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University of Washington
Abstract

Behavioral and Biochemical Mechanisms of Olfactory
Imprinting and Homing by Coho Salmon

by Andrew Harris Dittman

Chairperson of the Supervisory Committee: Professor Thomas P. Quinn
School of Fisheries

The final freshwater phase of the Pacific salmon's homing migration is governed
primarily by the olfactory discrimination of homestream water. Prior to their seaward
migration, juvenile salmon learn site-specific odors associated with their home stream and
later use these odor memories for homing. Experimental evidence suggests that olfactory
imprinting by salmon occurs during a sensitive period associated with surges in plasma
thyroxine levels during smolting. Life-history studies, however, suggest that imprinting
may occur prior to smolting. To examine the timing of olfactory imprinting, hatchery-
reared coho salmon were exposed to site-specific or artificial odorants at specific
developmental stages and their subsequent abilities to respond to these odors as adults were
tested behaviorally. These studies indicated that smolting may be a particularly important
period for olfactory imprinting but that salmon reared exclusively in a hatchery may have
impaired imprinting ability. Further studies indicated that rapidly rising plasma thyroxine is
not required for imprinting but that migration may play an important role. The behavioral
responses of precociously mature salmon to a putative pheromone was also examined.

The biochemical mechanisms underlying olfactory recognition of amino acids and
imprinted odorants was also examined. Adenyly! and guanylate cyclase in imprinted coho
salmon olfactory cilia were characterized and their roles in olfactory signalling were
examined. The properties of adenylyl and guanylate cyclase were consistent with a role in
olfactory transduction. Adenylyl but not guanylate cyclase was stimulated by high
concentrations of amino acid odorants. Both enzymes were slightly stimulated by the
imprinted odorant phenylethyl alcohol but a difference in enzyme sensitivity between
imprinted and unimprinted fish was only observed with guanylate cyclase activity in



maturing fish. In higher vertebrates, olfactory transduction is mediated by the type III
adenylyl cyclase enriched in olfactory cilia. The regulation of this enzyme and other
adenylyl cyclase isoforms by the m4 muscarinic receptor was also examined. Activation of
m4 muscarinic receptor is thought to inhibit adenylyl cyclase activity but co-transfection
studies indicated that crossover from inhibitory to stimulatory G protein coupling can
occur.
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Chapter I

Timing of Imprinting and Homing to Site-specific and Artificial Odors by
Coho Salmon

»

Introduction

Salmonids display many different life history patterns but homing to the natal site
prevails throughout the family. They may be iteroparous or semelparous, rear exclusively
in freshwater or be anadromous, and migrate to their natal river months before maturation
or just prior to spawning (Groot and Margolis 1991). There is extraordinary diversity of
freshwater habitats utilized and migratory patterns within and among salmonid species.
For example, upon emergence from their natal gravel, juvenile salmon may migrate
immediately to sea (e.g. chum, Oncorhynchus keta; pink, O. gorbuscha), remain in the
stream (e.g. coho, O. kisutch; chinook, O. tshawytscha; steelhead, O. mykiss; cutthroat
trout, O. clarki; Atlantic salmon, Salmo salar) or migrate and rear in lakes (sockeye, O.
nerka). Juveniles from different populations of chum salmon may emerge directly into
estuarine water or may migrate 1000's of km to sea. The generality of homing in
salmonids in light of such variation in life histories and habitats suggests that the
mechanisms involved in acquiring site-specific cues and subsequent use of these cues to
guide the homing migration must be both spatially and developmentally flexible.

The freshwater phase of the salmon's homing migration is governed primarily by
the olfactory discrimination of home stream water. Prior to or during their seaward
migration, juvenile salmon learn odors associated with their natal stream and later use
these odor memories to guide their migration back to their river of origin for spawning
(reviewed in Hasler and Scholz 1983). Based on a series of classic experiments, Hasler
and Scholz (1983) hypothesized that juvenile salmon imprint on their homestream odors
during a single sensitive period associated with smolting (the physiological,
morphological and behavioral transformation that readies salmon for life at sea). Many of
these adaptations are associated with surges in the hormone thyroxine (T4) that occur
during smolting (Dickhoff et al. 1978; Dickhoff and Sullivan 1987) and these high T4
levels are thought to be involved in olfactory learning. Coho salmon smolts exposed to
synthetic chemicals such as morpholine or phenylethyl alcohol (PEA) were attracted to
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unfamiliar streams scented with these chemicals during their spawning migration 1.5
years later (Cooper et al. 1976; Scholz et al. 1976). Subsequent laboratory experiments
indicated that pre-smolt salmon were unable to learn these odorants unless they were
injected with thyroid stimulating hormone to artificially raise T4 levels and induce
premature smolting (Scholz 1980; Hasler and Scholz 1983). In these experiments,
odorants were only recogrized and attractive to fish subsequently injected with
gonadotropin to induce maturation (Hasler and Scholz 1983). A link between smolting,
thyroid activity and olfactory imprinting has also been observed for Atlantic salmon
(Morin et al. 1989a,b) but coho salmon can imprint without experiencing high or rapidly
increasing levels of plasma T4 (Chapter III).

Experimental eviderce with hatchery or laboratory-reared fish indicates that the
smolting period is important for imprinting but the complex freshwater rearing patterns of
wild salmon suggest that olfactory imprinting must also occur prior to smolting. For
example sockeye salmon fry emerge from their natal stream gravel (often lake tributaries)
and immediately migrate into rearing lakes where they live for up to two years before
smolting and migrating to sea. During their homing migration, adults migrate past the
outlet streams and lakes experienced as smolts and return to their natal stream to spawn.
Similarly, coho and chinook salmon may make extensive movements in freshwater prior
to smolting (e.g., Peterson 1982; Murray and Rosenau 1989) yet home to their natal site.

The natural migratory patterns of juvenile salmon in freshwater and subsequent
homing to the natal stream led Harden Jones (1968) and Brannon (1982) to propose that
juvenile salmon learn a series of olfactory waypoints as they migrate through freshwater
and later retrace this odor sequence as adults. Such a scenario might explain the mixed
effects on homing that are observed when salmon are transported from their rearing site
and released at a second site. Juvenile salmon transported to a different river system or
long distances downstream within the same river system tend to return as adults to their
site of release (e.g., Donaldson and Allen 1957; Jensen and Duncan 1971, Solazzi et al.
1991; reviewed in Lister, 1981). On the other hand, the closer the release site is to the
rearing site, the higher the percentage of salmon returning to their rearing site as adults
(Lister et al. 1981; Johnson et al. 1990) suggesting that salmon may initially return to
their site of release but if they can detect the odors of their rearing site they will continue
on to this site. This hypothesis was supported by our earlier finding that coho salmon
smolts displaced downstream prior to release were able to learn the odor characteristics of
both their rearing site and their downriver release site (Quinn et al. 1989).
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Most studies of the timing of imprinting for homing have focused on the ability of
juveniles to learn site-specific odors just prior to or during smolting (Hasler and Scholz
1983). However, soon after emergence salmon learn odors associated with specific
habitats (e.g., lake vs. river water) (Brannon1972; Bodznick 1978) and odors from other
fishes (e.g., Quinn and Hara 1986; Courtenay 1989). Morphological evidence suggests
that the salmonid olfactory system is functional as early as hatching (Brannon 1972; Hara
and Zielinski 1989). Courtenay (1989) demonstrated that juvenile coho salmon exposed
to morpholine shortly after or even before hatching, retained a memory of this odorant
over a year later. It is not known whether odor memories established in early
development are maintained until maturity and used for homing . In the present study, we
tested whether salmon exposed to odors at early developmental stages would
subsequently use these odor cues as mature adults during homing. Specifically, we
examined the timing of olfactory imprinting by exposing juvenile salmon to odors as
alevins, parr and smolts or continuously throughout their life and subsequently testing the
responses of mature and immature fish to these odors 1.5 years later.

Methods

All experiments were conducted using fish from the University of Washington's (UW)
population of coho salmon. They are reared under an accelerated feeding and temperature
regime which allows them to undergo smolting in the first spring after hatching (Brannon
et al. 1982). Three experimental groups of salmon were established to test the ability of
juvenile salmon to learn chemical cues during distinct developmental stages. The first
“migratory” group was reared and released at the Seward Park (SP) hatchery upstream
from UW (Fig. 1) except for brief exposure to site-specific odors at the UW hatchery
during specified developmental stages. Upon release as smolts these fish migrated to sea
and their return patterns were examined in 1989 and 1990. Adult salmon returning to the
Lake Washington watershed must pass within 100 m of the UW hatchery to reach
Seward Park hatchery, hence we hypothesized that salmon which had learned the odors
of UW during brief exposures might return there. The second "PEA" group was
exposed to the artificial odorant PEA at the alevin, parr and smolt stages and was retained
at the SP hatchery. The responses of mature and immature fish to PEA were examined in
two-choice channel experiments conducted in 1989. A final group of salmon
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(continuous-exposure group) was exposed to SP water throughout their life and their
responses to SP water upon maturation were determined.

Migratory group

On November 30, 1987 we collected, pooled and fertilized 80,000 eggs from
adult coho salmon that had returned to spawn at the UW hatchery. These eggs were
initially reared communally at UW in dechlorinated Seattle city water. City water is drawn
from the Tolt River reservoir located outside the Lake Washington watershed and was not
discharged during the period when adults were returning in 1989 and 1990. Previous
experiments have demonstrated that adult coho salmon can distinguish between city water
and normal hatchery water (Quinn et al. 1983) and we assumed no olfactory learning
would occur prior to the eyed stage. On January 7, 1988, 60,000 eyed eggs were
transferred to the SP hatchery for further incubation. The remaining 20,000 eggs at UW
were switched from city water to normal UW water, supplemented with water pumped
from the hatchery's adult return pond and designated the egg/alevin exposure group. At
both hatcheries, all eggs hatched by late January and yolk absorption was complete by
late February. On March 13, egg/alevin exposure fish were transferred to SP and reared
without further exposure to UW water. On May 9, 1988 10,000 fish from SP were
transferred and exposed to UW hatchery/homing pond water until May 20. These fish,
designated the parr exposure group, were transferred back to SP and reared until release
without further exposure to UW water. The final UW group was exposed to UW
hatchery/homing pond water as smolts from June 15-25 and returned to SP for final
rearing. Fish which only experienced city water and SP were maintained as a non-UW
exposure control.Smolting was determined by morphological changes and
osmoregulatory capabilities as described below. Prior to release fish which had not
smolted as determined morphologically were culled and the remaining fish in each
treatment group were given a distinct coded wire tag and released into Lake Washington
at the SP facility on July 3, 1988. Approximately 7000 fish per group were released at an
average weight of 17.53 g.

Although adult UW coho salmon return primarily in the second year after their
release to the Lake Washington watershed (1989 for this study), we monitored both the
UW and Seward Park hatchery for returning coded-wire tagged fish from 1988 through
1990. The number and location of experimental fish captured in commercial and sport
fisheries was also examined.



PEA-exposure group

On December 1, 1987, 20,000 coho salmon eggs were pooled, fertilized, and
divided into four lots at the UW hatchery. Each egg lot was reared separately in UW
water and hatching was completed by late January. The alevin, parr and smolt exposure
groups were continuously exposed to 10-7 M PEA from Jan, 29-Feb. 20, May 9-20, and
June 15-24, respectively. A fourth group was maintained as a PEA-naive control.
Smolting status was determined by morphological changes and the ability of fish to
regulate their plasma sodium levels when challenged with sea water (see below). After
smolting, each group was given a distinct fin clip, transferred to the SP hatchery and
reared communally to maturity (fall 1989).

I. Big Beef Creck Experiment

Behavioral experiments were conducted from Nov. 11 to Dec. 20, 1989 in a two-
choice arena constructed in a controlled flow spawning channel located at the UW Big
Beef Creek (BBC) Research Station, Kitsap Peninsula, Washington (Fig. 2). BBC is
outside the Lake Washington watershed and its water was unfamiliar to all experimental
fish. The experimental arena consisted of two contiguous gravel-lined sections: a large
upstream section (23.7 x 6.2 m, 0.35 m water depth) separated by a low (0.2 m)
waterfall from a smaller downstream section (15.3 x 1.4 m, 0.75 m water depth). The
upstream section was divided into two arms by a 10.0 m concrete barrier extending
downstream from the channel inlet. Funnel traps constructed in each arm allowed fish to
move upstream into either arm but did not allow them to leave. Water for the arena was
taken from BBC at a point 0.4 km above the channel inlet. During the course of the
study, water flow in each arm varied between 50 and 70 Vsec but did not differ between
arms.

On Nov. 11, 1989, 25 mature tagged salmon from each group were transported
from Seward Park hatchery and released into the downstream section of the experimental
arena. Fish were allowed to move freely within the arena until they entered a trap. Each
day trapped individuals were removed, identified and their arm choice was recorded.
Twice a week, new fish from each experimental group were released into the arena to
maintain the original density. We continued this procedure until 110 fish from each
experimental group had been tested. From Nov. 11 to Nov. 14, 1989, no PEA was
metered into the arena and fish making choices during this period were designated as "no
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PEA present" controls. Between Nov. 15 and Dec. 20, PEA was continuously metered
into the inlet of arm B of the arena and adjusted daily to give a concentration of 10-7 M
PEA. The responses of the experimental groups in the presence and absence of PEA were
compared using x2 contingency analysis (Zar 1984). We assumed that all fish were
acting independently. Fish which did not enter either trap were excluded from the
analysis.

To determine whether immature fish with the same PEA-exposure history would
respond differently to PEA than mature fish, 10 immature salmon from each exposure
group were tagged, transported from the SP hatchery, released into the experimental
arena on Dec. 13, and allowed to move freely until they entered a trap as described
above.

II. Issaquah Creek Experiment

As another measure of PEA recognition, we tested whether salmon exposed to
PEA at specific developmental stages and released as mature adults below the confluence
of two unfamiliar streams would preferentially choose the stream fork scented with PEA.
The study site for this experiment was the confluence of Issaquah Creek and it's East
Fork in Issaquah, Washington (Fig. 1). Issaquah Creek flows into Lake Sammamish in
the Lake Washington watershed at a point 3.44 km downstream from the confluence of
the two streams. On the main fork, the Washington State Department of Fisheries
operates a weir and salmon hatchery 1.6 km upstream from the confluence with the East
Fork. During this study, salmon migrating up the main fork were not allowed to pass the
weir and entered a return pond at the hatchery. No traps or weirs were located on the East
Fork of Issaquah Creek. The flow in the main channel was approximately 8-10 x greater
than the East Fork, although both channels fluctuated considerably during this study.

