues was 10.80 + 0.45 per- 1000 pm membrane length. The latter two
values were signiffcant]y higher (p < 0.01) tgan the value in control
tissues (Table y) but not from one another. As in TEA-treated tissues,
the gap‘junctions were typically found befween processes connecting

two smooth muscle cells.

" Time-course of 4-AP effect on structure:

Two concentrations of 4-AP were chosen for this study, namely, |

and 10 mM. Tissues were fixed after exposure to 4-AP at a t.ime when



TABLE V

Number of Gap Junctions in Control and : 10 mM 4-Ap-
. TréaLed Canine Tracheal Smooth Muscle%
n No. GJ Distance (.m) GJs/1000 :m + SD

Control . 7 1o 28,941 3.82 + 0.12

I mM 4-AP | ‘

Onset 3 136 17643 7.71 + 0.25"
N fovr N 210 25,911 8.11 + 0.33"

10 mM L-Ap

Onset 3 114 11,801 9.72 + 0.30"

| Hour 6 . 35 29,032 10.80 + 0.45"

'Results and experimental design as in Table 111.

“Values are significantly higher (p < 0.05) than values

control - tissues.

L
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spontaneous mechanical activity was establis! .d (10 to 15 minutes after
addition of the druq) as.wcll as one hour after addition of the drua.
The numbér of gap jungtions in t(ssues fixed a£ 10 = 15 minute andione
hour qfter exposure to L-AP {1 .mM) respectively was: 7.71 + 0.45 per
1000 :m membrane length and-8.11} + 0.33 per 1000 um -membrane length.
The number of Bép junctions in tissues fixed at 10 - 15 minute and one
hour afteﬁ‘exposure to Id mM L-Ap respectively was 9.72 + 0.3 per 1000
«m membrane length and 10.80 + .045 pei 1000 um membrane length (Tab]é‘
i
V). These values were significahtly'higher (p < 0.01) than the values

in control tissues. There was no significant difference between values

in 10 - 15 minute and one hour treated tissues (p > 0.05).

Effects of atropine on 4-AP-induced formation of gap junctions:

/

Ti;sues wereAtreated with 10_7 M atropine for 15 mfnute; anJ’Iater
expése& to either 1 mM or 10 mM 4-AP for one hour and processed for
electron microscopy for detérmining the number of gap junctions. The
mean number of gap junctions in pbntrol tissues was 4.32 per 1000 um
leggth of membranc and in tissues treated only with atropine was 3.3
per 1000 :m length of membrane. Tissues treated with I. mM and 10 mM
L-AP for one hour had respectively 8.35 and 15.68 per 1000 um membrane
length. These létter values were signiffcéntly higher (p < 0.01) than
the numbér in Control or atropine-treated tissues. -Tiss&gs pretreated
with atropfne for 15 minutes ana,later exposed td.]>mM or 10 mM L4-ApP
also had significantly greater number (p < 0.01) than in control.or
atropine-treated tissues (8.08 per 1000 um length of membrane in’1 and

10 mM 4-AP tissues respectively). These latter values, however, were
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L] ’ “ "
shightly less than in the COrresponding nea-atropine o ated tiosue
(Table VI, but uuﬁ'siqnifivnnLly diTre e (p 0.05).
. »
Eilects of agetylcholine on gap junction Tormatic
% > —

The number of gap junctions in tissues fro. four animals treated

with acety]gholine (IQJ7 M) for one hofir was deterrined. The &é;ﬁ
nﬁmber in control tis;Ues was 4.20 per 1000 .m nd in Ach-t cated
tissugé was 3.50 per 1000 i.m membrane lengthl wTic latter Qaiuc VIS not
significantly different (p ~ 0.05) from the control value.

Figure 18" shows an electron mlcrograph of smooth muscl( cc]lé cut

in transverse or|entat|on in a thin section of b-AP—treaLcd tissue

fixed one hour after addition of the drug. The smooth muscle cells have
. N o N H",

very irregular shapes and two gap junctions can be Séenjat points in-
aicated. The surface membrane as well as the cytoplasm}c orgaﬁe]!es
are prescrved well. |n Figure 19, theAGolgi\apparatus can be seen to
have a swollen appéarance in two of the cells. This swelling of Go]g:
cisternae is a consustent feature 7n tissues treated with 4 -AP. No"
such changes viere seen with TEA. Soﬁe smooth muscle cells ;howzvacpgzﬁ

. . ;.
lation after L4-APpP treatment. This was. evident in some of the nerve

bundles in such tissues. Figure 20 shows one such ﬁerve bundle'stWiﬁg:

‘.

vacuolation of the Schwann cell cytoplésm.
Thes®e results suggest that rapid formation of gap junctioa§ still
occurs when the mechanical activity induced by 4-AP is blocked by atra;
piné. Treatment with Achidoes not result in an increase inithévdhmber
of gap junctions. Thus, the abi]%ty of 4-AP to‘inauce 6ap_jynctfoﬁ :

formation in the canine tracheal smooth muscle is not dependent.on a
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TABLE VI

>ﬁﬁoomwm on the Number of Gap chnﬂmO:m.m:.:x>vuﬂﬂmmﬁma Canine Tracheal Smooth Muscle

Effect of

Y (Humber of Gap Junctions/1000 um Membrane Length)

Expt. 0. Control Control + Atr. 1 mM L-AP 1 mM L4-pp *Atr. 10 mM L4-AP 10 mM L-AP + Atr.

1

v

I b 3.9 6.9 b6 . 23.0 . 7:5

2 6,8 5. 0.9 8.5 7.5 6.2 .
3 3.8 _ 2.9 10.9 7.6 19.3 3.8

4 3.0 1.2 10.2 1.5 2.9 6.0

. 432 3.30 8.35" 8.08" 15.68" 48

Yalues are significantly higher than (p - 0.05) values in control and control + atropine-

freated tissues. The significance of the differences in the mean values of individual

esperiments was analyzed using an unpaired t Test.
Consult the text for the experimental design.

Pesults are analyzed &s per methods described in Table .

~
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Figure 18, Smooth muscle cells from canine trachealijs in cross-
section. The field shows cells from tissues fixed after treatment
with 10 mM 4-AP for one hour. Two gap Jjunctions (arrows) can be

seen. Magnification x 30,000.

i,ur'-"""“"-:q
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Figure 19, Smooth muscle cells from tissues fixed after treatment

with 10 mM 4-AP for one hour. The Golgi cisternae (G) in two cells

are swollen with m;elin figures. Arrow-heads - gap junctions.

Magnification x 30,000.






Figure 20. Nerve fibres in canine trachealis muscle fixed after

&

‘ treatment with 1@ mM 4-AP for one hour. Extensive vacuolation of

the Schwann cell cytoplasm is evid?nt. Magnification x 38,000.

. . !
\
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cholinergic component of action,

Discussion ,
»
The compound 4-AP acts as a convulsant in the nervous systems of

verﬁebrapes (Le Meignan et al, 1969) and invertebrates (Pelhate et al,
1972). On the single axons of the cockroach, 4-AP has been shown té
prolong the falling phase of the spike and to reduce the delayed rec-
tification (Pelhaté and Pichon, 1974) . 0n external perfusion of the
gfant axon of cockroach, 4-Ap reduces the delayed (potassium) current
unde} voltage—c]amp conditions. This reduction of potassium current
was found to be reversible and indepéndent of the membrane potential,
Experiments with higH K solutions indicate that L-ppP is effective re-
gardless of the directijon of K current flow. On the basis of these
effects it was concluded that 4-AP was 3 very selective blocker of
potassium conductance in cockroach axons and ‘was shown to be about
2000 times more potent than TEA.

The selectivity of block of potassium channels by L4-AP has been

100

tested in studies on the axons of squid (Meves and Pichon, 1975 and Yeh

et al, 1976 a and b) and Myxicola (Schauf et al, 1976) and the frog
node of Ranvier (Wagner and Ultbricht, 1975). In the giant axon of the
I
¥
squid (Yeh et al, 1976 a and b) have shown that, in addition td reducing

potassium currents, 4-AP and its analogues exhibit voltage-, time- and
frequency-dependent characteristics. Similar effects were observed in

: fhe frog node of Ranvier (Wagner and Ulbricht, 19758.

Ir the squid axon, TEA is also known to reduce the current through

" potassium channels suggesting an overt similarity to the action of L-pAP,

There are, however, sevéral differences in the mechanisms of action of

4~AP and TEA in the squid giant axon as exemplified by the following

2
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observations:
i) TEA is effective only when internally perfused. 0n the other
hand 4-AP is effective either from outside or from the inside of the

membrane ;

ji) TEA has no gffcct on the membrane potentigl, but prolongs
the action potential duration considcrably. Aminopyridines, on the
other hand, depolarize the membrane giving rise to repetitive firing
of action potentials,.but their cffect on the duration of action po-

tential is minimal;

iii) When the membrane is depo}arized to a greater extent under
voltage?clamp conditions, the ng;k induced by aminbpyridines is
relieved. Asimilar effect is seen<when the pulsc duration is increaéed.
The TEA-induced block under tﬂese conditions }s accéntﬁéted. According
to the kinetic mode! proposed by Yeh et al (1976 a and b), aminopyri-
7*74__’/'~,dine rolecules are assumed to interact with K channels by binding to
—~sites. in the channel. At larger depolarizations, when the K channeis
remain open, result in the release of aminopyridine molecules from the

channels. This results in removal gf L-AP block of K current. %EA, on

the other hand, is assumed to bind when the channels remain operi and

such Eébolarizations tend to increase the block of K channels.

iv) Aminopyridines are effective in reducing both the inward and
the outward K currents as has been shown for the cockroach giant axon,

while TEA can only.block the outward K current. g



v) - Fer the TEA-induced block to take placé, the K channels are’
required to be gpen (Armstrong, 1966). This results in relief from
L-AP-induced block. |

The effect of L4-AP on adrenergic transmission in the vas deferens
of the rabbit has been‘studied by Johns et al (]976): It was shown that
this compound potentiated the responses to transmural stimulation. |
AItthgh the precise mechanism was not determined, it seemed that the
effect %{éht be due to an increased trapsmitter releés». possibly by
prolonging the duration of the nerve action potentials. 4-AP was
also shqwn to be more potent than TEA in this effect.