We expected that in the absence of any familiar odors (i.e. PEA), most fish would
either migrate up the larger (Main) fork or would not migrate upstream at all. On October
10, 1989, one week before releasing fish at the study site, we began metering PEA into
the East Fork to establish a concentration of 10-6-10-7 M PEA in this channel. During the
course of this study (Oct. 10-Nov 12), flow in the East Fork varied between 0.1 and 1.5
m3/sec and the PEA drip was adjusted daily. On October 17, 100 mature fish (mean
weight 1.19 kg) from each of the four PEA exposure groups (PEA-naive and alevin-,
parr-, and smolt-exposure) were trucked from the SP hatchery and released into Issaquah
Creek at a point 1.2 km downstream from the confluence of the two forks. Fish from
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each treatment group were tagged with numbered, color-coded disc tags so that treatment
group and individual identity could be determined from a distance. Fish migrating up the
main fork of Issaquah Creek were monitored by recovering tagged fish in the hatchery
return pond and weekly stream walks from the confluence to the hatchery ladder. Fish
that migrated up the East Fork of Issaquah Creek were monitored three times per week by
walking the stream from the confluence to a point 4.0 km upstream and recording
experimental group, identification number and location of tagged fish. Both forks were
monitored from October 19 until November 12 when heavy rains made surveys
impossible and the PEA drip station was destroyed. Water temperatures in the forks were
similar but varied between 7.0° and 11.5° C during the course of the study. The
proportion of PEA-exposed fish choosing the PEA-scented East Fork vs. the main fork
was compared to the proportion of PEA-naive choosing either fork using the Fisher Exact
Test.

Continuous-exposure group

This group of salmon was established to determine the imprinting and homing ability of
salmon exposed to a single water source throughout their life. It was impractical to
continuously expose salmon to PEA so salmon were exposed to SP hatchery water. Eggs
were collected at the UW hatchery on Nov. 30 1987, fertilized and initially incubated in
dechlorinated Seattle city water. On Jan. 7 1988, eyed eggs were transferred to the SP
hatchery and salmon were reared to maturity at this site. To determine the homing
responses of these fish to SP water, we displaced them a short distance downstream and
monitored the tendency of these fish to return to their hatchery. To test whether their
return to the hatchery was guided by olfaction (rather than other site-specific features),
we displaced salmon made anosmic by blocking the olfactory nares with wax.

On October 4, 1989, we anesthetized and tagged 145 mature continuous-
exposure salmon with numbered tags. Thirty-five fish were made anosmic by injecting
molten wax into both nares which rapidly solidified and blocked water access to the
sensory epithelium. To control for handling stress, the remaining 100 fish were treated
similarly by injecting warm water into the nares. After 48 h for recovery, the 100 control
fish were transported and released from shore approximately 1.0 km north of the SP
hatchery. To ensure that anosmic fish did not simply "follow" control fish back to the
hatchery, they were held for an additional 24 h before transport and release. To ensure
that the anosmia procedure did not affect survival, four anosmic and four control fish
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were maintained at the hatchery. The trap at the SP hatchery was monitored daily for
returning fish.

For comparison with the salmon reared exclusively in the hatchery, we also
examined the homing tendency of anosmic and control salmon displaced downstream
after completing their natural homing migration. Because the SP hatchery does not
normally maintain a coho salmon run, these experiments were conducted at the UW
hatchery with salmon that had returned to the hatchery after two years at sea. On October
26, 1988, anosmic and control groups of 20 salmon each were created as described
above, transported approximately 5 km downstream and released from shore into the
Lake Union Ship Canal. Each day the UW hatchery was surveyed for tags to determine
the number of days to return for cach group. As in the SP experiment, four anosmic and
four control fish were maintained in the hatchery to assess the impact of the anosmia

procedure on survival.

Determination of smolting status

Smolt transformation was determined by morphology and coloration changes and
the ability of fish to maintain blood plasma sodium levels within 5% during a 48 hour
exposure to sea water (SW). The hypo-osmoregulatory ability of the parr and smolt
exposure groups was determined using a seawater challenge test (Clarke and Blackburn
1977) as modified by Sullivan (1986). Tests were conducted on May 15, 1988 for the
parr groups and June 20, 1988 for the smolt groups. Tests were initiated by abruptly
transferring fish from fresh water to aerated filtered sea water (27 ppt) maintained at the
same temperature as the fresh water. After 48 h, blood was collected using heparanized
capillary tubes and immediately centrifuged to isolate plasma. For comparison, plasma
was also collected from control fish transferred to aerated fresh water (FW). Plasma
osmolality was determined in duplicate for each sample using a vapor pressure
osmometer and converted to plasma sodium (meq/l) using an empirically-derived
regression equation for coho salmon (Sullivan 1986). Fish tested on May 15 (parr
exposure group), were dark with distinct parr marks and were unable to maintain plasma
sodium levels within 5% (FW exposure: 155.9 + 0.8 meq/] plasma Nat, N=8; SW
exposure: 179.7 + 2.7 meq/l plasma Na*, N=12). However, fish tested on June 20,
were elongate and silvery and were able to maintain plasma sodium levels after SW
exposure (FW exposure: 152.9 + 1.2 meg/l plasma Nat, N=10; SW exposure: 159.0 +
1.7 meq/l plasma Na¥t, N=8).



Results

Migratory group

Of the 28,000 fish released as smolts from the SP hatchery, only 35 mature fish
returned to the SP and UW hatcheries and these poor returns precluded statistical
analysis. Fish exposed to UW water as alevins and control fish which never experienced
UW hatchery water returned exclusively to the SP facility but a few salmon that
experienced the UW as parr and smolts returned there (Table 2).

PEA group

Mature salmon tested in the experimental channel at Big Beef Creek without PEA
present showed a preference for one arm (arm A) of the arena (p< 0.05 for all groups)
and the proportion of fish choosing arm A was the same for all groups (x2=0.17;
p<0.99) (Fig. 3, open bars). When we subsequently metered 10-7 M PEA into the less
preferred arm (arm B), the choices of salmon in the PEA-naive (p<0.90), alevin-
exposure (p<0.99) and parr-exposure (p<(.95) groups were indistinguishable from their
responses in the absence of PEA (Fig. 3). In contrast, mature salmon which had been
exposed to PEA as smoltsshowed a greater tendency to enter arm B when PEA was
present compared to responses in the absence of PEA (x2=3.97; p<0.05) (Fig. 3). Of the
440 mature fish tested, 83 (18.9%) chose neither arm of the channel during the
experiment. Over the seven days of testing, none of the 40 immature salmon from the
four PEA-exposure groups entered either arm of the arena. They remained primarily in
the downstream section of the arena and appeared to be healthy and active.

The responses of mature PEA-exposed fish to PEA in Issaquah Creek were
similar to the BBC results. The majority of fish from all treatment groups that migrated
upstream were recovered in the Issaquah Creek hatchery (Table 1). However, the
proportion of fish choosing the PEA-scented East Fork depended on their PEA exposure
history. The proportion of mature salmon choosing the PEA-scented East Fork was the
same for PEA-naive fish and fish exposed to PEA as alevins. On the other hand, salmon
exposed to PEA as smolts demonstrated a greater tendency to migrate up the PEA-scented
fork compared to controls (p=0.018). The parr exposure group showed a slight tendency
to choose the PEA fork compared to controls (p=0.12). The majority of fish released
below the stream confluence were not recovered and may have moved downstream and
into Lake Sammamish, where several tagged fish were recovered. All but one fish
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observed in the East Fork was sighted there on more than one occasion and no fish
originally found in the East fork was subsequently captured at the hatchery on the main
fork.

Continuous exposure group

Only 18% of the control salmon displaced 1.0 km from the Seward Park hatchery
returned to that facility (Fig. 4). The time to return varied between 1 and 60 days.
Eighteen days after release, two of the 100 fish released were recovered 18 km away in
the UW homing pond. None of the 35 anosmic fish displaced from Seward Park
returned to the SP hatchery. No difference in survival was apparent between anosmic
(mean longevity = 21.25 days) and control (mean = 20.00 days) fish maintained at the
hatchery during the course of this study.

Of the 20 control salmon released downstream from the UW hatchery, 70%
returned to the UW hatchery pond within 5 days and 90% returned within 15 days (Fig.
4). The 10 % that did not return were captured in the commercial gillnet fishery in Lake
Union. In contrast, none of the 20 anosmic salmon returned to the UW hatchery pond up
to 60 days after release and none were reported captured in the fishery (Fig. 4).
Interestingly, one anosmic fish was observed in the outflow of the UW return pond but
never entered the pond. There was no difference in survival between treatment groups for
fish maintained in hatchery raceways to determine if treatment-induced morbidity or
mortality might have affected return rates (mean longevity= 14.75 days anosmic vs.
15.75 days control).

Discussion

Our PEA and site-specific exposure experiments indicated that the smolting stage
is a particularly important period for olfactory imprinting in coho salmon reared in a
hatchery. In two separate experiments, mature salmon that were exposed to 10-7 M PEA
for only 10 days during smolting displayed an increased attraction to PEA-scented water
17 months later. Similarly, the return patterns of salmon exposed to the UW hatchery as
smolts and released from the SP hatchery suggested that some of these fish had learned
and were attracted to the UW site. Two of the five returning fish that were exposed to
UW water as smolts were recovered at the UW hatchery. In contrast, 100% of the 14 fish
in this experiment and 82 fish in a previous study (Brannon and Quinn 1990) that were
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reared and released at SP hatchery without any UW exposure, bypassed the UW hatchery
and returned to the SP hatchery. We have also found that PEA/smolt-exposed salmon
form a long-term memory of PEA as evidenced by the increased sensitivity of their
olfactory receptor neurons to this odorant (Nevitt et al. in press). Similar
electrophysiology experiments with alevin- and parr-exposed fish were not performed.

Despite the evidence that smolting coho salmon learned olfactory cues for
homing, there was no evidence for odor learning by alevins in these experiments. The
evidence for imprinting by parr was weak. One of the seven returning fish that were
exposed to UW water as parr returned to the UW hatchery as an adult. Similarly, there
was a slightly increased tendency for salmon exposed to PEA as parr to migrate up the
PEA-scented fork of Issaquah Creek. On the other hand, the there was no indication of
parr learning in the BBC study and in all cases the homing responses of fish exposed to
odors as parr were weaker than smolt-exposed fish. These findings agree with previous
studies implicating smolting as a critical period for olfactory imprinting. Scholz (1980)
found that coho salmon were unable to imprint on artificial odorants prior to smolting and
he proposed that olfactory imprinting in coho salmon is associated with elevated thyroid
hormone levels that occur during smolting. Similarly, Morin et al. (1989a) found that
Atlantic salmon had an optimal period for long-term olfactory learning 21-28 days after
the onset of smolting, coinciding with peak levels of thyroid activity (Morin et al.
1989b).

The absence of any pre-smolt learning contrasted with Courtenay's (1989)
findings that coho salmon exposed to morpholine, another artificial odorant, as pre-hatch
embryos, alevins or fry responded behaviorally to this odor when tested 2 to 4 months
later. Furthermore, Courtenay's fish maintained an olfactory memory for morpholine
more than one year after exposure, as indicated by heart rate reductions in the presence of
this odorant. The differences between our results may reflect the different developmental
status of the salmon tested for odor recognition. Hasler and Scholz (1983) reported that
only mature coho salmon responded behaviorally to imprinted odorants.
Electrophysiology and heart rate conditioning experiments also indicated that olfactory
sensitivity to imprinted odorants is greatest during maturation (Cooper and Hasler 1973;
Hasler and Scholz 1983).

We conducted odor recognition experiments with mature adults while the fish in
Courtenay's (1989) study were immature and the long-term odor memories he
demonstrated may not have been associated with reproductive homing. Pre-smolts do



12

learn odors associated with specific habitats (e.g. lake vs. river water) (Brannon 1972;
Bodznick 1978; Halvorsen and Stabell 1990) and odors from other fishes (e.g. Quinn
and Hara 1986; Courtenay 1989) but it is not known whether such odor memories are
important for homing. In our BBC experiments, immature salmon did not respond to
PEA-scented water regardless of PEA exposure history. Whether this reflects an inability
to recognize PEA or lack of motivation to respond is not clear but it does indicate that
mature and immature salmon respond differently to odors learned as juveniles. It is
important to note, however, that homing and maturation are not inextricably linked.
Many populations of salmon migrate back to their river of origin months before maturing
(e.g. spring chinook and summer steclhead). In these races, fish may home hundreds of
km upriver to general vicinity of their natal stream, then hold in the mainstem river for
several months before resuming their homing to the spawning site (e.g., Berman and
Quinn 1991).

One explanation for why we observed no pre-smolt learning may lie in
the methods we and others have used to assay odor recognition and attraction. As part of
the sequential imprinting hypothesis, Harden Jones (1968) proposed that during their
homing migration, salmon retrace their seaward migration by first seeking the last odor
they experienced before going to sea, then the next-to-last odor and so on in sequence
until they arrive back at the natal site. If this is correct, the salmon in our study may have
imprinted prior to smolting but did not respond to these odors because they didn't first
experience the odors they learned as smolts. This explanation is consistent with our PEA
experiments and data from displacement experiments on the Columbia River in which
salmon released upriver from their rearing site migrated past the rearing site as adults and
returned to the release site (Slatick et. al 1988; Pascual 1993). In one Columbia River
experiment, however, juvenile coho salmon released upstream of their hatchery returned
as adults to their rearing hatchery, not the release site (Johnson et al. 1990). In our
displacement experiments, 3 of the 35 fish returning to Lake Washington were recovered
at the UW hatchery but it is uncertain whether these fish entered the UW hatchery when
they first encountered UW water or whether they first returned to the vicinity of SP and
then began searching for UW water.

Another factor which may have contributed to the lack of any observed pre-smolt
learning is the different fresh water environments experienced by hatchery-reared and
wild fish. Nishioka et al. (1985) hypothesized that the stable rearing conditions in most
hatcheries (e.g., constant temperature, flow rate, water source) may provide insufficient
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environmental stimuli for optimal thyroid development. Under such conditions, hatchery
fish may only experience an endogenously controlled smolting-related increase in
thyroxine levels. In the wild, salmon experience various environmental changes which
can elicit multiple thyroxine surges throughout the period of freshwater rearing (Nishioka
et al. 1985). Exposure to novel water, changing lunar cycles, increased water velocity
and temperature fluctuations have all been linked to increased thyroid activity (Grau et al.
1981; Dickhoff et al. 1982; Iwamoto 1982; Youngson and Simpson 1984; Nishioka et
al. 1985). If thyroid hormones are important for olfactory imprinting, this might explain
the apparent inconsistencies between experimental evidence obtained with hatchery-reared
fish which points to smolting as a critical period for imprinting and studies with wild fish
which indicate that salmon must also learn at other times (Chapter III).

While our results clearly indicated that smolts were able to learn odors for
homing, the imprinting and homing ability of these fish was unremarkable compared to
naturally migrating UW fish. Coded wire tag data indicated that UW coho salmon home
with extraordinarily precision when released from the hatchery as smolts (Quinn et al.
1989). In contrast, 72% of the 400 fish released 1.5 km below the PEA drip site in the
Issaquah Creek study were never recovered and may have emigrated from the river as
might be expected in the absence of any learned odors (Johnsen and Hasler 1980).
Furthermore, the majority of upstream migrants from all treatment groups chose the
unscented but larger Main Fork vs. the PEA-scented East Fork. These results agree with
Wisby and Hasler's (1954) results from the same site; in the absence of familiar odors
salmon tended to enter the fork with the greater flow. Similarly, in the BBC experiment,
smolt-exposed salmon were more likely to enter the PEA-scented arm of the arena than
PEA-naive fish but 48.3 % of these fish chose the non-scented arm.

We were intrigued by the poor homing abilities of salmon exposed continuously
to SP water. Only 18 of the 100 salmon displaced just 1.0 km were recovered at the SP
hatchery, two fish were recovered at the UW hatchery which they never experienced and
the time to return to SP was as high as 60 days. In contrast, 90% of the salmon that were
released as smolts and experienced seaward and homing migrations returned to their
home hatchery within 15 days. As expected, none of the anosmic fish returned to their
home hatchery, confirming that the olfactory sense is required for salmon homing (Wisby
and Hasler 1954). The differences between the return rates of salmon displaced from SP
and UW were not due to any inherent problems with the SP hatchery as a return site. One
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hundred per cent of the coho salmon reared and released from the SP hatchery as smolts
were recovered there at maturity (Brannon and Quinn 1990; this study).

The impaired homing ability of fish retained in the hatchery after smolting (i.e.,
PEA-exposure and continuous exposure groups) vs. fish released as smolts suggests
that exposure to odors during smolting alone may be necessary but not sufficient for
optimum imprinting. There may be a sensitive window during which salmon must
migrate for full imprinting to occur. Salmon released from hatcheries as smolts show
much higher levels of homing than those released after the smolt period (Chinook
salmon: Unwin and Quinn 1993; Pascual 1993; Atlantic salmon: Hansen and Jonsson
1991). Furthermore, displacement experiments in which smolts are trucked downstream
for release indicate that while some fish return to their natal site the majority return as
adults to the area where they began their downstream migration (Slatick et al. 1988;
Quinn et al. 1989).

How might migration be involved in imprinting? During migrations, swimming
rates often increase and salmon move into new environments of differing water
chemistry, temperatures and flow rates. All these factors can stimulate T4 production
(Dickhoff et al. 1982, Nishioka et al. 1985) and migrating salmon may therefore
experience elevated T4 levels which may facilitate olfactory imprinting. This may also
explain why wild salmon apparently learn odors as fry (perhaps when they migrate from
these sites) but salmon held in hatcheries show less evidence of such learning.

In summary, our results confirm the importance of smolting as a sensitive period
for olfactory imprinting but suggest that exposure to site-specific water alone is not
sufficient for complete imprinting. Furthermore, there was little evidence for pre-smolt
learning of homing cues by hatchery-reared fish. Since salmon in the wild often learn
home site odors prior to smolting, the lack of any observed early learning in our study
may be due to hatchery rearing conditions, lack of migration, or population-specific
learning patterns. Finally, our results suggest that while migration is not absolutely
required for imprinting, the combination of stimuli associated with migration and
physiological changes involved in smolting may be important for optimal imprinting and
homing.
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FIGURE 1. Map of the Lake Washington watershed showing the location of the
University of Washington (UW) and Seward Park (SP) hatcheries and release locations
for displacement experiments. Inset shows the Issaquah Creek study site.
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FIGURE 2. Two-choice arena for testing behavioral recognition of imprinted odorants
located at the University of Washington’s Big Beef Creek research station, Kitsap
Peninsula, Washington.
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FIGURE 3. Behavioral responses of mature coho salmon to PEA in the BBC two-choice
arena. Salmon were exposed to PEA at the developmental stage indicated or never
experienced PEA (control). Open bars show the proportion of salmon choosing arm B in
the absence of added PEA. Shaded bars show the proportion of salmon choosing arm B in
the presence of PEA metered into arm B. Mumbers above bars indicate the total number of
fish choosing either arm A or B.
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FIGURE 4. Cumulative frequency plot of the number days for anosmic and control
salmon to return to their home hatchery after release downstream from the Seward Park
(SP) and University of Washington (UW) hatcheries. Prior to displacement, SP fish were
exposed to SP water throughout their life while UW fish were released from their hatchery
as smolts.
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TABLE 1. Numbers of adult coho salmon recovered in either the PEA-scented East
Fork or the Main fork (control) of Issaquah Creek after release 1.2 km below the
confluence of the two streams. Salmon were exposed to 10-7 M PEA at the develop-
mental stage indicated. Control fish never experienced PEA.

Recovery site Treatment
Control Alevin  Parr Smolt
Main Fork 25 25 24 24
(control)
East Fork 1 1 5 9

(PEA-scented)
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Table 2. Patterns of homing displayed by adult coho salmon reared and released
at the Seward Park hatchery except for brief exposures to UW hatchery water at
the developmental stage indicated. Control fish never experienced UW water.

Recovery site Treatment
Control Alevin Parr Smolt
Seward Park 14 9 6 3
UW 0 0 1 2
Commercial
and 13 13 7 0

sport fishery



Chapter I
Interactions Between Novel Water, Thyroxine and Olfactory Imprinting in
coho salmon

Introduction

Pacific salmon (Oncorhynchus spp.) migrate from oceanic feeding grounds to their
river of origin to spawn. The final freshwater phase of this migration is primarily
governed by olfactory discrimination of home stream waters learned by juveniles prior to
their seaward migration (Hasler and Scholz 1983). This was demonstrated in a series of
classic experiments by Hasler and his colleagues that showed that juvenile coho salmon
(O. kisutch, Walbaum) exposed to synthetic chemicals, such as morpholine or phenylethyl
alcohol (PEA), could subsequently be attracted into unfamiliar streams scented with these

chemicals during their spawning migration (Cooper et al. 1976; Scholz et al. 1976).
Olfactory learning, or imprinting, of home stream specific odors is thought to occur
during a single sensitive period associated with smolting; the physiological, morphological
and behavioral transformation that readies juvenile salmon for ocean life (Hoar 1976;
Folmar and Dickhoff 1980). Many of these adaptations are associated with surges in the
hormone thyroxine (T4) that occur during smolting (Dickhoff et al. 1978; Dickhoff and
Sullivan 1987) and these high T4 levels are thought to be involved in olfactory imprinting
(Hasler and Scholz 1983; Morin et al. 1989a, b). This link between thyroid hormones,
smolting and imprinting is consistent with displacement experiments indicating that
salmon reared at one site but released at second site prior to seaward migration generally
return as adults to the release site, not to their rearing site (Donaldson and Allen 1959;
Jensen and Duncan 1971).

While experimental evidence with hatchery-reared fish suggests that the smolting
period is critical for imprinting, the complex movement patterns of juvenile salmon in the
wild indicate that olfactory imprinting to natal streams must also occur prior to smolting.
For example, most sockeye salmon (Q. nerka, Walbaum) emerge from redds in their natal

streams and immediately migrate downstream to rearing lakes where they live for 1 or 2
years before smolting and migrating to sea. However, during their homing migration,

adults migrate past the outlet streams and lakes experienced as smolts and return to their
natal stream to spawn. Coho and chinook (O. tshawytscha, Walbaum) salmon also may
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move extensively in freshwater prior to seaward migration (e.g. Peterson 1982; Murray
and Rosenau 1989) yet home to their site of incubation. Such inferential evidence for pre-
smolt imprinting is supported by Courtenay's (1989) findings that juvenile coho salmon
can learn odors they experience shortly after or even before hatching and lends support to
the hypothesis that imprinting can occur at more than one place and time.

An explanation for the paradox of experimental evidence of a critical link between
imprinting and high plasma T4 levels during smolting and the fact that many salmonids
must learn at earlier stages may lie in recent endocrinological studies of juvenile salmon.
T4 surges occur not only during smolting but may also occur during hatching and as parr
(Dickhoff and Sullivan 1987). Moreover, exposure to a novel water source can cause a
transient increase in plasma T4 levels in smolts (Dickhoff et al. 1982; Grau et al. 1685;
Lin et al. 1985; Nishioka et al. 1985; Hoffnagle and Fivizzani 1990). If thyroid hormone
levels are associated with olfactory imprinting and novel water induces T4 surges, then
juvenile salmon migrating through a watershed might learn olfactory waypoints each time
they experience novel water (e.g., at the confluences of rivers) which they retrace years
later as homing adults. Such a scenario is consistent with sequential imprinting, proposed
by Harden Jones (1968) and Brannon (1982).

We have hypothesized that as a juvenile salmon migrates within a watershed, exposure
to novel odors induces a transient increase in plasma T4 levels which is associated with
olfactory learning (Quinn 1990; Quinn and Dittman 1990). If so, we would expect that
these T4 surges can occur prior to smolting and in response to imprintable odorants. To
test this hypothesis, we examined whether exposure to the artificial odorant PEA or
chemically distinct novel water at different developmental stages could elicit transient T4
surges. In 1990, we chose 10-7 M PEA as a test odorant because brief exposure to PEA at
this concentration is sufficient for olfactory learning and coho salmon will retain long-term
odor memories for PEA that are demonstrated by both electrophysiological and behavioral
measures (Hasler and Scholz 1983; Nevitt 1990). In 1991, we repeated experiments with
PEA and also examined whether more dramatic changes in water would affect T4 levels in
coho salmon. Finally, we examined the seasonal changes in plasma T4 levels in
subyearling vs. yearling UW coho salmon during smolting.
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Methods

Experimental Animals The salmon used for this study were from the University of
Washington's (UW) coho salmon run. Except where noted, fish were subyearling salmon
reared as part of the normal hatchery production at the UW hatchery. The UW coho
salmon are reared under an accelerated feeding and temperature regime and natural
photoperiod which allows them to undergo smolting in the first spring after hatching
(Brannon et al. 1982). UW coho salmon typically spawn in late October and November
and are released as smolts in late spring the following year. Prior to novel water testing,
salmon were reared exclusively in hatchery water (UW) which is pumped from the Lake
Washington Ship Canal.

Experimental Procedure 1990 During 1990, novel water experiments were conducted on
three dates representing three distinct developmental stages: parr group (March 30-April 3:
13.5-14.0 °C); smolt group (June 2-5: 14.2-15.2° C); post-smolt group (August 7-10:
16.5-17.0° C). Three weeks prior to testing, salmon were moved from communal rearing
troughs to two experimental troughs also containing UW water. Just prior to transfer and
48 hours after transfer, plasma was collected as described below to examine the effects of
transfer on T4 levels. In 1990, we tested whether exposure to the artificial odorant, PEA,
would elicit increases in plasma T4 levels. Just prior to PEA exposure, fish were
randomly collected from each trough and killed with a blow to the head. Blood was
collected in heparanized capillary tubes after severing the caudal peduncle. Blood from
three groups of 10 fish was pooled for the parr group (mean weight= 4.05 g), 3 groups of
2 fish for the smolt group (mean wt.= 20.08 g), and 4 individual fish for the post-smolt
group (mean wt.= 37.48 g) for each experimental treatment and time point. Blood was
centrifuged at 10,000 x g for 3 min. and plasma was separated and stored at -20° C for T4
analysis. Plasma T4 concentrations were determined in duplicate using a specific
radioimmunoassay as described (Dickhoff et al. 1978). To initiate testing, PEA was
metered into one trough to a final concentration of 10-7 M while the other trough remained
as a control. Plasma was subsequently collected from both groups, as described, at 2, 24,
48, and 72 hours after initiating the PEA drip. Flow rates in both troughs were maintained
at approximately 16 L/min throughout the testing. During PEA exposure, salmon were fed
twice daily to satiation.
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Experimental Procedure 1991 In 1991, we tested whether exposure to PEA, 10% novel
water, and 100% novel water would elicit increases in plasma T4 concentrations. The
novel water used in these experiments was dechlorinated Seattle city water (SC) which is
drawn from the Tolt River reservoir located outside the Lake Washington watershed and is
distinguishable from UW water by coho salmon (Quinn et al. 1983). Novel water
experiments were conducted on June 3-6 with salmon at two distinct developmental
stages. The smolt group (mean wt.= 14.23 g) consisted of fish from eggs fertilized in
early November 1990 and reared under the normal accelerated feeding regime. The parr
group (mean wt.= 3.65 g) consisted of offspring from late (early December) spawning
fish which were fed a more limited diet. These fish did not undergo smolting as
subyearlings. Three weeks prior to testing, 225 smolts and 500 parr were transferred to
divided sections of each of 4 experimental troughs containing UW water. Just prior to
transfer and 48 hours after transfer, plasma was collected to examine the effects of transfer
on T4 levels. Immediately before novel water exposure (t=0 h), plasma was collected
from 4 groups of 5 parr and 10 individual smolts randomly collected from each trough.
This collection procedure was followed at all subsequent time points. To initiate testing,
PEA was metered into trough 1 to a final concentration of 10-7 M. The 10% novel water
group was initiated by supplementing UW hatchery water with 10% SC water in trough 2.
The 100% novel water treatment was initiated by switching trough 3 from UW water to
only SC water. Trough 4 was maintained as a control (no water change). In all troughs,
the total flow rate was maintained at pre-treatment levels (12.5-13 L/min) by adjusting
flow rates of the two component waters. Plasma was collected from all parr and smolt
treatment groups as described above, at 2, 24, 48, 72, and 168 hours after initiating the
novel water exposure. Water temperature during the experiment varied from 14.6° to 15.6°
C but UW and SC water differed by less than 1° C during the course of the experiment.
During novel water exposure, salmon were fed twice daily to satiation.