In.the canine tracheal smooth muscle, 4-AP induced phasic mecha-
nical activity. The onset of action was almost immediate. The response

! A
consisteé of a steadi]y increasing tone which reached a plateau where-
‘pon the tissue started to exhibit rhythﬁic contractions. As shown in
the Results, the maximum active tone was dependent on the dose of the

7

drug employed (Table IV). Atropine (10 /7 M) blocked the tonic as well

as the phasic éOmpongnts of the fegbonse. The akropine-treated tissue
was not capable of phasic activity even when the tone was raised by
electrical stimulation using fong duration pulses.

The results with exposure of the tissues to Ach revealed that Ehé‘
activity consisted of a sustained increase in tone. Stephens and
Kroeger {(1970) have shown tHat application of Ach (10—8 to IO—Q M)
caused dosefdependént tonic. contractions and. a myogenic response to
quick stretch could not be elicited. The tohic phase of the mechanicql
response after applic ‘on of L-AP could be due to release of Ach from

the intrinsic nerve-endings, but the basis of the phasic component on

such a mechanism is difficult to explain. It will be of interest to

102
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Study. the ability of Q;AP to cause a myogenic response in tracheal
smooth muscle. Since myogenic rcsponsc can only be initjated ip
tissues exposed to agents which result in b]ockadc of K conductance,
this will serve to confirm the mechanism of action of 4-AP. Electro-
'physiologicél studies are’also needed to resolve this question.

The possubr]nty remains that, in addltlon to relcasing excitatory
traﬁsmitter from nerves, 4-AP 3150 has a direct smooth muscle effect
resulting in b]dcking K conductance. The number of gap junctions in
tissues exposed to atropine followed by 4-AP was sti]] higher than in
untreated controj tissues, but lower than in the drug-treated txssucs
This slight reduction could have been due to elimination of a cholj-
nergic component of the response or absence ofimechanlca] activity,
However, treatment of tissues with acetylcholine did not result in in-
creased gap junction formation. Thus, an involvement of a cholinergic

component of 4 ~AP effect on gap JUﬂCthﬂ Formatxon seems to be un-

Ilke]y in this tlssue ' , o

Comparison of 4-pap and TEAqeffecté on the canine trachealis:

i) Both these compounds are capable of inducing phasic mechanical,
activity in this smooth muscle. With L-AP, the effect was'rapid in

onset, but with TEA there was a lag period after addition of the

v

drug.

i) The effects of electrical field stimulation on the 4-Ap-

A

induced mechanjcal response was also similar to those seen with TEA.
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iii) Atropine blocks both the tonic bnd the phasic components
of the mechanical activity induced by 4-AP whereas it has no effect on

the TEA-induced phasic activity. Atropine does diminish the tone after

TEA treatment, but the tone recovers with time. A

iv) The ability to induce increased formation of gap junctions is
v -

shared by both compounds. The effects are rapid in that increased gap
junction formation takes place within 10 to 15 minutes after exposure

of. the tissues to the.drugs. The number of ‘gap junctions in 4-AP-

~

treated tissues is consistently higher than:in tissues treated with

TEA. Atropine does not block gap junction formation by L-AP:

3

gap junction formation is not sufficient to. induce phasic activity.
v) Tissues treated with 4-AP consistently showed swelling of

the Golgi cisternae as well as vacuolation of the cytoplasm. Such

changes were also seen in the nerve bundles in the tissues. Such

changes were not seep in tissues treated with TEA.

»
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CHAPTER v

EFFECTS OF CYCLOHEXIMIDE ON TEA- AND

L-AP-INDUCED FORMATION OF GAP JUNCT LONS
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THAPTER 1V

Introduction
——reddctron

From the‘rosulrs of the studies reported in the previous chapter
it is evident that potassium conductance blockers 1like TEA and h-aAp
induce speetaneous phasic mechanical activity in vitro in the canine
trachea] smooth muscle. ‘The structural studies revealed that the
number of gap junctions in tissues exposed to TEA and b4-AP was in-
creased significantly as compared to unfreated control tissues and

- /
this increase was evident as early as 10 minut?§/éfter addition of the
drugs. When the*phasic~meehanical activity iﬁeuced by 4-AP was abo-
lished by atropine pretreatment, the number of gap,Jantions appeared
teldiminish, suggesting a relationship between.;;etylcholinc release,
induction of spontaneity and formation of gap junctions. However,
factors other than acetylchol ine release must also have been involved
<. ‘
since atropine did not reduce the number of gap junctions to control
levels and atropine had no effect on either the spontaneous activity
or the increase in gap Junctions by TEA treatment. Also treatment of
AN
tissues with acetylcho]lne did not result in an increase in the number
of gap JUﬂCtIOﬂS either.

In vitro formation of gap junctions has been studied in a variety,
of excitable as well as non-excitable cell syetems (see'Discussion).
In some of these experiments inhibition ¢r zrotein synthesis did not
inhibit gap junction formation. Thus in some cells de novo protein

synthesis is not necessary for gap junction formation, while in others

it is required for junction formation.
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Sincé TEA and L4-Ap consistently and rapidly increaséd the number
of gap junctions in vitro in canine trachealis, studies were under-
taken to investigate the dependence on protein synthesi§ of this out-
come., Cycloﬁcximide (CHX), a protein synthesis inhibitor, was useq in
these studies. Incorporation of radiocactive leucine into TCA-insoluble
fraction was measured as an index of de novo protein synthesis in
canine trachealis and the ability of different concentrations of CHX

to inhibit jt.

Materials and Methods

Tissue preparation:

.

Strips of canine traches] smooth muscle tissues were obtained as
per methods described in Chapter 1i. The tissues were allowed to

recover in Krebs solution at 37° C for one hour before the experiments.

3H-Leucine incorporation studies: ’ ..

After the recovery period, the tissue strips were incubated>in‘
Krebs solution at 37° ¢ containing 0.25 umJles of 3H-]eucine of specific

acfjvity 50 Ci/mmole for one hour. The solution was bubbled with a
&

mixture of 95% O2 - 5% Cco At the end of thq’incubation period, an

5"
véquﬁl volume of Krebs solution containing 5 mM leucine (final Teucine

concentration 2.5 mM) was added. The tissues were homoggnized by a

.

Polytron tisdle homogenizer (20 second cycles x 4) and the homogqnate

spun at 4000 x g in a Sorval] centrifuge. The supernatant was taken

I
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as the starting material. Protejn content of the supcrnatang was
estimated by the Lowry et _al (1951) method.

An equal volume of 10% TCA was added to the supernatant and spun
in a table-top centrifuge for 20 minﬁtes. The precipifaté was washed
twice with TCA and”digesged with 0.5 m] of 0.4 N KOH at 65° € for 5
minutes. To this dige$t, 3 ml of 103 TCA was added and centrifuged
for 20 minutes. The pellet was washed once with 10% TCA and spun.
The resulting pellet was washed successively with 1:1 mixture of
ethanoléether, followed by ether and dissolved in NCS tissue solu-
bilizer. A 0.2 ml aliquot of tha NCS-dissolved pé]let was plated in
a scintillation vial to which 10 ml of Bray's solution was added and
counted in a Beckman Scintiljation counter

Effect of CHX on 3H—leucine incorporation:

The tissue strips were preincubated in Krebs solution at 37° ¢
containing 1 or 5 mM CHX for 30.minutes before addition of 3H-Ieucine

¢
and processed for counting of radioactivity as described above.

Expression of results:

Results were expressed as cpm/mg protein in theVQOOO X g super-

natant.

"Mechanical studies:

Isometric tension was monitored in tissues mounted vertically in a



20-ml organ-bath by attaching onc end to a Grass-FT03 force transaucer
as described in Chapter I1. Six tissuc strips were used in ecach ex-
periment: and were treated as follows: 1) control strip incubated in

Krebs solution for one hour; 2) strip incubated in CHX (5 mM)'foH\9O
minutes; 3) strip exposed to 20 mM TEA for one hour; 4) strip pre-
fncubated for 30 minutes with & mM CHX and Iaterpexposed to 20 mM TEA-
containing solution with 5 mM CHX for one hour; §5) a strip incubated
with 10 mM 4-AP for one hour; and 6) a strip preincubated for 30
minutes with‘5 mM CHX and Tater exposed to 10 mM L4-Ap solutign coﬁ-

taining 5 mM CHX for one hour.

Electron microscopy:

At the end of the incubation period, the muscle strips were fixed

for electron microscopy as described in Chapter 1|1,

Quantitation of gap junctions:

The number of gap junctions in thin sections of tissues cut in

cross-section was determined as mentioned in Chapter 11.