Determination of Smolting Status Smolt transformation was determined by morphology
and coloration changes and abilities of fish to maintain plasma sodium levels during a 24
hour exposure to seawater. During 1990 and 1991, the hypo-osmoregulatory ability of all
experimental groups was determined using a seawater challenge test (Clarke and
Blackburn 1977) as modified by Sullivan (1986). The test measured the ability of fish to
regulate their blood plasma osmolality after transfer from fresh water to seawater. All tests
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were conducted at the same time as novel water/thyroxine testing. Tests were initiated by
abruptly transferring either 50 fish (parr in 1990 and1991) or 25 fish (smolts in 1990 and
1991 and post-smolts in 1990) from fresh water to aerated filtered seawater maintained at
the same temperature as fresh water. Water temperature varied slightly during the year
(e.g. 14.0° C parr 1990, 15.0° C smolt 1990, 16.5° C post-smolt 1990). After 24 hours in
seawater, the per cent mortality was determined and blood plasma from surviving fish was
collected as described earlier. For comparison, plasma was also collected from control fish
transferred to aerated fresh water. Plasma osmolality was determined in triplicate for each
sample using a vapor pressure osmometer. Estimates of plasma sodium (meq/1) were
derived from osmolality measurements using an empirically-derived regression equation
(Sullivan 1986).

Results

The introduction of novel water caused no changes in mean plasma thyroxine levels
in subyearling coho salmon within 72 hours of exposure at any developmental stage tested
(Figures 5 and 6). In 1990, exposure to 10-7 M PEA did not elevate plasma T4 levels in
comparison to control fish during the parr, smolt, or post-smolt stage (Figure 5). In both
control and novel water-treated fish, only slight seasonal changes in mean plasma T4
levels were observed during 1990. Plasma T4 rose from an initial level of 4.44 ng/ml on
March 10-12 (parr group) to 6.26 ng/ml on June 2-5 (smolt group) and then declined to
4.39 ng/m] T4 during the final August 7-10 test period (post-smolt) (Figure 7). These
results with underyearling smolts differed from previous studies with yearling UW coho
smolts (Sullivan 1986; Sullivan et al. 1987) which displayed a large and more typical 1-2
month smolting-associated increase in plasma T4 levels (Figure 7).

Morphology, coloration, and hypo-osmoregulatory capabilities all indicated that the
fish did undergo smolt transformation during this period. On April 1, 1990 (parr group),
salmon were dark with very distinct parr marks. After 24 hours in secawater (SW), 30 %
of these fish died and the plasma sodium levels in surviving fish were significantly higher
than fresh water (FW) controls (SW: 231.80 + 5.21 meq. Nat/l £S.E.M vs. FW: 153.82
*2.28 meg/l) indicating that they had not smolted (Clarke and Blackburn 1977). On June
5 (smolt group), however, salmon were elongate, silvery, suffered no mortality after 24
hours in SW and were able to maintain their plasma sodium within 5-10% of the levels in
FW (SW:155.54 £ 1.78 vs FW: 146.05 £ 0.91 meq/l), indicating that they had
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successfully smolted. Post-smolts (Aug. 10) maintained their silvery coloration, suffered
only 5% mortality in SW and were intermediate in their hypo-osmoregulatory abilities
(SW: 168.74 £ 16.5 meq)l vs 151.68 £ 1.55 meg/l).

In 1991, exposure to several different novel water regimes failed to elevate plasma
T4 levels in parr or smolts compared to control fish during a 72 hour exposure (Figure 6).
As in 1990, exposure to 10-7 M PEA elicited no change in plasma T4 levels in parr or
smolts. Furthermore, exposure of parr and smolts to either 10% or 100% Seattle city
water caused no significant changes in plasma T4 concentrations. The basal level of T4 in
smolts (4.43 + 0.26ng/ml) was only slightly higher than the parr group (3.06 £ 0.12
ng/ml). As in 1990, morphology, color, and osmoregulatory capabilities indicated that
fish designated "parr" had not smolted (SW challenge; SW: 200.31 £ 3.20 vs. FW:
150.22 £ 2.81) whereas the "smolt” group had undergone smolting (SW: 168.74 + 1.74
meq/l vs. FW: 155.54 & 1.78 meq/l). In 1991, plasma T4 levels were also examined 7
days after novel water exposure was initiated because this day coincided with the new
moon and Nishioka et al. (1985) found that novel water surges only occurred during the
new moon. For both parr and smolts, neither control fish nor the three novel water
experimental groups demonstrated a statistically significant rise in plasma T4 on this date.
One fish in the smoli/10% SC group did have dramatically higher T4 levels (19.4 ng/ml )
on this date.

In both 1990 and 1991, transferring salmon from rearing tanks to experimental
troughs containing the same UW hatchery water had no effect on T4 levels at any stage
tested (Table 3).

Discussion

Exposure to novel water or modified water chemistry (PEA) did not influence
plasma thyroxine levels in subyearling coho salmon at any developmental stage tested. In
both years, introduction of PEA at a concentration which is learned and remembered by
UW coho smolts (Nevitt et al. in press) had no significant effect on plasma T4 levels in
either smolts or non-smolts. These results differed from previous reports indicating that
the addition of low concentrations of chemicals, such as amino acids and/or salts, to the
rearing water elicited T4 surges (Specker and Shreck 1984; Nishioka et al. 1985). While
the concentration of PEA we used was sufficient for learning, previous novel water
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studies added concentrations of chemicals at least two orders of magnitude higher. To test
whether 10-7 M PEA may have been too subtle a change in water chemistry to elicit a T4
response, we repeated this experiment with more dramatic water changes. Introduction of
10% SC or 100% SC water had no effect on plasma T4 levels in either smolts or pre-
smolts compared to fish maintained in UW water. While the lack of T4 changes in pre-
smolts might indicate that coho salmon do not demonstrate novel water T4 surges prior to
smolting (Lin et al. 1985; Grau et al. 1985), we were surprised that exposure to
completely novel water also did not affect plasma T4 levels in smolts as has been reported
with yearling coho (Dickhoff et al. 1982; Lin et al. 1985; Nishioka et al. 1985; Grau et al.
1985) and chinook salmon (Hoffnagle and Fivizzani 1990).

It is possible we did not observe novel water induced T4 surges because of the
sampling paradigm used. In previous studies, novel water exposure elicited a rapid and
transient rise in plasma T4 levels in yearling coho smolts (Dickhoff et al. 1982; Grau et al.
1985; Lin et al. 1985; McCormick and Saunders 1990). For example, Dickhoff et al.
(1982) found that transferring yearling coho smolts to a new water source caused a two-
fold increase in plasma T4 concentrations within 24 hours and T4 returned to control
levels within 72 h of exposure. Based on this previous work, we limited our T4 sampling
to a 72 h period following novel water exposure except for one 7 day time point in 1991.
However, Hoffnagle and Fivizzani (1990) found that chinook salmon exposed to novel
water did not demonstrate differences in plasma T4 levels until 10 days after exposure.
Furthermore, Nishioka et al. (1985) found that in some cases coho salmon smolts only
experienced novel water T4 surges during the new moon. An association between phase
of the lunar cycle and thyroid activity in salmon is well documented (Grau et al. 1981,
1982; Yamauchi et al. 1984). In our study nore of the novel water exposures coincided
with the new moon and if novel water T4 surges occurred only during these period we
might not have observed them. However, if T4 surges and imprinting are to occur as
salmon migrate downstream and experience river confluences, they must not lag exposure
by 10 days or only take place on selected periods of the lunar cycle but must rapidly
follow novel water exposure.

In addition to phase of the lunar cycles, a number of environmental cues have been
linked to increased thyroid activity including temperature changes (Iwamoto 1982; Lin et
al. 1985), photoperiod (Hoar 1976; Iwamoto 1982), water flow rates (Youngson and
Simpson 1984; Lin et al. 1985) and food intake (McCormick and Saunders 1990). All of
these factors can apparently contribute to T4 increases both independently and in
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conjunction with smolting-associated T4 surges. Nishioka et al. (1985) hypothesized that
in some instances, the stable conditions (e.g., constant temperature, flow rate, water
source, ration) which allow for increased survival in the hatchery may provide insufficient
environmental stimuli to fully stimulate thyroid function. In most hatcheries, smolting-
associated T4 surges occur (Dickhbff etal. 1978, 1982; Nishikawa et al. 1979; Folmar
and Dickhoff 1981) but in some instances hatchery-reared salmon experience little or no
smolting-associated T4 surge (Youngson and Simpson 1984; Nishioka et al. 1985; Lin et
al. 1988). Similarly, we observed no T4 surge during smolting in our experimental fish,
although it appears the underyearling status of UW smolts may be the primary reason (see
below).

The lack of any smolting-associated T4 surge may provide some explanation for the
absence of any apparent novel water-induced T4 surge in our experiments. The novel
water phenomenon may be primarily observed when the thyroid system is previously
"primed" either through the normal smolting induced T4 surge (Grau et al. 1985; Lin et al.
1985; McCormick and Saunders 1990) or by environmental cues (e.g. lunar phase,
Nishioka et al. 1985). Since the underyearling smolts in our study never experienced a T4
surge during smolting, they may not have been sufficiently "primed" to respond to novel
water exposure.

In the wild, salmon may experience various environmental changes which may elicit
multiple thyroxine surges throughout the period of freshwater rearing (Nishioka et al.
1985). For example, wild fish may periodically experience dramatic changes in water
velocity or temperature due to rainfall and snowmelt. Increased water velocity forces fish
to swim more actively to maintain their position in the stream and the increased swimming
has been shown to cause T4 levels to rise (Dickhoff et al. 1982; Youngson and Simpson
1984). Fluctuations in water temperature have also been linked to increased T4 levels
(Iwamoto 1982). On the other hand, hatchery fish are generally maintained in a stable
environment and may only demonstrate an endogenously controlled, smolting-related
~ increase in T4 levels. If thyroid hormone signalling is important for olfactory imprinting,
this might help explain the apparent contradiction between experimental evidence with
hatchery reared fish, which points to smolting as critical period for imprinting, and the
natural history of wild salmon, that indicates learning must occur at other times. It may be
that imprinting and homing experiments with hatchery fish are compromised by the
unchanging rearing conditions which foster minimal thyroid development beyond the
smolt associated T4 surge. In the wild, however, constantly changing environmental



29

stimuli can elicit multiple thyroxine surges and prime the thyroid system for novel water
exposure induced T4 increases which may faciltate learning at other times.

While insufficient environmental stiumli may be important in some hatcheries, the
absence of a smolting-associated T4 surge in UW coho salmon in 1990 and 1991 was
apparently due to the underyearling status of UW coho smolts. Typically, coho salmon
smolt and migrate to sea during their second spring after 1.5 or 2.5 years in fresh water.
At the UW hatchery, however, coho salmon are reared on an accelerated temperature and
feeding regime which causes them to smolt in their first spring (i.e. underyearling smolts).
Under these rearing conditions all morphological, behavioral and physiological measures
indicated that these fish successfully smolted but they experienced no apparent smolting
associated T4 surge (Figure 7). Sullivan (1986) also found that UW underyearling smolts
demonstrated no rise in T4 levels during smolting although basal plasma T4 levels were
significantly higher than we observed. On the other hand, if UW coho salmon are reared
under a more natural feeding and temperature regime, they smolt as yearlings and
demonstrate a normal 1-2 month rise in plasma T4 levels in late spring (Figure 7; Sullivan
1986; Sullivan et al. 1987).

The ability of hatchery-reared salmon to migrate and return accurately to their site of
origin without experiencing a smolting associated T4 peak has been previously reported
(Lin et al. 1988; Nishioka et al. 1989). The lack of any T4 surge in UW underyearling
smolts is particularly interesting, however, in light of the considerable research directed at
the imprinting and homing abilities of UW coho salmon (e.g. Donaldson and Allen 1957;
Quinn et al. 1989; Brannon and Quinn 1990). Exposure of UW underyearling coho
salmon to specific waters during smolting consistently results in olfactory learning despite
the relatively low and unchanging plasma T4 levels during this period. For example,
recoveries of coded wire tagged salmon indicate that UW underyearling coho smolts are
able to successfully smolt, imprint, migrate to sea and return as adults to the UW hatchery
with remarkable precision (e.g. Quinn et al. 1989). Furthermore, UW underyearling
smolts are also able to learn other water sources as home. UW smolts reared and released
at a different hatchery in the Lake Washington watershed migrated past the UW hatchery
and homed to their release site (Quinn et al. 1989). This imprinting process occurred
primarily during the smolt stage for UW coho salmon. Salmon reared initially at the UW
and then transferred at the smolt stage to a second facility for subsequent rearing and
release, return to their release site not the UW hatchery (Chapter I). Furthermore, UW
underyearling salmon which are exposed to 10-7 M PEA for as little as 10 days during
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smolting retain long term odor memories of this chemical as evidenced by both
electrophysiological and behavioral responses to PEA by adults (Nevitt et al. in press).
Taken together, these findings suggest that high levels or surges of plasma T4 levels are
not required for olfactory imprinting and cast doubt on a critical link between T4 and
imprinting,

While T4 may not be critical for imprinting, it is possible that thyroid hormone
signalling may be important given the considerable evidence suggesting a link between
smolting, thyroid function, and olfactory learning (Hasler and Scholz 1983; Morin et al.
1989a, b). Thyroid system function is regulated at many levels and plasma T4
concentration is only one measure of thyroid activity. In salmon, T4 is converted in the
periphery to the more active metabolite, triiodothyronine (T3), which binds and acts on
nuclear T3 receptors in target tissues. Thyroid system activity is regulated by a
combination of factors including levels of T4 production, conversion of T4 to T3,
hormone clearance rates, and levels of T3 receptors in target tissues (Dickhoff and
Sullivan 1987). For example, it is possible that increases in thyroid activity in response to
novel water exposure resulted in increased tissue levels of thyroid hormone with no
observable change in plasma levels. Elevation in brain thyroid hormone concentration with
no change in plasma level has been observed in yearling coho salmon (Specker, et al.
1992). Another possibility is that increased thyroid function in UW subyearling smolts
may be reflected in higher T3 receptor levels rather that plasma T4 concentration. Recent
reports have indicated that T3 receptor levels in the brain and olfactory epithelium increase
during smolting, perhaps indicating an increased sensitivity to T3 in these tissues (Scholz
et al. 1985; Yamauchi et al. 1993).

In conclusion, exposure to novel odorants or water sources did not elicit changes in
plasma T4 levels in UW subyearling coho salmon at any developmental stage tested.
Furthermore, UW subyearling coho salmon smolted but experienced no smolting
associated plasma T4 surge. In light of the precise homing abilities of UW coho salmon
reared under similar conditions, these findings suggest that elevated plasma T4 levels may
not be critical for olfactory imprinting by coho salmon smolts.
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FIGURE 5. Plasma T4 levels of subyearling coho salmon after exposure to either

control water or 10-7 M PEA during the A) parr, B) smolt, or C) post-smolt stage in
1990. Vertical bars represent mean plasma T4 = standard error of the mean.
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FIGURE 6. Plasma T4 levels of subyearling coho salmon A) parr and B) smolts after
exposure to 10-7 M PEA or different levels of novel water in 1991. Vertical bars
represent mean plasma T4 value + standard error of the mean.
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FIGURE 7. Plasma T4 levels of UW underyearling or yearling coho salmon during
smoltification. Values for yearling coho salmon are from Sullivan (1986). Vertical
bars represent mean value =+ standard error of the mean.
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TABLE 3. Changes in plasma T4 concentration before and 48 hours after transfer of
underyearling coho salmon from rearing tanks to experimental troughs containing
identical UW water.

Plasma T4 (ng/ml) Plasma T4 (ng/ml)
Developmental stage/Date  before transfer 48 h, after transfer

Parr: March 10-12 1990 485+ 131 4.03£0.26
Smolt: May 13-15, 1990 5.03 £0.63 480+ 1.00
Post-smolt: July 15-17, 1990 5.50 £0.80 5.70£1.03
Parr: May 14-16, 1991 3.21 £0.49 3.46 £0.31

Smolt: May 14-16, 1991 5.11+£0.53 4.89+0.33



Chapter III

Characterization and Odor Responses of Olfactory Adenylyl and Guanylate
Cyclase from Imprinted Coho Salmon

Introduction

Pacific salmon (Oncorhynchus spp.) are known for their homing migrations from
oceanic feeding grounds back to their river of origin to spawn. The final freshwater phase
of these migrations is governed primarily by the olfactory discrimination of homestream
water (Hasler and Scholz 1983). Prior to their seaward migration, juvenile salmon learn
site-specific odors associated with their home stream and later use these odor memories
for hdming. This phenomenon, known as olfactory imprinting, was elegantly
demonstrated by Hasler and his colleagues who found that juvenile coho salmon (O.
kisutch) exposed to artificial odorants, such as morpholine and phenylethyl alcohol
(PEA), could be lured into an unfamiliar stream scented with these odors during their
spawning migration years later (Scholz et al. 1976; Cooper et al. 1976). Recently, we
demonstrated that this long-term memory of imprinted odors in coho salmon may be due
in part to sensitization of peripheral olfactory receptor neurons to specific odorants (Nevitt
etal. 1994). The cellular mechanisms underlying imprinted odor recognition and receptor
cell sensitization to imprinted odors are not known.

Odor detection in vertebrates is thought to be initiated by the interaction of
odorants with specific G protein-coupled receptors on the cilia of olfactory receptor
neurons (Buck and Axel 1991; Ngai et al. 1993). For many odors, receptor activation
causes a rapid increase in the intracellular messenger cAMP, thought to directly activate
cyclic nucleotide gated cation channels resulting in membrane depolarization and
generation of action potentials (Pace et al. 1985; Sklar et al. 1986; Nakamura and Gold
1987, Breer et al. 1990). Increased cAMP production is G protein dependent and is
apparently mediated via the odorant-sensitive type III adenylyl cyclase which is enriched
in olfactory cilia (Bakalyar and Reed 1990). Other odorants which do not activate adenylyl
cyclase can increase intracellular inositol triphosphate (IP3) levels, suggesting multiple
transduction pathways in olfactory receptor neurons (Huque and Bruch 1986; Boekhoff et
al. 1990). Odorant activation has also been linked to guanylate cyclase stimulation and
increased levels of ciliar cGMP (Restrepo et al. 1993; Breer and Shepherd 1993).
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The salmon olfactory system is extremely sensitive; thresholds for detection of
odors such as amino acids, steroids and imprinted odorants range from nanomolar to
femtomolar concentrations (Moore and Scott 1991; Andersen and Dgving 1991; reviewed
in Hara 1992). In salmon, odors are detected by microvillar and ciliar olfactory receptor
cells, which together with structural and mucous secreting cells, make up the epithelial
layer of the olfactory organ, the olfactory rosette. It is generally accepted that the initial
events in odorant recognition and olfactory transduction occur in the apical dendritic
membranes of these receptor cells (e.g. Rhein and Cagan 1980, 1983; Brand and Bruch
1992). While considerable effort has been directed at understanding the electrical
properties of the salmon olfactory epithelium in response to odorants (reviewed in Hara
1992), little is known about the biochemical mechanism of odor recognition and signalling
in salmon receptor neurons. Binding sites for amino acid odorants have been identified in
dendritic membranes isolated from olfactory rosettes of several salmonid species (Rhein
and Cagan 1983; Rehnburg and Shreck 1986; Lo et al. 1991). Lo et al. (1993) recently
reported that phospholipase C activity in Atlantic salmon (Salmo salar) olfactory
membranes is stimulated by amino acids in a G protein dependent manner. Nevitt and
Moody (1992) characterized the electrical properties of ciliated olfactory receptor neurons
in coho salmon and demonstrated that intracellular cGMP could modulate channel
properties. Beyond these studies, little is known about transduction mechanisms involved
in salmonid olfaction and particularly recognition of imprinted odorants.

As an initial step in understanding the molecular mechanisms underlying the
transduction of imprinted odorants, we exposed juvenile coho salmon to the artificial
odorant PEA and subsequently examined the regulation of cAMP and cGMP metabolism
in PEA-exposed and PEA-naive coho salmon olfactory cilia. Specifically, we determined
the sensitivity of cilia adenylyl and guanylate cyclase activity to various effectors including
amino acids and PEA. We also determined whether olfactory adenylyl and guanylate
cyclase were more sensitive to PEA in imprinted vs. PEA-naive fish.
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Methods
Experimental animals

On December 1, 1987, we collected, pooled and fertilized 10,000 coho salmon
eggs from adult salmon that returned to spawn at the University of Washington (UW)
hatchery. Fish were reared at the UW until the following spring when they were separated
into experimental and control groups. The experimental group was exposed to 10-7 M
PEA for 10 days during smolt-transformation, a sensitive period for imprinting during
which salmon undergo a physiological and behavioral transformation in preparation for
life at'sea. Experimental and control fish, that never experienced PEA, were given distinct
marks, transferred to a freshwater rearing facility and reared communally until they
matured in either fall 1989 or 1990. Successful imprinting was confirmed by behavioral
assays and patch clamp experiments with olfactory receptor neurons isolated from PEA-
exposed and PEA-naive fish (Nevitt et al. 1994; Chapter I)

Isolation of olfactory cilia

Olfactory cilia for adenylyl cyclase assays were isolated from mature PEA-naive
and PEA-exposed coho salmon rosettes using the calcium shock procedure described by
Chen et al. (1986) except where noted. All procedures were performed at 0-4° C and cilia
were prepared fresh for each experiment. Briefly, rosette tissue was quickly excised and
washed 3 times in ice-cold buffer A (100 mM NaCl, 2.0 mM EDTA, 30 mM Tris-HCI,
pH 7.5, 1.0 mM PMSF, 0.5 pg/ml leupeptin, 1.0 pg/ml pepstatin A). This rosette
suspension was rotated end-over-end for 20 min in the presence of 10 mM CaCl2 to
detach cilia, centrifuged for 5 min at 1500 x g and the resulting cilia-containing
supernatant was centrifuged at 20,000 x g for 20 min. Precipitated cilia membranes were
washed and resuspended in Buffer B (3.0 mM MgCl2, 2.0 mM EDTA, 10.0 mM Tris-
HCI, pH 7.5, 1.0 mM PMSF, 0.5 pg/ml leupeptin, 1.0 pg/ml pepstatin A). Membranes
from ciliated and deciliated olfactory epithelium and other tissues were prepared by
polytron homogenizing (60s, 0° C, setting 5) in Buffer A, centrifuging at 1000 x g to
remove debris and then centrifuging the resulting supernatant at 20, 000 x g. Pelleted
membranes were resuspended in Buffer B and immediately assayed. Cilia and other
membranes for guanylate cyclase assays were prepared as described above except all
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buffers contained 10mM NaF and 10mM benzamadine in place of PMSF. Protein
concentrations were determined by the method of Peterson (1983).

Adenylyl cyclase assays

Adenylyl cyclase activity was determined by adding membranes (1.0-10.0 ug of
protein) to an assay solution containing 1.0 mM a-[32P]ATP (1000 cpm/pmol), [3H]-
cyclic AMP (20,000 cpm/umol), 5.0 mM MgCl2, 1.0 mM EDTA, 0.2 mM EGTA, 2.0
mM cAMP, 0.5 mM dithiotheitol, 0.5 mM 3-isobutyl-1-methylxanthine, 0.1 % bovine
serum albumin, 20mM phosphocreatine, and 100 units/ml creatine phosphokinase and 20
mM Tris-HCI, pH 7.4 in a final volume of 250 pl. Except where noted, assays were
performed at 22° C for 20 min. Assays were terminated by adding 750 1 1.5% SDS, and
the [32P] cyclic AMP generated was measured as described by Salomon et al. (1974). All
assays were performed in triplicate with freshly prepared cilia and membranes.

Guanylate cyclase assays

Guanylate cyclase activity was determined by the method of Nesbitt et al. (1976)
with slight modifications. Reactions were initiated by adding membranes (1.0-10.0 ug of
protein) to an assay solution containing 0.5 mM a-[32P]GTP (2000 cpm/pmol), 2.4 mM
cyclic GMP, 10.0 mM MgCl2 or 2.5 mM MnCl2, 1.0 mM dithiothreitol, 0.5 mM 3-
isobutyl-1-methylxanthine, 0.1 % bovine serum albumin, 20mM phosphocreatine, and
100 units/ml creatine phosphokinase in S0 mM Tris-HCI, pH 7.5, in a final volume of
100 pl. After 20 min at 22° C reactions were terminated by adding 0.5 ml of ice-cold stop
solution (1.0 mM GTP, 5.0 mM [3H] cyclic GMP (6000 cpm/umol)) and 50 pl 50%
TCA. [32P] cyclic GMP production was measured as described by Nesbitt et al. (1976).
All assays were performed in triplicate with freshly prepared cilia and membranes.

Statistics

A two-tailed Student's t test was used to test for differences between mean values of
adenylyl and guanylate cyclase activity in the presence or absence of odorants in cilia
isolated from PEA-naive and exposed fish.
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Results

Coho salmon olfactory cilia contained relatively high levels of adenylyl cyclase (150-300
pmol/mg/min) and guanylate cyclase (100-400 pmol/mg/min) activity. The basal rate of
cAMP production in cilia was linear between 2-30 min and over a protein range of 0.2-
15.0 pg/assay. Cyclic GMP production was linear between 2-30 min and over a protein
range of 0.5-20.0 pg/assay. We anticipated that both enzymes would demonstrate optimal
activity within a temperature range normally experienced by coho salmon (e.g. 10-15° C)
as has been decribed for other ectothermic fish (Hochachka and Somero 1971). However,
we observed maximal enzyme activity between 20-30° C, with significantly lower activity
at 10° C for both enzymes. All subsequent assays were conducted at 22° C.

Basal and forskolin-stimulated adenylyl cyclase activity was enriched 2-2.5 and 4-
6 fold, respectively, in olfactory cilia compared to membranes prepared from whole or
deciliated rosettes (Figure 8A) Ciliar adenylyl cyclase activity was higher than in liver
membranes and comparable to adenylyl cyclase activity in brain membranes, a particularly
rich source of the enzyme in mammals (Brostrom et al. 1975). GTP had little effect on
basal adenylyl cyclase activity in cilia but 100mM GppNHp, a non-hydrolyzable GTP
analog, increased activity two-fold suggesting coupling to a stimulatory G protein (Figure
8A). Like the recombinant type III olfactory adenylyl cyclase (Bakalyar and Reed 1990),
salmon olfactory adenylyl cyclase was particularly sensitive to forskolin (7.53 fold
stimulation) compared to brain or liver cyclase (3.85 and 4.32 fold stimulation,
respectively). While brain adenylyl cyclase was stimulated directly by Ca2+/CaM,
activation of the olfactory enzyme by Ca2+/CaM required preactivation with GTP analogs
(Figure 8A).

Guanylate cyclase activity was undetectable using Mg2+-GTP as a substrate but
low levels of guanylate cyclase activity were detectable in all tissues with Mn2+-GTP. As
in mammalian tissues (Steinlen et al. 1990), the addition of the non-ionic detergent,
Lubrol PX, increased guanylate cyclase activity in all tissues and 15-fold in salmon
olfactory cilia (Figure 8B). In the presence of Mn2+/Lubrol PX, guanylate cyclase
activity was enriched two-fold in cilia compared to membranes prepared from whole or
deciliated rosettes (Fig 8B). Guanylate cyclase activity in brain membranes was
approximately two-fold higher than in cilia.
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If adenylyl cyclase activity in salmon olfactory cilia is important in olfactory
signalling, we hypothesized that G protein-coupled enzyme activation would be specific
for odorants. We tested several G protein-coupled hormones and neurotransmitters that
stimulate adenylyl cyclase in other membranes and found that adenylyl cyclase in
olfactory cilia was not affected by these compounds (Table 5). Within physiological
ranges, amino acid odorants also had no effect on adenylyl cyclase activity but were
slightly stimulatory at very high concentrations (P< 0.03 for 100 uM L- serine; P< 0.05
for 100 uM L-alanine) (Figure 9A). This stimulation was only observed in the presence of
20 uM added GTP. Because salmon have greater olfactory sensitivity for L- vs. D- amino
acid isomers (Hara 1982), we tested whether L-serine and L-alanine were more effective
agonists than their D isomers. For both amino acids, the L- and D- stereoisomers had
similar effects on adenylyl cyclase activity except at the highest concentrations (Figure
9A). Guanylate cyclase activity was not affected by amino acids at any concentration
tested (Figure 9B).