Results

ine

A 3H-Leucine incorporation into TCA-insoluble fract’

tracheal smooth muscle:

Incorporatioﬁ of 3H-leucine into TCA-insoluble fraction was

109
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measurced. Table VIl . summarizes the éxLunt of incorporation in tissues
from five dogs and the effects of CHX (1 and 5 mM) treatment. Tissues
preincubated with f mM CHX for 30 minutes before addition of radiocactive
leucine showed only a 35 - 52% inhibition of protein éynthcsis. In
later experiments, a concentration of 5 mM CHX was used. This dose
resulted in about 95% inhibition of 3H~leucine incorporation. In
studies dealing with the cffect of inhibition of de novo synthesis of
protein on TEA and 4-AP-induced formation of gap junctions, a con-

centration of 5 mM CHX was used.

B. Mcchéhical effects:

Isometric tension was recorded in tissuc from six animals. In-
cubation of tracheal smooth muscle strips in either Krebs solution or
solution containing 5 mM CHX did not elicit any mechanical activity
during the incubation period of 90 minute; (Chapters Il and 111).

Tissues treated with 30 mM TEA or 10 mM 4-AP after. a 30 minute
preincubation }n Krebs solution showed phasic mechanical activity
(Chapters 1 .and I11).

Tissue strips from three animals‘pre?nchbéted with 5 mM CHX-
containing Krebs solution for 30 minutes and later exposed to either
20 mM TEA dr 10 mM 4-AP for one hour showed spontaneous rhyfhmic
méchanical activity. However, tissue strips from three other animals

failed to show any mechanical response when treated in the same manner.
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TABLE VI

Effects of Cycloheximide (CHX) on wxurmanmam Incorporation

W<

into the TCA-Insoluble Fraction of Canine Trachealis

Control I mM CHX 5 mM CHX
cpm/mg protein 12,452 6,000 ‘ 700
y 14,113 8,200 1,150
L 20,809 10,100 1,250
! 17,231 7,500 550
X 6,500 2,570 145
% incorporation L7.5+ 6.9 . 5.0 + 2.3

of control

“Consult text for experimental design.

! 7
Results from five experiments are given,
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C. Effécts of CHX on structure:

i) General appearance: Treatment with CHX resulted in structural

dahage to smooth musclc’cc}ls. Figures 21 and 22 show a group of smooth
muscle cells from tissues fixed after treatment with 5 mM CHX. Figures
23 and 24 show smooth muscle cells from tissues treated with 5 mM CHX
and either 20 mM TEA (Figure 23) or 10 mM 4-AP (Figureozb) from the
same animal. The damaged cells were stained less than normaT.celIs.
The surface caveolae were few in number and in many cells werc absent.
The ;urface membrane continuity was lost in many of the damaged cells.
There were many cytoplasmic vacuoles and the myofilaments we;e dis-
rupted. -Many of the mitochondria observed were. severely damaged and
those seen were in orthodox configuration. Gap junctions were not seén
either between the.damaged cells or between one of these and the
neighbouring healthy smooth muscle cells. The damaged cellis had‘a
- swollen appearance. They were typical "light' cells as recently
described in thevrat myometrium seen after metabolic inhibition or
mechanical damage (Garfield and Daﬁie], 1976). |

The extent of such damage, as jﬁdged by the proportioﬁ of
damaged cells, was determined in tissues which showed- a mechanical res-
ponse to TEA or 4-AP after preincubation with 5 mM CHX as well as in
those which fai]ed to show any mechanical activity. -Tablé VIl sum-
marizes the quantitative aspect -of damage induced by CHX treatment fn
the tracheal smooth muscle.

The damaged cél]s were not_EraEed‘for measurement of the ﬁembrane
length when estimating the number of dép junctions per unit length of

membrane (see ii) and iii) below).



Figure 21. / Low-magnification view of smooth muscle cells from
tissues fixed after exposure to 5 mM CHX for 90 minutes showing
extensive structural damage to the cells. Magnification x 6,800.

e L - Light cells in both figures.

Figure 22. Low—mégnffication view of smooth muscle cells from

tissues fixed after exposure to 5 mM CHX for 90 minutes, but the

&

extent of damage is less in this tissue. Magnification x 6,800.
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Figure 23. Smooth muscle cells from canine trachealis muscle
fixed after pretreatment with CHX (5 mM) for 30 minutes and later
exposure to 20 mM TEA + CHX for one hour. Magnification x 22,000.

L - Light cells,

Ij
¢
Figure 24, Smooth muscle cells from canine trachealijs muscle

fixed after pretreatment wifh 5 mM CHX for 30 minutes and later
exposure to 10 mM L4-~AP + CHX for'one hour. Magnification x
22,000.

L ~ Light cells.

G - Golgi cisternae.
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N

TABLE VI1)

Humber of "Light' and Norma]

Cells in CHX-Treated Canine Smooth Muscle

i n Total No. of Cells Normal Cells :rmmrﬁ: Cells "Light" Cells as 7 of Total
— T—————==5 HNorma] Cells —J - LEeils -

/

3 738 418 320 . - 43
3 1366 1177 189 13%

quoﬁowﬂmmrm of smooth muscie cells cut in Cross-section were taken from one grid-$quare
from each tissue at 3 agnification of 1900 and printed 3 times enlarged. The number of

"light" cells and cellsg mmmmsma.:oﬂam__< was counted from the photographs.

a . . !
{uriber of tissues studied.

Uzrmﬂm anrm:mom_.moﬁm<m~< to 4-AP and TgA Was abolished after Preincubation with 5 mM CHX,

m{jmwm mechanical activity to 4-pap and TEA was seen after preincubation with S mM CHX.

/
7

~ommm@3 of experiments is in the text.
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Effect . of protein synthesis inhibition on formation of gap junctions:
-
/

i) Number of gap _junctions in control tissues: The mean number

of gap junctions in contrel tissues ranged from 3.7 to 3.9 per 1000 .
lengfh of ‘membrane. There was no significant di%Ference (p - 0.05)
between these values and the number in tissues treated with 5 mM CHX
alone for 90 minutes (the rangé.was 2.9 to 3.8 per 1000 .m membrane
length)(Tabie IX and X).' tn calculating these values, the membrane

léngth of Tight cells were excluded from the measurements,

iii) Treated tissues: |n thé ?etermination of the number of gap
junctions after TEA and L-ap treatment, the experiments were divided
into two groups: a) those thhich phasic mechanical activity was
abolished after preincubation with CHX; and b) fhose in which such

activity was seen.

Number of gap junctions in experiments with no mechanical activity

following CHX:

-

a) The mean number of gap ‘junctions in tissues treated with
20 mM TEA and 10 mM 4-AP for one hour respectively was: 6.7 and 7.2 per
VIOOO um membrane ]ength_(Tablés IX and X). These values were
significantfy higher (p < 0.05) than the number in the controls either

with or without CHX treatment. Preincubation of tissues fofﬂ3d\\
, ) . "
minutes with 5 mM CHX and later exposure to 20 mM TEA or 10 mM\Q-AP 1“““‘/
. T~ ”

for one hour prevented this increase in the number of gap junctions

(4.3 for TEA and 3.8 for 4-AP per 1000 um length of membrane). These
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TABLE 1X o )

i Number of Gap Junctions in CHX- and 4-AP- and TEA-Treated Canine Tracheal

Smooth Muscle

-

\

Expt. No. Control Control + CHX L-pp L-AP + CHX , TEA TEA + CHX
] b ) “6.9 - 5.1 8.6 6.6
2 3.7 3.2 7.5 2.4 6.0 3.7
3 4o’ k.0 - - 5.5 2.7
X 3.9 3.8 7.2" 3.8 6.7 4.3

“Where mechanical responses to 4-AP and TEA were lost on preincubation with CHX.

Values are significantly higher (p < 0.05) than the values in all other tissues.

Consult the text for experimental design.

Results are analyzed as per methods described in Table 111

i gl
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TABLE X

o V*A
Humbe? of Gap Junctions. in CHX- and 4-AP- and TEA-Treated Canine Tracheal Smooth Muscle’
|!lllIiIlilllllllllllfflf'l!dWIl\ ,

Expt. MNo. Control Control + CHx 4-AP 4-AP + CHX TEA TEA + CHX
o 2.8 : 2.6 19.3 1.2 7.2 5.1
2 3.0 2.2 8.3 6.6 6.8 3.7
3 4.3 3.6 - - 10.4 9.5

X 3.7 2.9 " 13,8 8.9 8.1 6.1

Where mechanical responses to 4-AP and TEA were present on uwmmzncvmmNo: with CHX.

s,

x<m~cmm are wmmsmmmomsn_< higher (p = 0.05) than the values in control and control + CHX-treated

tissues.
Consult the text for experimental design.

Results are analyzed as per methods described in Table |1}.
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values were siqnificantly lower than those obtained for non-CHX-treated

tissues exposed to potassium conductance blockere ’n . 0.05) but not
significantly lower ( P - 0.05) compared to values in control tissues
(Table x) .