To test the effects of an imprinted odorant on olfactory adenylyl and guanylate
cyclase activity, we examined enzyme activity in the presence of PEA in cilia isolated from
the rosettes of mature salmon that were either PEA-naive or exposed to 10-7 M PEA as
smolts. We also examined the effect of PEA on adenylyl and guanylate cyclase activity in
brain membranes to determine the specificity of olfactory responses to PEA. As with L
amino acids, PEA had no effect on cilia adenylyl cyclase activity at concentrations which
elicit electrophysiological and behavioral responses but there was a slight increase in
activity at high PEA concentrations (P< 0.15 for 100 uM PEA) (Figure 10A). Stimulation
was only observed in the presence of 20 uM added GTP. Data from eight independent
adenylyl cyclase experiments indicated that there was no difference in PEA sensitivity in
PEA-exposed vs. PEA-naive cilia. Adenylyl and guanylate cyclase activity in brain
membranes was not affected by PEA (Figure 10). In five of seven independent
experiments, there was a slight but consistent increase in olfactory guanylate cyclase
activity in both PEA-exposed and naive cilia at all PEA concentrations (P< 0.05) (e.g.
Figure 10B). In two independent experiments using cilia isolated on Nov 3 and Nov. 6
1990, PEA elicited a dose-dependent 1.8-2.0 fold increase in guanylate cyclase activity
only in cilia from salmon previously exposed to PEA (P< 0.005 for Hp: No difference
between PEA-naive and PEA-exposed cilia guanylate cyclase activity at 107 M PEA)(e.g.
Figure 10C).
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Discussion

Several lines of evidence suggest a possible role for adenylyl cyclase in coho
salmon olfactory transduction. First, as in higher vertebrates, coho salmon olfactory cilia
were enriched in adenylyl cyclase activity. Basal and forskolin-stimulated activity in
olfactory cilia was approximately 0.2 and 2.0 nmol/mg/min, respectively, and comparable
to levels in brain membranes. It should be noted, however, that basal levels of adenylyl
cyclase activity were an order of magnitude lower than those described in isolated rat and
frog olfactory cilia (Chen et al. 1985; Sklar et al. 1986). Second, although ciliary adenylyl
cyclase is apparently sensitive to G stimulatory proteins, none of the common G protein-
coupled hormone and neurotransmitters tested affected olfactory adenylyl cyclase
suggesting a possible specificity of odorant receptors. Third, regulation of the adenylyl
cyclase activity in salmon olfactory cilia was very similar to the mammalian type I
olfactory adenylyl cyclase which has been implicated in olfactory transduction (Bakalyar
and Reed 1990). Like the recombinant type III olfactory adenylyl cyclase, salmon
olfactory adenylyl cyclase was particularly sensitive to forskolin (Bakalyar and Reed
1990) and activation of the olfactory enzyme by Ca2+/CaM was synergistically enhanced
by GTP analogs (Anholt and Rivers 1990; Choi et al. 1992). Fourth, while stimulation of
adenylyl cyclase by amino acid and imprinted odorants was weak and required high
odorant concentrations, the GTP-dependence of this phenomenon and greater stimulatory
effectiveness of L- vs. D- amino acid isomers at high concentrations is consistent with
adenylyl cyclase as a mediator of olfactory transduction. These results are consistent with
electrophysiological findings with rainbow trout that L-serine and L-alanine elicited 2-4 x
greater responses in the olfactory bulb than their D isomers (Hara 1975). Finally, while
PEA elicited slight increases in adenylyl cyclase activity in cilia, it had no effect on
adenylyl cyclase activity in non-olfactory tissue (e.g., brain membranes) at any
concentration tested.

A physiological role for adenylyl cyclase in coho salmon olfaction remains
uncertain, however, given the requirement for high odorant concentrations for only weak
stimulation. Experimental determination of threshold concentrations required for amino
acid and imprinted odorant signalling is variable depending on the assay method and tissue
preparation used. Electrophysiological recordings from the olfactory bulb indicated that
threshold concentrations for amino acid activation of the coho salmon olfactory system
ranged from 10-6 to 10-7 M (Hara 1972). Olfactory-mediated avoidance of L-serine by
coho salmon occurred at concentrations as low as 10-9 M but the threshold concentrations
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required for behavioral responses depended on age and developmental stage of the test
fish (Rehnberg et al. 1985). Amino acid binding studies with salmonid olfactory
membranes gave mixed results but indicated Kg values ranging from 10-6-10-5 M for L
serine and L alanine (rainbow trout: Rhein and Cagan 1980, 1983; Brown and Hara 1981;
coho salmon: Rehnberg and Schreck 1986; Atlantic salmon: Lo et al. 1991). Experiments
using fish from the same exposure groups as were used in the present study indicated that
PEA-exposed coho salmon responded behaviorally to 10-7 M PEA and receptor neurons
isolated from both PEA-naive and PEA-exposed fish responded to PEA at concentrations
as low as 10-8 M (Nevitt et al. in press). Taken together, these results suggest that the
concentrations of odorants required for only minimal amino acid and imprinted odorant
stimulation of coho salmon adenylyl cyclase may be non-physiologically high.

Olfactory cilia from other fishes (e.g., catfish and Atlantic salmon) contained high
levels of adenylyl cyclase activity but there was little indication of amino acid stimulation
of adenylyl cyclase except at high odorant concentrations (Bruch and Teeter 1989, 1990;
Lo et al. 1993). In contrast, GTP-dependent stimulation of ciliary IP3 levels by amino
acids occurred at 10-100 fold lower concentrations (Bruch et al. 1987; Lo et al. 1993). It
should be noted, however, that initial studies of rat and frog olfactory adenylyl cyclase
indicated that in vitro stimulation of adenylyl cyclase required odorant concentrations
exceeding physiological conccentrations (10-100 pM) using batch assay methods similar
to those used in this study (Chen et al. 1985; Sklar et al. 1986). More recently, rapid
kinetic measurements have confirmed that physiological concentrations of odorants elicit
rapid (msec) and transient increases in CAMP in isolated rat cilia but over longer time-
scales cCAMP elevation is only apparent at high odor concentrations (Breer et al. 1990).
Attempts to assay salmon adenylyl cyclase on a shorter time scale gave inconsistent results
(Dittman, unpublished observation) and definitive resolution of adenylyl cyclase's role in
amino acid and imprinted odor transduction may require more sophisticated stop-flow
kinetic procedures.

The role of guanylate cyclase in vertebrate olfactory transduction is less clearly
defined. Odorant activation of guanylate cyclase has been reported in rat and catfish cilia
but cGMP increases were slower and longer lasting than cAMP and IP3 (Breer et al.
1992; Restrepo et al. 1993). Unlike catfish and Atlantic salmon cilia (Bruch and Teeter
1989; Lo et al. 1993), guanylate cyclase activity was slightly enriched in coho salmon
olfactory cilia and displayed substrate specificity and detergent requirements that were
similar to guanylate cyclase activity in rat and pig cilia (Steinlen et al. 1990). Amino acid
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odorants had no effect on coho salmon cilia guanylate cyclase activity at any concentration
tested. In contrast, 10-9-10-3 M PEA elicited slight increases in guanylate cyclase activity
in cilia but not brain membranes isolated from PEA-naive fish.

What role might guanylate cyclase play in olfactory recognition of PEA by coho
salmon? In other vertebrates, cyclic nucleotide-gated cation channels located in olfactory
neurons are thought to mediate membrane depolarization in response to odorant-stimulated
CAMP signalling (Nakamura and Gold 1987; Dhallan et al. 1990; Goulding et al. 1992).
These channels are equally sensitive to cGMP and cAMP (Nakamura and Gold 1987;
Goulding et al. 1992) and increased cGMP levels in response to PEA might lead to
membrane depolarization and generation of action potentials. While cyclic nucleotide gated
channels have been cloned from fish olfactory receptor cells, it is not known if similar
channels are expressed in coho salmon receptor cells. Initial characterization of the
electrical properties of coho salmon ciliated receptor cells by whole-cell patch-clamp
recording indicated that relaxation of outward currents was slowed by cGMP application
but the importance of this phenomenon in olfactory transduction is not known (Nevitt and
Moody 1992).

Patch-clamp studies have indicated that olfactory receptor cells isolated from the
PEA-imprinted salmon used in this study were more sensitive to PEA than cells from
PEA-naive fish (Nevitt et al. in press). We hypothesized that this increased sensitivity
might be reflected in the PEA sensitivity of adenylyl and guanylate cyclase activity in
olfactory cilia isolated from PEA-naive and PEA-exposed salmon. Prior PEA exposure
had no effect on adenylyl cyclase sensitivity to PEA and in five of seven guanylate cyclase
experiments there was no difference in PEA sensitivity between PEA-exposed and naive
cilia. In two experiments, however, PEA elicited a dose-dependent increase in guanylate
cyclase activity in PEA-exposed cilia but not in PEA-naive cilia. Cilia for these
experiments were isolated on Nov. 3 and 6, 1990, a period that coincided with maturation
of the test fish. This effect was not apparent in subsequent experiments conducted two
weeks later, If the data from all seven guanylate cyclase experiments are pooled, there was
no significant difference in PEA sensitivity of guanylate cyclase from PEA-naive and
imprinted fish. However, the results of the Nov. 3 and Nov. 6 experiments could reflect a
narrow window of olfactory sensitivity associated with maturation. Olfactory sensitivity to
specific odorants is affected by hormonal and maturational state. Coho salmon exposed to
PEA and morpholine as juveniles only showed behavioral and electrophysiological
responses to these odors upon maturation (Hasler and Scholz 1983). Similarly, the
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olfactory system of precocious Atlantic salmon parr was only sensitive to a putative
pheromone, testosterone, during a brief period just prior to spawning (Moore and Scott
1991). Further investigation will be required to determine if PEA sensitivity of guanylate
cyclase is also controlled by maturational status.
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FIGURE 8. Tissue distribution and regulation of adenylyl and guanylate cyclase activity
in coho salmon. Membranes were prepared from mature 2 year old adults pooled from the
PEA exposed and PEA-naive groups. Data are representative of three independent
experiments. A) Membranes were assayed for adenylyl cyclase activity as described in the
presence of 1) no added effectors; 2) 100uM GTP; 3) 100 uM GppNHp; 4) 250 uM
CaCl2 and 2.4 uM CaM; 5)100 pM GppNHp, 250 uM CaCl2 and 2.4 uM CaM; 6)10
1M Forskolin. B) Membranes were assayed for guanylate cyclase activity as described in
the presence of 1) 2.5 mM MnCI3 2) 2.5 mM MnCl32 and 0.5% Lubrol PX. No guanylate
cyclase activity was detected in any tissue in the presence of 10 mM MgCI2.
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FIGURE 9. Fold stimulation of cilia adenylyl and guanylate cyclase activity in response to
increasing amino acid odorant concentrations. Cilia were prepared from mature 2 or 3 year
old adults pooled from the PEA exposed and PEA-naive groups. A) Membranes were
assayed for adenylyl cyclase activity as described in the presence of 20uM GTP and
amino acids as indicated. Data are representative of five independent experiments. Basal
activity was 198.3 £ 4.9 pmol cAMP formed/mg/min. B) Membranes were assayed for
guanylate cyclase activity as described in the presence of 2.5 mM MnCl?2, 0.5% Lubrol
PX and amino acids as indicated.Data are representative of three independent experiments.
Basal activity was 483.2 £ 75.7 pmol/cGMP formed/mg/min.
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FIGURE 10. Fold stimulation of adenylyl and guanylate cyclase activity in response to
increasing PEA concentrations in cilia isolated from PEA-exposed and naive salmon. Cilia
were prepared from 10 two year old or 5 three year old mature PEA-exposed or PEA-
naive salmon. Brain membranes were prepared from PEA-exposed fish. A) Membranes
were assayed for adenylyl cyclase activity as described in the presence of 20uM GTP and
PEA as indicated. Data are representative of eight independent experiments. Basal
activities in exposed cilia, naive cilia and brain membranes were 304.3 + 14.6, 293.0 +
8.5, and 673.5 % 33.9 pmol cAMP formed/mg/min, respectively. B) Membranes were
assayed for guanylate cyclase activity as described in the presence of 2.5 mM MnCl2,
0.5% Lubrol PX and PEA as indicated.Data are representative of five of seven
independent experiments. Basal activities in exposed cilia, naive cilia and brain
membranes were 583.2 & 75.7, 542.3 + 41.8, and 947.5 £ 131.9 pmol/cGMP
formed/mg/min respectively. C) Membranes were assayed for guanylate cyclase activity as
described in the presence of 2.5 mM MnCl2, 0.5% Lubrol PX and PEA as indicated.Data
are representative of two independent experiments using cilia isolated on Nov. 3, and
Nov. 6, 1990. Basal activities in exposed cilia, naive cilia and brain membranes were
521.6 + 37.0, 505.9 + 39.8, and 892.4 £ 79.4 pmol/cGMP formed/mg/min respectively.
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TABLE 4. Responses of cilia adenylyl cyclase to common hormone and neurotransmitter
effectors. Membranes were assayed for adenylyl cyclase activity as described in the
presence of 20 UM GTP and 100 uM effector as indicated. Controls were assayed in the
presence of 20 UM GTP alone. Data are representative of two independent experiments.

TREATMENT ADENYLYL CYCLASE ACTIVITY
(pmol/mg/min)

CONTROL 222.6 + 34.2
ISOPROTERENOL 230.0 + 51.7
NOREPINEPHERINE 212.5 + 82.6
DOPAMINE 241.3 £ 63.5
EPINEPHERINE 267.2 + 26.2
HISTAMINE 197.3 + 58.7



Chapter 1V

Olfactory Recognition and Behavioral Responses of Precociously Mature
Salmon to a Putative Pheromone

Introduction

Olfactory cues emanating from conspecifics play an important role in social
interactions between fishes including species, sex, kin, and population recognition,
schooling, and predator avoidance (Liley 1982; Olsen 1992). For many fishes odors are
also critical during reproduction, with pheromones emanating from both males and females
eliciting behavioral and physiological changes which facilitate spawning. For a few species
the chemical nature of these pheromones and their role in regulating mate attraction and
spawning synchrony are being elucidated (e.g., Sorensen 1992a, 1992b; Stacey et al.
1993) However, the role of pheromones in salmonid reproduction and spawning behavior
is still poorly understood (Olsen and Liley 1993; Rouger and Liley 1993).

During the final stages of their homing migration, salmon use olfactory cues to return
to their river of origin to spawn. Hasler and Wisby (1951) proposed that juvenile salmon
learn a unique bouquet of odors comprised of chemicals from rocks, soils, and plants in
their homestream as homing cues. In contrast, Nordeng (1971, 1977) proposed that adult
salmon are guided by population-specific odors emanating from juveniles in freshwater or
migrating to sea. Adult salmon are attracted to water containing juvenile conspecifics
(Selset and Dgving 1980; Quinn et al. 1983) and salmon can distinguish between
populations based on chemical cues (Olsen 1986; Groot et al. 1986; Quinn and Tolson
1986). However, field experiments have failed to demonstrate that homing salmon require
the presence of members of their population at the natal site. Salmon will home to artificial
odorants (Hasler and Scholz 1983) and are not decoyed to a non-natal site by the presence
of fish from their population (Black and Dempson 1986; Brannon and Quinn 1990). Upon
reaching their spawning grounds, however, odors cues from conspecifics may be involved
in finding and courting potential mates.

Several lines of evidence indicate that salmon on the spawning grounds release and
respond to odorants from the opposite sex. Mature male salmon are attracted to water
scented by females in spawning condition or their ovarian fluid (Newcombe and Hartman
1973; Emanuel and Dodson 1979; Honda 1980, 1982; Olsen and Liley 1993). This
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attraction was specific to ovulating females and experiments using anosmic males indicated
that olfaction mediated these responses (Honda 1980, 1982; Olsen and Liley 1993).
Odorants emanating from ovulating females were also able to "prime" males for spawning
by stimulating production of gonadal steroids and increasing milt production (Liley et al.
1991; Olsen and Liley 1993). However, the chemical nature of the odorant(s) released by
spawning females is unknown.

To date, sex pheromones identified in fishes have been primarily steroid hormones
involved in gonadal maturation or their metabolites (Liley 1982; Sorensen 1992a).
Therefore, we hypothesized that reproductive steroid hormones would also be the most
likely salmonid sex pheromones. Furthermore, since pheromonal compounds that attract
males are apparently only present in significant levels in ovulating females, we
hypothesized that the most likely pheromone candidates would be hormones which are
expressed at high levels at or near the time of ovulation and spawning readiness. While the
hormonal regulation of gonadal development is complex, involving many steroidal and
non-steroidal compounds, plasma concentrations of two reproductive hormones,
gonadotropin (GtH) and 17¢,2083-dihydroxy-4-pregnene-3-one (17a, 20B-P), rise
dramatically in females at the time of spawning (Scott et al. 1983; Ueda et al. 1984; Dye et
al. 1986; Liley et al. 1986a). The steroid 17¢, 20B-P has been implicated as the major
hormone responsible for final oocyte maturation (Goetz 1987) and acts as a potent
pheromone mediating spawning synchrony in goldfish, Carassius auratus (Dulka et al.
1987).

In this study we tested whether 170, 20B-P acts as a pheromone for male chinook
salmon (Oncorhynchus tshawytscha) by measuring the behavioral responses of mature
males to water scented with 170,20B-P as they returned to the University of Washington
hatchery (UW) to spawn. To determine if these responses were important in reproductive
behavior and not a general phenomenon for all life stages, we compared the responses of
mature and immature male salmon to this odorant. To examine the specificity of responses
to 17¢.,20B-P, we also tested a second steroid hormone, testosterone, which is a potent
attractant for mature male Atlantic salmon (Salmo salar) parr (Moore and Scott 1991; Moore
1991).
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Methods

Experimental animals

Precociously mature male chinook salmon (i.e., mature in the first year only 5-6
months after release) were collected from the UW hatchery pond, from mid-October to
early November in 1990 (150 fish; mean weight + s.e.: 61.90 £ 2.85 g) and 1991 (300
fish; 165.40 & 3.83 g). These males were used because their small size facilitated
behavioral testing. Experiments with large adult UW chinook males were not performed
because of the limited number available and the cost of the odorants that would be required
for testing large fish. Chinook salmon generally mature at three or four years old but in
recent years up to 50% of the UW chinook salmon have matured precociously. Immature
UW chinook salmon of the same age as the mature fish were reared at the UW hatchery
until smolting, when they were transferred to another freshwater facility in the Lake
Washington watershed. On November 9, 1990, 200 of these immature salmon (mean
weight 124.69 + 3.39 g) were transferred to UW for testing.

All test fish were maintained in water pumped from the Lake Washington Ship Canal
in an outdoor concrete raceway for up to one week prior to testing. Mature fish were not
fed prior to testing but immature fish were fed to satiation once a day up to 12 h before
testing. Forty eight hours before testing, 30-50 fish were transferred to circular flow-
through holding tanks in the laboratory for acclimation in Ship Canal water on a natural
photoperiod. In 1990, 98 immature and 89 zero-age maturing male chinook salmon were
tested for their responses to 17a,,20B—P and control water. In 1991, 272 mature males
were tested for responses to 170.,20B-P, testosterone, and control water.

Experimental apparatus

Fish were tested for water preference in two fiberglass two-choice tanks (140 x 52
cm) similar to those described by Quinn and Busack (1985). To ensure that the current
characteristics were equivalent in each arm, water was spilled Lhrough identical V-notched
walls from a small reservoir at the head of each arm. Tanks were filled to a depth of 8.0 cm
and received a constant flow of 5.0 L/min/arm. All preference tests were conducting using
untreated Ship Canal water. Stock solutions of test odorants were introduced into a test arm
via a remotely operated peristaltic pump as the water spilled through the v-notch to facilitate
maximum mixing. 17¢,203-P (Sigma Chemical Co.) and testosterone (UW Pharmacy
Services) stock solutions were made the day of testing by dissolving 1.0 mg of 170.,20B~
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P or 0.87 mg testosterone in 1.5 ml of methanol and subsequently diluting into 300 ml of
distilled water to a final concentration of 10-3 M steroid. "Control water" solution consisted
of 1.5 ml of methanol per 300 ml of distilled water. Stock solutions were metered into one
arm of the maze at 5.0 ml/min to give a final concentration in the odor arm of 10-8 M
steroid.

Testing procedure

To initiate a trial, an individual fish was placed in the screened downstream section of
each tank and allowed to acclimate for 3 min. All observations were made through a slit in
a black plastic curtain suspended behind the downstream end of the tanks. One minute
before the end of the acclimation period, odorant was introduced to one arm of the tank.
Dye tests indicated that odorant reached the downstream section of the tank in less than 1
min and considerable mixing occurred between the the two sides of the downstream portion
of the tank when fish were active. After acclimation, the screens were lifted and fish were
allowed to swim freely within the tank. The first arm entered and final position (right arm,
left arm or downsiream area (no choice)) was recorded for each trial. The time spent by
each fish in the left or right arm was also recorded during this 4 min test period. After
testing, the mature fish were removed, measured (fork length), weighed and tested for
spermiation by applying gentle pressure to the abdomen. Hatchery-raised immature fish
were weighed, measured and dissected to determine sex and gonadal development. After
each trial, tanks were drained, scrubbed with ethanol, rinsed thoroughly with Ship Canal
water and the odorant supply tube was shifted to the other arm. Only one odorant was
tested per day and the test odorant was varied daily to control for changes in behavioral
responsiveness over the 3-4 week testing period. After each day of testing tanks were
drained, scrubbed with ethanol and rinsed overnight with water.

Data Analysis

Preference for odorant-scented water was determined by four non-independent
measures: first arm entered by the fish; position of the fish at end of trial; arm in which the
fish spent the majority of time and proportion of time spent in each arm. Fish which entered
neither arm during the course of the 4 min trial (no choice) were not included in the
preference analysis. Differences in the proportion of fish making no choice in the presence
of odorant were tested by %2 contingency tables (Zar 1984). To ensure that there was no
bias associated with the experimental tanks, left and right side choices and time preferences
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in each tank were pooled and compared to a 1:1 ratio expected by random choice. The
proportion of time spent in each arm of the Y maze was analyzed by normalizing the data
using an arcsine square root transformation and then using a two-tailed paired t-test to test
for departure from the null hypothesis of no preference (Zar 1984). The first and last choice
of all fish and arm in which they spent the majority of time in response to odorant were
compared with the 50:50 distribution expected by chance using the xz test. Where
indicated, pairwise comparisons between experimental groups were tested using the
comparisons of proportions test described by Zar (1984). In all cases, departures from no
preference were tested at a significance level of P=0.05.

Results

Of the 50 mature zero-age males tested with Ship Canal water vs. Ship Canal water
plus control water solution, only 2 made no choice and the remaining 48 fish displayed no
preference for either water source by any of the measurements (Table 5). These results
indicated that the methanol-containing distilled water carrier solution did not influence the
subsequent tests with steroid odorants. For all test groups and all odor treatments, final
position did not differ from a 50:50 no preference response. Responses of mature males to
170,,20B-P were tested in both 1990 and 1991 but there were no differences between
years (for all measures of preference and proportion of fish making no choice, p > 0.20)
and data were pooled for further analysis. Of the 161 fish tested, 88% were spermiating.
Mature males avoided the the arm of the maze containing 10-8 M 170,,20B-P, based on the
first arm chosen, arm in which fish spent the majority of time, and proportion of time spent
in each arm (Table 5, Fig. 11). These measures were also significantly different than the
responses of mature males to control water and testosterone and the response of immature
fish to 170,203-P.

To test whether avoidance of 170.,203-P was restricted to mature males, we also
tested hatchery-reared UW chinook males of the same age but with little gonadal
development. Of the 183 immature fish tested, 98 were males which had a slight but non-
significant tendency to prefer the 17a,,203—P arm (Table 5, Fig. 11). No difference was
apparent between immature males and females by any of the four measures (p> 0.10 for all
measures). In 1991, we also tested the behavioral responses of 149 mature males to 10-8
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M testosterone. They demonstrated no preference for or avoidance of testosterone by any
measure. Of the testosterone test fish, 97% were spermiating.

In the presence of either steroid, mature salmon were less likely to move upstream
into either arm than either immature fish in the presence of steroid or mature fish in the
presence of control water as indicated by the number making no choice during a trial. The
proportion of mature fish making no choice in the presence of 170.,208—P (38%) was
higher than either immature fish in the presence of 17¢.,20B—P (18%, x2=10.05, p<
0.005) or mature fish in the presence of control water (2%, x2=17.95, p<0.001).
Similarly, the proportion of mature fish making no choice in the presence of testosterone
(34%) was higher than mature fish in the presence of control water (2%, x2=15.44, p<
0.001). In addition to this decreased positive rheotaxis, mature fish in the presence of
steroid were generally less active than either immature fish in the presence of steroid or
mature fish in the presence of control water.

Discussion

We hypothesized that the reproductive steroid hormone, 17a,20B-P, might act as a
pheromonal attractant for mature male salmon but precocious male chinook salmon avoided
water scented with this putative phcromone. These results were unexpected since mature
males are generally attracted to ovarian fluid of ovulating females and these fluids contain
high levels of 170,,20B—P. For example, 17¢,,20B~P levels in ovulating coho salmon
females may reach concentrations as high as 107 M in ovarian fluid (W right and Hunt
1982). There are several possible explanations for the apparent avoidance of this steroid.
First, avoidance of 17a,,203-P may be a consequence of the concentration of the odorant
tested and at this concentration both precocious and adult males might avoid 170,,20B3-P.
Second, ovarian fluid may contain attractive compounds which overcome the repulsive
properties of 17¢,,20B~P. Third, 17c,20B—P may only be attractive as part of a mixture of
pheromones released by females. Finally, since experimental evidence for attraction to
ovarian fluid has not been established in chinook salmon, the responses of chinook salmon
males may differ from other salmonid species tested. This seems unlikely; mature male UW
chinook salmon were attracted to water scented by females (Pete 1977). These results are
apparently not due to a generalized avoidance by chinook salmon of 170,,20B8-P in this
testing paradigm. Avoidance of 170,20B—-P was specific for mature males and was not
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observed for immature males of the same age. This suggests that 17¢,,208-P is a
behaviorally significant odorant for reproductively active male chinook salmon.

The avoidance of 17¢.,208~P may reflect differences in the behavioral responses to
pheromones by precociously maturing and adult males. Previous studies describing male
attraction to females have only tested large adult salmon and not precociously maturing
males (Newcombe and Hartman 1973; Emanuel and Dodson 1979; Honda 1980, 1982:
Olsen and Liley 1993). On spawning grounds, precocious and larger chinook males
employ dramatically different tactics for gaining access to females (Gebhards 1960). Adult
males actively court nest-building females and aggressively defend females from other
males. Precocious males generally employ sneaking tactics, remaining in the vicinity of
females, not engaging in male-male aggression but attempting to sneak fertilizations
(Gebhards 1960; Gross 1985; Maekawa and Onozato 1986; Hutchings and Meyer 1988).
Males adopting this sneaking tactic might respond differently to pheromonal
communication from females. While adult males actively seek ovulating females,
precocious males may actually avoid high concentration of 17a,,203-P because close
proximity to females might invite attacks from both males and females (Hanson and Smith
1967; Gross 1985). However, the advantage of such an avoidance response in the absence
of competing males is not clear, since precocious males of other salmonid species will
actively court large females in the absence of competitors (Foote and Larkin 1988).