Number of gap junctions Loexperiments with mechanical activity
T 2 Xperiments with — T e VItY

following CHX:
—_Uwing LhAx

b) Tissues treated with 20 mM TFA or 10 mM 4-Ap for ene hour
showed a significantly higher (p < 0.05) number of gap junctions
(8.1 for TEA and 13.8 for 4-pap per 1000 um length of membrane) than the
number in-control or control + CHX-treated.tissues, as in Group a)
above. Tissues pPreincubated with CHX for 30 minutes and later treated
for one hour with either 20 mM TEA or 10 mM 4-AP showed a signifi-
cantly higher number of gap junctions (6.1 for TEA and 8.9 for "-AP per
1000 :m membrane length) than in contrpl tlssues exposed to CHX alone
which was not observed with tissues showing no mechanical activity
(Group a above). These values were slightly lower than the values in
tlssues .exposed: to the potassium conductance blockers, but not\fignifi—
cantly so (Table ).

Discussion

The results of thls study show that the rapid formation of gap
junctions after treatment in vitro wnth L-AP and TEA of canine tracheal
smooth muscle is not prevented when more than 95% of the protein

synthesns is blocked wlth CHX. This isﬁtrue only in those tissues where



the sponLaneoﬁs phasic ﬁechanica] activity induced by the potassium
conductance hlockers s present alter pretreatment with CHX. In
tissues where mechanical activity was not induced, a signif an. in-
creasec in the numbcr of gap junctions after TEA and 4-AP treatment was
not observed (Table lXﬁ._ Tissues pfgtreatcd with CHX and later exposed
to TEA or 4-AP co tont[y showed fewer gap junctions than those
treated with the potassium conductance bjockers alone.

However, the results summarized above must be considered in the
light of the effects of CHX treatment on structha] damage to Lh¢
smooth muscle cells. A greater proportion of damaged cells was en-
countered in tissues which faj)ed to show any mechanical response to
either TEA or 4-AP after.CHX-préincubation (Table VItl). Gap junctions
were not seen either between the damaged cells or between these and
healtgy smooth muscle cells in the immediatc vicinity. The failgrc of
mechanical response to TEA and 4-AP in some tissues after CHX—S;e-

~ v
treatment could be due to the extent of injury to smooth muscle cells
brbught about by the inhibitor. The failure tg get gap junction
formation might also be related to the extent of cell damége produced
by CHX.

The CHX-induced damage was not confined to thé periphery of the
tissues as far as could be determined from examination of thin-sections

of treated tissues. The injured cells were stained lighter than the

healthy cells. A detailed description of the damage resulting from CHX

treatment is to be found in the Results'section.
Light cells have been described in a variety of cells and under a
variety of circumstances. In the epithelial cells of toad bladder,

metabolic as well as mechanical injury has been shown to result in

122
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"light'" cells (Crocker et al, 1970). Some ©f the structural altera-
tions induced iH these damaged cells, namely swollen endoplasnic
reticulum, orthodox configuration of mitochondria , loss of membrane
integrity, and decrcased density of cells, rescmbie those seen in the
tracheal smooth muscle after CHX treatment.

Somlyo et al’ (1971) have indicated that the density of smooth
muscle cells is related to the extent of hydration before fixation for
electron microscopy. A decreased electron density was observed in the
smooth muscle of the rat uterus when injury increased écl] water
(Garfield and Daniel, 1976). On the other hand, hypertonicity caused
an iﬁcreased electron density of smooth muscle cells (Somlyo et al,
1971). The formatio; of light Cell% under these two conditions, however,
is not accompanied by injury to smoéth muscle cells to the extent that
the caveolae are destroyed and the membrane continuity is lost with an
attendant protein loss (Daniel and Rob}ns, , 1971 a and b and Fay and
tooke, 1973 and Jones et al, 1973).

In a study on estrogen—stimulateu rat ute}us, Garfield and
Daniel (1976) have shown that metabolic inhibition }eading to ATP
depletion as well as mechanical injury can result in formation of
"light' cells. Myometrium from progesterone—treatéq and pregnant
-animals also had "light' cells. There was no evidence that the dif-
ference in density of smooth muscle ce]]; was related to the state of
contraction or relaxation of the tissue before fixation.

“"Light'" cells seen in CHX-treated canine tracheal smooth muscle
could arise from injury leading to loss of membrane integrity, in-

~

creased cell hydration, and loss of proteins. The presence of mito-

chondria in orthodox configuration, loss of surface caveolae and the
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swelling observed in light cells suggested the possibility of an

altered metabolic state.,

Gap junctions in CHX-treated Lissues:

The continued formation of gap junctions in the abscnce of protein
synthesis when cells were not severely damaged by CHX thus suggests
that some proteins utilized to synthesize the extra gap junctions after
TEA-and 4-AP trecatment are preformed.  The various possibilities in-
clude:

i) De novo synthesis of membrane proteins is not necessary for
rapid formation of gap junctions. Both TEA and L-Ap are capable of
inducing junction formation within ]O.to I5 minute exposure of thé
tissues fo these drugs and this rapidity of actior would tend to rule

out the dependence of a pheromenon on new protein synthesis.

C1i) CHX treatment did not result in complete inhib'tion of protein
synthesis at the concentration employed and during the period of in-
cubation. It is conceivabje that, in the presence of the fhhibitor,

! N
the residual protein synthesis which\is resistant té inhibition could
be involved in junction formation. This does not seem likely unless
the proteins synthesized in the presence of‘the‘inhibitor are the
Junctional subunits themselves. We havé no compelling evidence to

suppbrt this possibility.

iii) There could be a differential sensitivity of tissues or

cells .to the effects of CHX. This was evident from the fact “that the
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I
i

damage was confined to some of the cells. Whether the inhibition of

protein synthesis brought about by CHX is a reflection of a aeneralized
effect on al!l the cells or a varijable dedree of inhjhiLion in different
cells is difficult to resolve. My results, however, show that 957 of
the cells were not injured although protein synthesis was inhibited to
the same extent. This also speaks against the possibility that the
less damaged cells really did not have protecin synthesis inhibited.

The most likely possibility is that rapid junction formation is
not dependent on/new‘protein synthesis. The slight decrease in the

number of gap junctions in the CHX-treated tissues could result if
there is a Iimited quantity of pre-formed proteins involved in their’
formation-or from an effect of CHX on the preformed gap junctions.
Alsc, if many cells are damaged, the survivors may not have been able

to make contacts with other surviving cells.

The formation of gap junctions in the absence of protein synthesis

observed in canine trachealis has been previously shown in other fk
T
. - / N

systems as well. In a study by Epstein et al (1977) Novikoff hepatoma ) \\

cells, dissociated in the presence of EDTA, have been shown to form
gap jgnctions within a few minutes on reaggregation in culture.
Neither idhibition of protein~sy6thesis by CHX nor depletion of cel-
lulér ATP levels by iodoacetate (IAA) resulted in prevention of
junction formation. There was no reduction in the percentage of
coupled cells or in coupling coefficients between control and CHX-
treated cells. CHX, at concentration used in these studies (100 pg/
ml), produced 99% inhibition of protein synthesis over a 30 minute

period;
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On the other hand; a dependence ofAjuncLiqn formation on de novo
protein synthcsjs has been shown in some systems. In the chick embryonic
heart cell suspensions, gap junction formation occurs during aggregation
more than one hour after Specific adHesion has taken place (Griepp. and
Bernfield, l%]B). Formation of gap junctions seéms to be related to
aéquisition of synchronous beating between the myocardial cells in
culture. Cycloheximide inhibits this synchrony, suggesting that syn-
thesis‘dk nev. proteins is a prerequisite to formation of gap junctioné
in this system.

Gap junction formation during thyroxine-stimulated ependymoglial
differgntiation in tadpoles appears to depend on Synthgsis of proteins
as well. Both CHX and Actinomycin‘D {which blocks transcription of the
mRNA fromleA), if administered at a p;oper time after hormone treat-
ment, block junctional development (Decker, 1976).

In both these cases, however, there was no evidence for a rapid
formation of gap junctions in response to the specific stimuli. The
detay in the appearance of junctions tends to lessen the progabiIity
of preformed membrane proteins being involved in their é§§éﬁb|y. It
wasn't surprising therefore that the formation of gaijuhctions was
dépendent on new proteinisynthesis. The hormone—dependeﬁt’differen-
tiation in tadpdles seems to be depéndent, in addition, on synthesis
of the messenger, |

The lack of sensitivity of rabid gap junction formation to in-
hibition of protein synthesis in cénine trachealis as well as in
Novikoff hepatoma cells seems to suggést a mechanism involving re—‘
‘aggregation or assembly of subunits. The nature of the subunits in

smooth muscde is not known, but studies on the gap junctions isolated
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trom mousce and rat liver rev-al that they ar%‘madc up of two major
_protein components (Goodcnough, 1974) . The ferm connefin has been
given to these proteins. Assembly df these subunits ipto structures
recognized as gap jurictions in . thin sections is a like;}\mechanism

by which cells can regulate their number in response to éhys{ojogical
or pharmacological interventjons. A detailed discu;sion of the aspects

~of such subunit interactions is dealt with in Chapter V (Discussion

section).



128

CHAPTER V

FREEZE-FRACTURE STUDIES OF

CANINE TRACHEAL SMOOTH MUSCLE



/ ' 129
CHAPTER v
Introduction

The studies reported in the previous chapters indicate that gap
Jjunctions can be demonstrated in the canine tracheal smooth muscle fixed
in vitro by techniques which give adequate preservation of cells. The
number of gap junctions s increased on treatment of the tissue with
TEA or 4-AP and this increase is not prevented when neQ protcin.syn-
thesis is blocked by CHX.

The gap junctions in appropriately oriented thin sections of
tissues have a Eypica] /-layered structure with a central gap about
2 nm wide (Figures 3 and LY. The junctions were typically found con-
necting processes of cells, This drrangement was seen even in co
tissues which never contracted spontaneously in vitro. Both TEA anu
L-AP are capable of inducing gap junction formation in vitro very
rabid]y (< 10 minutes).

Freeze-fracture studies reveal that the Gap junction is a highly

specialized cell-to-cel] contact (see McNutt and Weinstein,l973).
Such studies have been carried out in a variety :f tissues to under-
stand the fine structure of the gép‘junction as well as to study the
stages in the formation of such contacts between cell§ (see Discus-
sion). |

The objectives of the present investigation are:
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i) To attempt to demonstrate qap junctions in the canine

tracheal smooth muscle by the freeze-tfracture technique;

ii) To understand the possible mechanism underlying the rapid
formaticr of gap junctions in tissues treated with TEA and 4-AP in

vitro using this technique;

iii) To evaluate the possible usefulness of this technique in

quantitative studies of gap junctions in this tissue.

Materials and Methods

N

Tissue preparation:

N
G

Canine tracheal) smooth muscle was obtained using the Methods
described in Chabter ]I. Control smooth muscle stfips were incubated
in vitro in Krebs solution at 37° C for one hour and fixed in 2%
glutaraldehyde in 0.075 M cacodylate buffer (pH 7.4) containing 4.5%
sucrose. Some tissue strips were incubated in either 33 mM TEA- or
10 'mM b-AP-containing solution for one hour at 37° ¢ and fixed the
same way as control tissues.

After an initial two hour fixation, the tissues were rinsed with"
0.1 M cacodylate buffer (pH 7.4) for at least one hour. The tissues
were then incubated ét room temperature (22° C) in a solution of 25%
glycerol (V/V) in 0.Q5 M cacodylate buffer of the same pH for at

least 90 minutes.
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Procedure for freeze-fracturing: 3

The tissue strips weretdissccted under a dissecting microscope
into very small segments. Care was taken to ensurec taat the tissues
were kept moist during t%is procedure. Small jold specimen-ho}dérs
were filled w[th the tissue pieces and rapidly frozen in liquid Freon-

22 cooled by liquid nitrogen and finally immersed in liquid nitrogen.

Specimen transfer:

A Balzers BA 260M Freeze-etch instrument was used. The specimen
stage was cooled under vacuum witH'quuid nitrogen to a temperature of
;I70°‘C."Thc chamber wa. vented td atmospheric pressure before
specimen transfer. The specimen stage was painted with liquid Freon--
22 and the specimen-holders containing the tissue were quickly trans-

ferred and the chamber evacuated.

Fracturing:

- The tissues were fractured at -100° C with a cold knife at -~ 1.5 x

10 7 torr .acuum.” When the specimens were fractured uniformly,

replication was carried out.
Replication:

The fractured surfaces were coated with Pt-Carbon for 8.seconds
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at an angle of 45° and then wnated with Carbon tor 10 seconds at an
angle of 90°. After covering the specimens with the knife, the chamber
vas vented. The specimen-holders with the replicated tissues were

immersed in 40% chromic acid.

Replica retrieval:

After immersion in 402 chromic acid overnight to digest the
tissues, the floating replicas weré aspirated into distilled water.
After washing once, the replicas were transferred to a solution of
commercial bleach (Javex) for about two hours. They werc later washed
with distilled water twice and picked up onto 300-mesh copper grids
coated with collodion=-carbon. The replicas were examined in JEM-7A or

Philips EM-30] electron ﬁicroscopes.

Freeze-fracture nomenclature:

Thebfracture faces of tissues in the replicas will be described

L

in the text using the nomenclature suggested recently (Branton et al,

1975).
Results

The technique consists of two distinct processes: fi:aze-
fracturing and freeze-etching. Fracturing a tissue results in the
breakage along planes of weak bonding in the membrane or elsewhere

and etching sublimes volatile materials, usually water, from the
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non-volatile materials of the specimen {see Discussion). Fracturing
is an essential part of the technique, while etching is an optional

procedure. In the present study, etching was not attempted. Any

etching which might have taken place was done inadvertently.

Gap_junctions in the f-reze-fracture replicas:

The results using thin-section electron microscopy show that
canine trachealis incubated in Krebs golution in vitro has gap Junctlons
Their mean number was 3.36 ar ]OOO L membrane length., |In TEA-
‘treated tissues, the number of gap junctions ranged from 5.04 to 7.40
per. 1000 .m membrane length and in 4-AP-treated tissues from 7.71 to
10.80 per 1000 um membrane lergth. It was also evident that the smooth
muscle cells had very irregular shapes with seyeral processes and the
gap'junctions were almost exclusively found on processes connecting
two cells. The abutment-type of gap junction was not seen in canine
trachealis. .

Examination of freeze-fracture replicas of canine trachealis re-
vealed that gap junctions were very rarely encountered. The ones
‘seen were also er] processes. Some of tho gap junctions were seen

‘

in the lnterdlgltatlons of smooth muscle cells. .
Figure 25 shows a 'gap junction on a cell process in the freeze-
fracture replica obtained from a control tissue. The structure appears
as a cluster of particles on the membrane PF fracture face.
Flgure 26 shows a gap )unct:on on the membrane PF fracture face

in a repllca obtained from a TEA-treated tissue. The structure is

also Tocated on a cell process and shaws a hexagonal array of



Figure 25. Freeze-fracture replica of ;anine irachea’
(cont;o] tissue). A gap junction (arrow) secen as a cluster of
particles on the membrane PF face of a cell process.
Magnification x 150, 000.

Shadow angles are fndicated by arrows (botton right-hand corner)

in all the freeze-fracture micrographs.

Figure 26, Replica from tissue treated with 33 mM TEA for one
hour. The gap. junction (arrow) shows an array of particles on the

membrane PF face of a cell proceés. Magnification x 100,000.






particles.

Figure 27 shows the freeze-fracture replica  from a-h-AP-treate!
tissue. The fracture is through a series of interdigitations oi two
adjacent smooth muscle cells, exposing both the PF and the EF membrane

ces. At some places, the membrane has been cross-fractured. A gap

" junction can be seen as aggregation of membrane particles on the PF

|

face.

A total of 15 replicas each from control, TEA-trecated, and 4-AP-
treated tissues from 13 animals were examined in this study. The
average diameter of the junctions in the freeze-fracture replicas was

0.15 um when measured at the largest diameter.

Freeze-fracture appearance of membranes:

The freeze-fracture replicas obtained from tissues contained

extensive membrane fracture faces. There were numerous particles dis-

tributed in the membranes. The PF face usually contained a greater
density of particles than the EF face. The surface caveolae were

arranged in linear rows in the membrane. However, no gap junctions
. .

were sBen in the membrane fracture faces, except on cell processes.
Figure 28 shows a membrane PF fracture face with the caveolae
and many membrane-intercalated particles.
Figure 29 presents a membrane EF fracture face with the caveolae
arranged in linear arrays. The density of particles is less compared

to that in the PF face. The density of particles was higher in re-

ons rrounding the caveolae than in other regions of the membrane

e

FERa e PN



Figure 27. Freeze-fracture replica from tissue treated with

10 mM 4-AP for one hour. A gap junction (arrow) is seen on the

membrane PF face. Magnification x 100,000.

)



{34




™
L4
Figure 28. Shows a membrane PF face with numerous particles
(small arrows). The caveolae are arranged in rows.

Magnification x 114,000.

2
~y
3

Figure 29. Membrane EF face with caveolae arranged .in rows and

particles. Magnification x 71,000.
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on the PF face. There are no gap junctions in bofh fracture faces of
membranes in these replicas as well as in.othcﬁs examined. There were
also no small gap junctions (see Discussion) in the membrane fracture
faces. These small gap jgnctions, if present, would not be recognizable
in thin sections of tissues.

The fracture plane does not always: proceed through the hydrophobi;
region of the membrane. Sqmetimes there was a cross-fracture of the
membrage where it appeared as a ridge. The caveolae in such replicas
are also cross-fractured (Figure 27). : o .ﬁ

Figure 30 shows é replica of tissue in which some of the cyto-
plasmic organelles are fracturcd in addition to the plasma membrane.

.

Discussion

Freeze-fracture technﬁquc:

The teéhnique of freeze-fracturing was first applied to biologi-
cal tissues b;.Steere (1957) and later developed by Moo _al (1961).
The technique consists of two separate processes: fracturing and
etching; Freeze;fracturing'usually resﬁlts in the breakage along
planes of weak Bonding in’the membrane; apd etching sublimes away
volatile matefials, qual]y water, fro% non—;olatile materials of the

tissue. Fracturing is an essential aspect of the technique, while

etching is done as an option (Davy and Branton, 1970).



Figure 30. Freeze-fracture replica of caniné trachealis.
Magnification x 32,000.

EF - membrane EF fracture face. AN

N - fracture faces of nuclear membranes with the nuclear pores
(arrows).

C - cytoplasm of cell.
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Interpretation of freeze-fracture replicas:

Earlier interpretations of freeze-fracturc replicas of hiological

specimens suggested that the fracture plane passed alorg the true sur-

faces of membrancs (Branton and Moor, 1964 and Moor, 1964). Although
this interpretation was accepted initially, it soon became apparent
that many: freeze-fracture images could not be so explained. Branton

(1966 and 1967) suggested that the cleavage plane passed along the
membrane intérior resuling in férmation of two lamellae. A body of
evidence accrued in later stuaies (De;mer and Branton, 1967 and
Branton, 1967land Chalcroft and Bullivaﬁt, 1970 and Wehrli et al, 1970
and Weinstein gﬁ_gij 1970 and Pinto da Silva and Branton, 19ZO and
Tillack and Marchesi, 1970 and Sleyter, 1970) supports Branton's in-
terpretation. The most direct evidence to this suggcstfon came from
the double-replica method (Steere and Moseley, 1969 and Wehrli et al,
1970 and Weinstein and McNutt, 1970.and Chalcroft and. Bullivant, 1970)
in which both the lamellae could be replicated, retrieved and examined
for complementarity.

The two lamellae resulting from the cleavage and their surfaces
were identified and named (McNutt and Weinstein, 1970). The lamella
which remains attached to the cytoplasm of the cell was called LMI
and the one attached to the extracellular space as LM2 by these
authors. Thus, the fractured surfaces exposed are not the true sur-
faces but new surfaces produced from within the interior of the mem-
branes. These new suffaces are called |;faces” in order to distjnguish

them from the true membrane surfaces.

et
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The cleaved o of the tamella which remains attached to the
cytoplasm is called Face A and the one adjacent to the extracellular
Compartment Face B. Face A can be visualized while looking from out-
side the cell inward and Face B from within the cell uulwafd. The
terms convex and concave fracture faces rofor respucti&cly to the mem-
brane A and B faces. When etching is done in conjunction with frac-
turing, the true Surféces can be visualized in the resulting replicas.

The fracture faces referred to in this study conform to a nomen =

“

clature proposed rg W (Branton et al ¢ 1975). Membranc fracture

ce and the fracture face B as EF face.

&
ces are referred to as PS and ES sur-

Freeze-fracture anmpearance of membranes:

>,

The biological membranes in freeze-fracture replicas appear as
extended smoéth sheets interrupted by many "particles'. The PF and EF
fracture faces in many membranes appear to have a different density of
these ;articles, suggesting asymmetry of membrane structure (Branton,
1968) . Examination of freeze-fracture replicas of biological membranes
‘also revealed that the number of particles was highest }n the physio-
logically active membranes like the chlorplast laﬁéllae (Bfanton and
Park, 1967), erythrocyte membrane (Weinstein and Bullivant, 1967), etc.
On the other hand, their number was least in inactive membrangs such
as myelin (Branton, 1969). This compar ' son suggested.the pessibility

that such particles could be proteins. Engstrom (quoted by Branton,

1971) showed .that the particles seen in red blood cell membranes



disappeared on treatment with pronase, a proteolytic enzyme. Cor-
related freeze-etch and X-ray diffraction studies on certain quel
phosplolipid membranes suggested that the smooth regions of membranes
represented fracture through the lipid regions (Deamer Eﬁ;ﬁlﬂ '170) .
Since there was no evidence that the particulate nature of biological
membranes could arise frém bulk phase lipids, it was sﬁggested that
the particles might be the intrinsic proteins or specific protein-
lipid interactions in membranes,

Experiments with lamellar pnase lipidgor lipid extracts from the
erythrocyte ghosts and sércop]asmic reticulum (SR) suggested that the
fracture faces were devoid of particies (Deamer et al, 1970). On the
other hand, fracturé faces of 1ipid vesicles and lamellar lipid phases
whiéh had been reconstitqted with membrane proteins from the ghosts or
éR contained partigles (Mackennan et al, 1971). Freeze-etching s&udies
also revealed that the particles nn the erythrozyte membran=s contained
receptors for influenza virus and wheat germ agglutinin (Ti]laék et al,
1971), as well as the A and B antigens (Pinto da Silva et al,

1970). Thus, the membrane particles in these studies must include gly-
coprotein or glycolipids.

%he particles have been showq to be capable of translational
movement along the plane of the membran;. tn the erythrocyte ghosts,
aggregation of particles can be induced by lowering the pH of the
medium and this is reversed by prefixation in glutaraldehyde or in-
cubation in media of high ionic strength (Pinto da Silva, 1972).

A role for microtubules and microfilaments in the lateral mo-
bility of membraée-intercalated particles has been proposed

(Nicolson et al, 1971). The cell membrane is considered as a

3
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solution of integral membranc proteins in a fluid lipid bilayer
(Singcr and Nicelson, 1972). In responsc to specific stimuli,
either arising extracellularly or intracellularly, rapid lateral

mobility of so » proteins could occur. Cells do possess mechanisms

that control the mobility of membrane components through associations

to cytoskeletal elements Tike microtubules, microfilaments and inter-

mediate filaments. This is evident in 1}gand-rgceptor movements
resulting in phenomenz such as receptdr ""capping" in'lymphocytes,
cell attechment and mopement, endocytousis, etc.(see Nicolson EE_EL’
1976).

The evidencg for translational mobility of membrane proteins in
the liéid bilayer is overQheIming. The e?ideﬁce that membrane par-
ticles seen in freeze-fracture replicas are indeed the membrane
pfoteins'js however indirect. Thé-possible physiological sfgnifi—

cance of particle movements resulting in aggregation is discussed

below. ' .

.Fine structure of gap junctions:

The fine structure of gap juncFions as revealed by thin-section,
negative-staining and freeze-fracture techniques has been diseussed
(see Chapter 1). In freéze—fracture replicas, the gap junctions
reveal close]y‘pac ed particles arranged in a hexagonal array with a
centr;??bifent’ spacing of 90 to 100 A° when viewed on the membrane
PF. face andxéorresponding array of depressions on the membrane EF
face. The particles in the non-junctional membrane, on the other:

hand, tend ‘to be randomly distributed.
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Freeze-fracture studics on the canine tracheal smonth muscle:

The freeze-fracture studies on canine tracheal smooth muscle
demonstrate the presence of gap junctibns between cells, thus con-
firming\%y thinr-section EM studies. The gap junctlions scen on the
replicas appear in different forms. Some of the gap juhctions
appeared as a cluster of particles on the membrane face while others
appeared as aggregations of particles in a héxagohal array. All the
gap juncfions thus far encountered were on fracture faces of cell
processes.

The membrane fracture faces had numerous particles distributed
with no discernible order. The PF‘Fracture face héd d greater
density of,these particles than the EF face. The particle density was
also highef.in regions surrounding the surféce caveolac than in other
reg}ons'of“tbe membrane. There were no gap junctions on the membrane
faces. In‘contrast to my thin-section results, therérwgre very few. -
- gap jpnctions in replicas of both control and TEA-and 4-AP-treated
tissues. ’ - 4

: Thg?é‘waS'no evidence for the occurrence of small gap junctions
inAthe méﬁbranc frécture faces examingd. We expecfed that any small
gap junctions, If present, would be more fike]y to be seen in freeze- 4
fracture reb]icés than in thin sections. The minimum number of sub-
uniFs required to act asqa low-resistance pathway for current flow in
smooth muscle is not known. It is also not known if suBtnit arrange-
ments into patterns, other than the more familiar' hexagonal packing,

could be called as gap junctions. Also i is not clea} that an

aggregation of particles in membrane of one cell corresponds to a
. \

i
s
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similar aggregation in an apposed cell

In a recent freeze-tracture study of nexuses irn a variety of
smooth muscle tissues (Fry et al, 1977), it “as been observed that
"nexuses' occur in various shapes and sizes. The authorslspcculate
that aggregation of two or three subunit% in the membrane could pro-

vide a region of low-resistan® between the cells. A preponderance

of small gap junctions were seen in the smooth muscle of the guinea-

pig sphincter pupillae. Gap junctions as small as ‘0.00] um? were

5

reported, ulthough there were no micrographs showing such structures:

[

'The particles constituting the subunits in a nexus have been charac-
terized in isolated gap junctions irom liver (Duguid.and Revel, 1975).
At present the chemical composition of the particles seen in the non-
junétional ﬁembrane is not known and there are no,m&rphological

~features by thch they can be distinguished from the particl s of.a”

nexus. Thus,#t is quite arbitrary to de ~ ~ate any aggregation of

particles as nexuses.

Formation of gap junctions as studied . . .e Freeze—‘ractugg‘techniqUe:
‘ 1 .

.

oA

Gap junction formatioh between cells in vivo and in cultuge hasw

been studied in a varaety of systems- (Revel et al, 1973 and Johnson
et al, 1974 and Decker and Friend, 1974 and Benedetti et al, 1974

and Albertini and Anderson, 1974 and Decker, 1976) using the freeze-
fracture technique. The stages in the formation of these.junctions,

as revealed in“the rqp]icas have been already diécusse&{(Chapter ).
- ’J - i . - ) ’ .‘_,w; 7-.('r.n
- The manner in which the gap junction particles, once inserted into

-

5—tb¢,ﬁémbréne, are aggregated into a polygonal Latilce of subunits is

-not known. A role for mlcrotubu1es or mlcroﬁJlaments in such an

o : £
2, p
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asgembly has been suggcétcd (Johnson‘ggjﬂj 1974) .

The TEA- and 4-AP-induced rapid formation of gap junctions in the
canine Lrachealisrhas been shown to be independent of new protein
synthesis (see Chapter I1V). This sugge 5 that the subunits involved
in thg}r assembly are prcformcdf The s@bunits would be arranged into
larqe;_gap Jjunctions which are demonstrable by thin section techniques.

We could not detect any formation plaques in the Ecgll'ﬂﬁ examined.

Since gap junctions were located exclusively on"pro'r s of cells and

.because of the difficu]ty ‘n getting fracture faces of such processes,

. ' 4 N a7 2
the variouJ\stdgés uiderlying the rapid forrlgtion of gap junctions in
! PR '
this tissue could have been missed.
~ N “‘\’ R .

R -
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CHAPTER V|

REVIEW AND CONCLUS!IONS

A. Uktra;tructure of Canlne Tracheal Smooth Muscle

i) Gap junctﬂgﬁi: The results of this lnvestlgatlon have cs-
tablished the presence of gap Junctions between smooth muscle cells of
the canine traches. Cap junctions were demonstrated, in appropriately
oriented sections, as 7-layered structureg, formed by the apposition
of membraneshef two neighbouring ce]}s, with a central gap about 2 nm

wide. These junctions aere found exclusively between cell processes.

Junctions were also seen Occasionally between processes of the same
{

cell. Gap junctions could also be demonstrated in tissues fixed 12.
situ. This rules out the possubll«ty that they could form viherf tis-

.sues are incubated in vitro, The technique of tissue fixation was

found to be adequate in demonstrating 9ep Junctlons and in good preser-

i

vation of other cellular structures

Tissues were fixed initially with 2% glutara]dehy&jaﬁﬁ 0.1 M
cacodylate buffer (pH 7.4) and post-fixed in 1% osmium tetroxide in
0:05 M cacodylate buffer of the same pH. They were usually stained en
bloc with saturated urany{.aeetate and processed for thin section elec-
tron micro;copy. ) \ -

The elaim that glutaraldehyde fixatfve is unsuitable fof'preserving
gap junctions (Dewey and Barr, 1962) js contradicted by my etudy. Thus,
fn canine trachealis, which has been described as é multiunit smooth

-

-muscle, gap junétions are consistently seen. The claim that such smooth
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4
muscles lack gap junctions has also been contradicted from the results

of this investigation.

i) Innervation of the canine trachealis: This study reveals

the presence of a chalinergic excitatury as well as an adrenergic in-
hibitory innervation to the'canine tracneal ;mooth muscle. Two types
of varicosities were characterfized on the basis of the distribution
of vesicles: those containing predominantly small agranular and a few
" large granular ones; and Varicosities containing a preponderance of
small granular vesicles. The varicosities containing small and large
granular vesicles were not seenyéﬁﬁgpiaxgd with blood vessels in the
tissues examined. Suzuki et al (1976) have described the innervation
of canine trachealis similar to what | found in these studies. In.

addition, their histochemical stainihg techniquéé revealed the pre-

sence of acetylcholinesterase and catecholamine-fluorescence.

iii) Electrical stimulation: The results of the effects of

electrical field stimulation on the mechanical activity of canine

>

trachealis revealed the presence of functional excitatory innervation,

. Al
who;e.effects were blocked by atropine. This suggested that the under-
lying mechanism was through release of acetylcholine.from the intrinsic
nerve-endings. Furthermore, wHen the tone was raised by TEA treatment,
electrical stimulation of the tiéSues resulted in relaxation, which was
blocked by 2-adrenergic antagonist propranolol. After propranoiol, the

response consisted of a contraction. The existence of an adrenergic¥
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inhibitory mechanism to this smooth muscle was established from these
studies. |

Suzuki et al (1976) found no evidence for a non-adrenergic and
'non~cholinergic inhibitory system in the canine tracheal smooth muscle.
Evidence for the presence of such an inhibitory innervation has, how-
ever, been obtained i the guinea-pig and human tracheOrbronchjal
smooth muscles (sce Review of literature). Thus, there seem to be

v
species differences regarding the types of innervation.

&

iv) Effects of TEA: Canine tracheal smboth muscle does not
exhibit phasic mechanical activity in vitro, Howeve?, changes in tone
in vivo have been repérted (Loofbourrow EE_El’ 1957); Kroeger and
Stephens (1975) and Suzuki et al (1976) have reportéd stable membraée
potential with no evidence for spontamious rhythmic depolarizations in
the smooth muscle cells of canine trachea. Treatment with TEA was
shown, in their studies, to result in depolarjzation with phasic elec-
trical and mechanical activities. The re;tifying property of the mem-
brane was abolished by TEA. Kroeger anéi%&cphens (1975) reported an
increase in the space constant from ].6:£% to 2.8 mm after treatment
with TEA. However, Suzuki et al (1976) rgpdrted a longer space cons-
tant for the control.gissuei(3.2 mm) as well as a time constant value
of 450 msec.” Thus, this smooth muscle has cable properties as studied
in vitro. Thé.reason for the lack of initiation of sponfaneous spike
activjty was ascribed to a high resting permeability to K in this
tissue. TEA, by blocking the Eesting K+ conductance and abolishing the
rectification, was thought to result in depolarization and a weak ac-

. . + y
tivation.of Na conductance.
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The TEA-induced mechanical activity conslsted of two companents:
an increase in tone as well as initiation of phasic activity. The maxi-
mum active tension was dose-related. The time to reach steady-state
tension was dose-related as well. The phasic activity was not s&hsitive
to atropine, suggesting that th. effects were not mediated through
release of acetylcholine from the nerve-endings. Atropine diminished
the tone, but the tone recovered with<time. The mechanica) response to
: ' ++ .
TEA could be blocked by D-600, an agent which blocks Ca entry in
” o ++ .
smooth muscle cells upon depolarization. In Ca -free Krebs solution
/ .
containing 0.5 mM EGTA, the tissues failed to show any mechanical res-
s ++ .
ponse to TEA treatment. Upon addition of Ca to the medium, the
mechanical activity was restored. Thus, the TEA-induced mechanlcal ac-
+
thlty seems to depend on avallablllty of extracellular Ca . Kroeger

and Stephens (1975) showed that the myogenic respunse in the canine

SR ' .- : + . ‘
trachealis was dependent on extracellular Ca " and was ‘abolished by D~

T

600. It is not certain whether the initiatiom of mechanical activity
or myogenic response by TEA in this smooth muscle is the result of an
. ++ ++

inward Ca current resultlng in depolarlzatlon The Ca influx as-
A

¥
socnated W|th the mechanlcal response could result from depolarlzatlon

of the cells by TEA.

Effects of TEA on gap junctions:
&
The TEA-induced changes in the biophysical properties of this

smooth muscle are accompanied by changes in the number'o?hgap junctions.

s

The rapid increase in the number of gap junctionles seen at a time
. . : . ) )
when spontaneous activity is also initiated, suggestilng a correlation

> - 1

\ '



tracheal smooth muscle. The effect of 4-APp on tension was almost jm-
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in time. However, there was no differcnce in the abiiity of various
doses of TEA to increase the number ot qap junctions even though the
mechanical response was dose-related.

The presence of gap junctions in this smooth muscle could provide
one basis of coupling between cells and thejr increasec after TEA treat-
ment could‘provide better coupling. A]théugh the measuredHQiaméters
of the gap junctions in the treated tissues were not different from
those in control f7ssues:>the increase in their number should increase

. . >
the gap junctiona! membrane area:

v) Effects of 4-AP on the canine trachealis: Lb-AP was also

shown to résult in initiation of phasic mechanical activity of canine

mediate. The activity consisted initiéiiy ina rise in tone followed
by oscillations of tension. The Maximum active tension was found to
be dése-related. Though there was flu&tuation of tension in 4-Ap-
treated tissues (as with TEA-treated tissues), it did not return to .
original base-line.
X

The effects of electrical field stimuilation of tissbes after
treatmgnt with different doses éf_h-AP Eeveaied that the relaxatijon due
to field stimulation was. evident only after exposure to higher doses of
the drug.' This relaxation was shown to be sensitive to propranolo]
After propranolol field stlmulatlon caused a contractlle response.

The compound 4-AP was shown to selectlvely block ‘potassium
channels in a varlety of excitable membranes, although some important

differences were elucidated fn its mechanism of action from that of TEA
- N A

(see Review of literature).
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'junctions compared to untreated tontrol tissues. -The ability of this ha
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The mechanical cffects of b-AP were completely blocked by atropine.
This suggested that ;hc effects were due to release of acetylcholine
from the iﬁtrinsic nerve-endings. After atropine treatment, phasic
activity. could not be inftiatcd‘aftcr increésing the tone by clectrical
stimulation.

Exﬁo;urc of tissues ro acetylcholine caused a sustained increase
in tone which reached a plateau and remajned unaltered. There was no
phasic mechanical actfvity after acetylcholine treatme;t. Atropine
blockedlthis,tone. I'f the effects of 4-Ap on phasic activity were'en-
tirely dependent on release of acetylcholine from nerves, tﬁen appli-
cation of acetylchqline shou 1d have resulted in phasic activity. Since
this was clearly not the case, it éould be argued that phasic activity
was not depgndent on release of transmitteri The other possibilities

are either dependence of phasic activity on previous tene in t!  “jissye

Or a phasic release of transmitter from the nerves,

Effect on gap junctions:”

Tissues treated with 4-Ap showed an increase in the number of gap

o

compound to induce Junction formatjon was found to be rapid since the-

structural effects were seen as early as 10 minutes after exposure of

the tissues. The different doses of the drug resulted in similar in-

creases in the number of gap junctions and at the same time there was a

correlation between the time of onset of phasic activity and formation

of gap junctions. But a correlation between dose of 4-AP and increase in

gap junctions, as in tension.response, did not occur.’
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Treatment with acetylcholine of tissues did not result in an in-
crease in the number of gap junctions. }issuus pre-treated with
atropine to block the mechanical ¢ffects and later exposed to hL-ApP
still showed an increase (although smaller) in their number. These
results rule out the dependence of rapid formation of gap junctions on
the re]ga#e of acetyl;holine as well asoon tone. Thus, the effects of
L-AP should be the result of a direct smooth muscle action to cause an
increase in the number of gap junctions.

After exposure to 3 mM 4-AP for one hour (when phasic activity
was esfablished), tissues from threc animals were washed with Krebs
solution until the tengion reached the base-line, These tissqes were

. kept in Krebs solution for an additional one hour perfod and fixed and
examined for the nqmber of gap junctions. The number of gap junctions
in these tissues was sti]] higher than in untreated control tissues
(10.8 + 1.25),

Formation of gap junctions in h—AP—treated ti'ssues in the absence
of mechanical activity, either after atropine pre—treathent or after
washing with Krebs solution for one hour; indicates that either single-

unit behaviour is not neceséary for this process or gap junction for-

mation is not sufficient for .®

~ithation 'of single-unit behaviour in the

tissue. However, there is no evidence for single~unit behaviour of this

tissue in the presence of* acetyl . ine. ‘

vi) Role of gap ‘junctions in cell-to-cell Coupling: Canine
tracheal smooth muscle has cable prq&erties as studied in vitro. The
length constant of the tissue is many times the average cell length.

The evidence for cdble-like behaviour of this tissue is that there is
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exponential decay of applied current over distance from the stimulation
stte. TEA causes an increasdgin the length constant of this tissue.

This effect was interpreted by Kroeger énd Stephens (1975) as the result
of an increase in the transmembrane resistance accompanying the TEA
effect to decrgase.potassium conductance. They assumed that the coupling
and the internal core resistance remained unchanged.

Gap junctions are thought to be the structural bases for current-
flow between smooth muscle cells, although there: is no direct evidence
to this hypothesis. Many coupled sﬁnoth muscles have been showé to have
gap junctions. On the contrary, there are coupled smooth muscles which
do not- have gap junctions. Daniel et al (1976) proposed that gap junc-
ti“ns could be suffiéient for electrical coupling, if present, but nbt

)

essential. Cell-to~cell tontacts of various tvpes exjst between smooth
muscle cells and some of these should be co: ° red as potentil-
dates as low?gisistance contacts. Since gap junctions are preéént in
canihe tracheal smooth muscle, they could provide one basis for electri-
cal coupling between the cells. Their rapid formation afté} TEA- and
Q—AP-treagmeht_presumab]y provides better coupling. The resultant in-
crease in the gap junctional érea sﬁguld result in current spread over a
greater distance between the ceils. This hypothesis, though at;ractive,

remains speculative until gap junctions are established to be the low-

resistance contacts. in smooth muscle.

-

I

vii) Mechanisms underlying the rapid formation of gap junctions:

Potassium conductance blockers like TEA and 4-AP were shown to result
in rapid formation of gap junctions in the canine tracheal smooth

muscle. This rapidity of action prompted me to investigate further the
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mechanisms underlying their formation.

The chemical composition of gap anctions in smouca muscle i5 not
known. Studies on -isolated gap junctions from livers of mice and rats
(Goodenough, l97bj reveal that they arc made up of specific proteins,
described as connexins. |f these proteins form the subunits of gap
juﬁ;tions, the question arises as to what mechanism controls their
formation, tranqurt to the plasma membrane and organization in the

membrane into a specific pattern recognized as gap junctions in thin

section EM or by freeze-fracture techniques.

I considered two possibilities underlying ;He rapid 1 *hWesis of
gap junctions induced by TEA and 4-AP in the cani'  trachealis:
a) Increased synthesis of the membrane pro- invols | 1. their

assembly; and/or
b) Increased aggregation of pre-formed s bunits into structures

recognizai-te in thin sections as gap junctions.

Dependence of junction formation on new protein synthesis:

¥

a) Incorporation of 3H-leucine into TCA-insoluble fraction:

The first possibility was examined using cyc]oheximjde (CHX), a protein

synthesis inhibitor. Incorporation of 3H—Ieucine intd the TCA-inscluble
f;action of canine trachéa] smoéth muscle strips was used as an index

of de novo prdtein synthesis. A concentration gf 5 mM CHX was found td

régulp in about 85% inhibition &f incorporation of the radioactivg

leucine. .
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b) ffects of CHX on isometric tension: Tissuus were pre-

incubated for 30 minutes with 5 mM CHX and later exposed to either TEA
or 4-AP for one hour. Tissues were also incubated in Krebs solution

S
cither with or without 5 mM CHX for a similar period and these served

as controls. [sometric tension was monitored in all th- . "<sues.
tn tissues from three of six animals, preincubation wit « resulted
in a loss of mechanical activity when later treate ith either TEA or

L-AP and in tissues from three others such activity was seen. All

the tissue strips were fixed for thin section electron microscopy.

.
1

Structural effects of CHX:

Treatment of tissues with CHX resulted in structural damage to .

oz smooth muscle celfs. The damaged cells were structurally characterized
as ''light'" cells. ''Light! cells have been observed fn smooth muscles
) under a variety ofhconditions (Discussion in Chapter 1V). Examination
of "light" cells in the tracheal smooth musﬁle treated with CHX re-

S
vealed damage to mitochondria, dlsappearance of surface caveolae and
the surface membrane, suggesting the possibility of an altered metabolic
state. The changes were very siﬁilar to those seen iﬁ rat myometrium
by Garfield and Daniel (1976) after metabolic inhibition and mechanical
injury. A greater broportion of "light" Qe]ls were encountered in
tissues with no mechanical activity to TEA and L-AP than in those where
such activity was present. Thus,\muscle cells were damaged by CHX to

‘a variable'extent and those extensively daméged did not show sponta-

neous activity.

3



)

Effects of CHX on gap junctions:

The number of gap junctions in tissues treated with CHX and eithor

TEA or L4-AP remained higher than in the control tissues, in cases

’

phasic activity was evident. The nuﬁber was slightly less than in

tissues treated with the drugs alone. In tissues where such activity
was not seen, an increase in the number - gap junctions was not ob-
served. However, a greater number of "light'" cells were seen in the

latter group of tissues and the rgsu!fs obtained above should be in-
terpreted in the light of the exté%t of such damage. Gap junctions
were not obC;rved between "1ight" cells and any other cells in close
proximity: Thus, the failure to see any increase in some tissues could
be relatgdfto’extensive damage induced by CHX so that the possibiiity
of forming gap junctions was |imited by/fhe absence of competent cells

.

in the neighbourhood.

-

The continued formation of gap junctiohs in the absence of de
novo protein synthesis in i canine tracheal smooth muscle suggests
that the subunits involved in their formation are pre-fogmed. These
pre-formed subunits could assemble into gap junct® s upen arrival of

‘e £, .
specific stimuli.

.

viii) “Freeze-fracture studies: Examination of * ie freeze-

P

fracture replicas from control, TEA-, and Q-AP;freated tissues revealed

extensive membrane fracture faces conteining particles. The particles
were/ seen on both the PF and the EF faces, but there were more in the
1 ; i
\ ) )
PF»féce. The surface caveolae were observed as rows on the membrane.

i

Asseﬂb]y of particles characteristic of gap junctions were very rare in
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o

<

¥,

wr

.ditional }nformation about g3p junbtibns.

Lhe}rcplicas. Replicas eg tissues chated‘with TEA and 4-AP al.o

showed very few gap junction;s: The gap junctiueeswhich wiere encountered
were seen on cell processes. "The extensive membrane fracture faces of
the cells did nqt have gap juncfions.‘ The occurrence ot gap junctions

-

on processes as revealed by this Leehnlque thus conflrms my thin

section fundnngs The expected increase in the number of gap junctions

.

in the TEA- and 4-AP-treated tissues could not be confirmed using tH~

"technique. ‘ B

-

| The process of fracturlng results in breakage along planes of weak
bonding. The process of-membrane-splitting at the Ce!l process es ceuld
be differenrn This could explain the difficulty hndemonstrating gap
junctions in this smooth mesc]c. Ir leed the Freeze—fracture technigue..

led to the observation pﬁ fewer gap junctions per unit area fhan.did

i
v

‘the thin section technique. When gap junctions are in small cell pro-

cesse5, the technique of freeze-fracturing:doe 'L ovide any ad-

’ . \,,
B

The various stages underlylng the Formatlon of gap jagctions
. } s -
coqﬂd not be demonstrated in thlS study There»was also’ évTJEncé
mwas :

s

for the presence of small gaa Junctlons 'Such&structures, if present

con cell processes,_wou} ﬁheﬁglssed |n thln sectlons Tﬁe‘chemical

\\ -

composition of the part{c]es gken in the nonjunctional membrane ¥s not
3 .

e

known and there are no m§$phologicéily,distiﬁbdishab]e feétuneé to base
c ? .

’their distinction from the junctional 'subunit particles.

ca

2
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