Another explanation is that 17c,20B-P avoidance reflects pheromonal
communication between males. As in females, levels of 170,20B~P increase dramatically
in male salmon at the onset of spawning (Ueda et al. 1984; Dye et al. 1986; Liley et al.
1986b). Mature adult males that are subsequently paired with nest-building females exhibit
even further elevations in 17¢.,20B-P levels (Liley et al. 1986b; Liley et al. 1991; Olsen
and Liley 1993; Rouger and Liley 1993). These socially-induced increases in 170,,203—-P
may increase milt production and synchronize spawning (Rouger and Liley 1993) but may
also be important for pheromonal signalling between males. Just as physical attributes such
as body length and depth act as fitness indicators in establishing dominance among males
(Quinn and Foote, in press), olfactory cues such as gonadal hormones may also be
involved in status signalling. This might explain the avoidance of high 170,,208—-P
concentrations by precocious males since their levels of 170,20B—P are lower than those of
adult males during spawning (Stuart-Kregor et al. 1981; Ueda et al. 1983). Such a system
might be particularly important at night, when visual cues are lacking but spawning activity
continues (e.g. Hartman 1969).
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The spawning tactics of precocious males may also explain the decreased activity and
positive rheotaxis (as indicated by percentage of fish making no choice) of test fish in the
presence of 17c.,208~P vs. control water. On the spawning grounds zero-age males avoid
attacks by limiting activity and remaining inconspicuous to females and larger males
(Gebhards 1960). Since both adult males and females may release 170.,20B—P into the
surrounding water while courting, limiting activity in the presence of 170,203~P may
minimize attacks. However, this does not explain the decreased activity levels we also
observed in the presence of testosterone.

Precocious male salmon demonstrated no behavioral preference for or avoidance of
testosterone. This indicated that the observed responses to 17¢.,208~P were not due to a
general avoidance of steroids. Precocious males were able to recognize testosterone
because the percentage of fish making no choice increased in the presence of this steroid. In
contrast to our results, mature Atlantic salmon parr exhibited a strongly positive rheotactic
response to water scented with testosterone (Moore 1991). Furthermore,
electrophysiological recordings of the olfactory epithelium indicated that testosterone is an
extremely potent odorant for mature parr (Moore and Scott 1991). Surprisingly,
physiological recognition of testosterone was limited to a narrow time window just prior to
spawning. This limited window of sensitivity might explain why we saw no behavioral
responses to this odorant or alternatively this may reflect differences between the species.

Since we initiated this study several researchers have also suggested that the
sulphated conjugate of 170,20B3-P,17a1,20B-dihydroxy-4-pregnen-3-one 20-sulphate,
which is present in high levels in the plasma and urine of several teleosts (Scott and
Canario 1992), may act as a sex pheromone (Stacey et al. 1993). This compound is a
potent odorant for goldfish (Sorensen et al. 1991) and male Atlantic salmon parr (Moore
and Scott 1992). While we did not test the responsiveness of precociously mature chinook
males to 170(,20B¥P-su1phate, Scott et al. (1994) found that mature male rainbow trout
neither avoided nor were attracted to this compound.

In summary, precociously maturing zero-age chinook salmon avoided water scented
with the reproductive steroid hormone 17¢,203—P. This avoidance response was not
apparent in immature male or female chinook salmon of the same age or mature males
tested in the presence of a second steroid hormone, testosterone. Taken together, these
results suggest that 170,20B8~P is a behaviorally relevant odorant for precociously
maturing male salmon. We hypothesize that large mature male salmon would be attracted to
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170,20B-P and the avoidance responses we observed were associated with the sneaker

spawning tactics employed by precocious fish.
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Figure 1. Behavioral responses of immature and precociously mature chinook salmon to
water scented with 17a, 203—P and testosterone. Data represents mean percentage time
spent in the arm scented with odorant vs time spent in the control arm. Significant
departures (p=0.05) from the 50 % level of no preference are indicated by an asterisk.
Vertical lines represent the 95% confidence intervals back calculated from arcsine
transformations used for statistical analysis.
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Table 5. Responses of mature and immature chinook salmon to water scented with 17a.,

20B-P, testosterone, or control water. Data represent responses of individual fish (odor
arm, control arm (Ctl), or no choice (NC)) as measured by first arm entered, position at
end of 4-min trial, and arm in which fish spent the majority of time (Time Preference).
Significant departures from a 50:50 no preference response are indicated by asterisks.

First Arm Entered Final Position Time Preference

Odorant Tested Odor Ctl. NC Odor Ctl. NC Odor Ctl. NC

Mature Control water 24 U 2 23 25 2 26 2 2
Mature 17c, 208-P 38 62* 61 39 41 81 40 60** 61
Immature 17, 208-P 44 36 18 40 40 18 34 4 18
Mature Testosterone 57 42 50 32 36 81 49 50 50

*42= 576, P< 0.05:
*+y2= 400, P< 0.05:



Chapter V

Regulation of the Ca2+/Calmodulin Sensitive Type III Oifactory and Type I
Adenylyl Cyclase by G Protein Coupled Receptors

Introduction

The family of muscarinic acetylcholine receptors (m1-mS5) couple via guanine
nucleotide binding proteins (G proteins) to a variety of signal transduction systems within
cells including adenylyl cyclases, phospholipase C, and ion channels (Nathanson 1987;
Jones et al. 1992). Tissue-specific responses to these receptors are governed by the
complex interactions between distinct receptor subtypes, G protein subunits, and effectors
expressed in different cell types. Within a given cell, individual muscarinic receptor
subtypes can activate multiple G protein/effector pathways adding further complexity to
this system. Consequently, a specific muscarinic receptor subtype can initiate divergent
intracellular processes when expressed in different cell or tissue types. For example, in
most neuronal tissues, m4 muscarinic receptors couple to inhibition of adenylyl cyclase
activity, but in the olfactory bulb, m4 activation stimulates adenylyl cyclase activity
(Olianas and Onali 1990, 1991).

What determines the tissue specificity of these responses? While considerable effort
has been directed at this question by examining the role of receptor/G protein specificity
(Ross 1989; Hille 1992), until recently, the role of distinct adenylyl cyclase isozymes in
determining specific muscarinic responses has been less thoroughly investigated (Tang
and Gilman 1991; Federman et al. 1992; Duzic and Lanier 1992). With the recent cloning
and characterization of six distinct adenylyl cyclase isozymes, however, the breadth of
regulatory diversity represented in the adenylyl cyclase family is now being recognized
(reviewed in Choi et al. 1993a). Although it was originally believed that only the alpha
subunits of Gg or Gj could directly regulate adenylyl cyclases, there is now evidence that
the beta/gamma complex can also modulate adenylyl cyclase activity (Tang and Gilman

1991; Federman et al. 1992; Taussig et al. 1993). All six adenylyl cyclases cloned to date
are sensitive to Gg-alpha stimulation but vary considerably in their sensitivity to

beta/gamma heterodimers. For example, in the presence of activated Gg-alpha the type II

and IV adenylyl cyclases are stimulated by beta/gamma released upon receptor activation,
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while the type I enzyme is inhibited by beta/gamma. Other adenylyl cyclase isozymes are
unaffected by beta/gamma. Regulation of adenylyl cyclase activity is also controlled by
intracellular Ca2+ levels; the type I and III adenylyl cyclases are stimulated by calmodulin
(CaM) and Ca2+ (Krupinski et al. 1989; Choi et al. 1992a) whereas the other four
enzymes are insensitive to CaM.

The m4 muscarinic receptor regulates intracellular cAMP through a number of
discrete G protein pathways. In general, the activation of m2 and m4 receptors are thought
to directly inhibit cAMP production via G; while the m1, m3, and m5 receptors couple to
stimulation of phosphoinositide (PI) hydrolysis (Peralta et al. 1988; Ashkenazi et al.
1989a). Muscarinic receptor stimulated PI turnover increases intracellular Ca2+ which can
activate the type I adenylyl cyclase ( Choi et al. 1992a). In certain cell types, m4 receptors
can also couple weakly to PI hydrolysis suggesting that m4 activation might also be able
to stimulate adenylyl cyclase activity in tissues expressing Ca2+/CaM sensitive isozymes
(Ashkenazi et al. 1989b). The recent demonstration that G; coupled receptors can regulate
adenylyl cyclase activity via beta/gamma subunits has suggested a third mechanism by
which m4 receptors might regulate intracellular cAMP levels (Federman et al. 1992). In
fact, beta/gamma activation of specific adenylyl cyclase isozymes might explain the recent
data indicating that m4 activation can stimulate adenylyl cyclase in a Ca2+-independem
manner in the olfactory bulb and certain cultured cell lines (Olianas and Onali 1990, 1991;
Baumgold et al. 1992. Jones et al. 1991).

Since m4 receptor activation can either inhibit and/or stimulate cAMP production in
different tissues, we hypothesized that m4 control of cAMP might be determined by
differential expression of adenylyl cyclase isozymes. In this study, we expressed the m4
receptor in HEK-293 cells expressing the two known Ca2+/CaM sensitive adenylyl
cyclases, type I and III. We were particularly interested in the CaM sensitive adenylyl
cyclases because they are differentially regulated by a number of distinct pathways
including, Gg-alpha stimulation, G;-alpha inhibition, intracellular Ca2+ levels, and
beta/gamma subunits (reviewed in Choi et al. 1993a).

In this chapter I demonstrate that m4 muscarinic receptors can couple to either
stimulation or inhibition of the type I and type III adenylyl cyclases through G protein

mediated processes. The data in this chaper is consistent with "cross-over" of m4
receptors from Gj inhibition to Gy stimulation of adenylyl cyclase activity.
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Methods

Cell culture and DNA transfection

Human embryonic kidney 293 cells were grown at 36° C in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10 % fetal bovine serum in a humidified 95
% air/5 % COy incubator. Cell culture materials were from Gibco unless otherwise noted.
Neomycin-resistant HEK-293 cells stably transfected with an expression vector CDM8$
that contained cDNA for type I adenylyl cyclase (CDMS8(I-AC)), type III adenylyl cyclase
(CDMBS(III-AC)), or no exogenous DNA were used for this study. Particular clones of
each type (1AC43, 3AC3, and 293-NEO) have been previously characterized (Choi et al.
1992b, 1993b) and were used for subsequent co-transfection with m4 muscarinic
receptors. Each of these cell lines were stably transfected with either pCD-PS expression
vector containing DNA encoding the chick m4 muscarinic receptor or pCD-PS vector
alone (Bonner et al. 1988). Briefly, cells were plated in 100-mm dishes at a density of 2 x
109 cells/ plate, grown overnight and transfected with the pCD control vector or
pCD(m4) (10 ug DNA/plate) and a hygromycin resistance vector (1 ug DNA/plate) by the
calcium phosphate method (Chen & Okayama 1987). Hygromycin-resistant cells were
selected in culture medium containing Hygromycin B (Sigma, 460 Units/ml) and 300
ug/ml G418. Clones of hygromycin/ neomycin-resistant cells were examined for [3H]
QNB binding to detect cells that expressed m4 muscarinic receptor. M4-expressing cells
were also examined for adenylyl cyclase activity (via forskolin and/or Ca2+/Cam
stimulation) to ensure that CaM sensitive adenylyl cyclase activities were maintained and
that the level of expressed adenylyl cyclase was the same between cell lines expressing
varying levels of m4 receptors. After selection, cells were maintained in media containing
230 U/ml hygromycin B and 300 pg/ml G418. Ten hygromycin/neomycin resistant
clones expressing varying levels of m4 receptor and each adenylyl cyclase type were
isolated and characterized further. Four hygromycin/neomycin resistant clones transfected
with control vector pCD and each adenylyl cyclase were isolated and characterized. Cell
line nomenclature is as follows: Cells transfected with pCD control vector were designated
"P", cells transfected with m4-pCD were designated "M", cells expressing type I or III
adenylyl cyclase were designated "1" or "3" respectively, neomycin resistant cells
transfected with control CDM8 vector were designated "N". Thus, for example,
neomycin/ hygromycin- resistant cells expressing m4 receptors and no exogenous
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adenylyl cyclase were designated "MN" followed by an arbitrary clone number (e.g. MN-
15). '

3H] ONB binding assays

Expression levels of m4 muscarinic receptors were determined by measuring
specific [3H] QNB binding to cell membrane homogenates as described by Nathanson et
al. (1992). Briefly, cells were grown to confluence in 100 mm culture dishes, washed
twice with ice-cold PBS, and harvested in 4 ml ice-cold 50.0 mM sodium phosphate, pH

7.4. Cells were homogenized by hand with 20 strokes of a ground glass homogenizer and
centrifuged at 30,000 x g, 4° C, for 15 minutes. The pellets were washed once in NaPOy,

recentrifuged, and resuspended in 0.5 ml of 50 mM NaPQOg4_ Duplicate samples of 0.1 ml
of resuspended membranes were incubated for 90 min at 25 ° C with 4.2 x 10-10 M [3H]
QNB (Amersham) in a final volume of 1.0 ml. Nonspecific binding was measured in
parallel in the presence of 1.0 uM atropine.

Cyclic AMP accumulation.

Changes in intracellular cAMP levels were measured by determining the ratio of
[3H] cAMP to a total ATP and ADP pool in [3H] adenine loaded cells as described by
Wong et al. (1991). Confluent cells in 6-well plates were initially incubated in DMEM
containing [3H] adenine (2.0 uCi/ml, ICN) for 16-20 hours, washed once with 150 mM
NaCl, and incubated at 37° C for 30 min in incubation buffer (118 mM NaCl, 4.7 mM
KCl, 2.0 mM CaClp, 1.2 mM MgSO0y4, 1.2 mM KHjPOy4, 0.5 mM EDTA, 10.0 mM
glucose, 20.0 mM HEPES, pH 7.4) containing 1.0 mM IBMX, 5.0 UM forskolin and
various effectors as indicated. Reactions were terminated by aspiration, washing cells
once with 150 mM NaCl, and adding 1.0 ml of ice-cold 5% TCA containing 1.0 uM
cAMP. Culture dishes were maintained at 4° C for 1-4 hours and acid-soluble nucleotides
were separated by ion-exchange chromatography as described (Salomon et al. 1974).

While this assay system affords rapid and extremely sensitive measurements of
relative changes in intracellular cAMP levels in response to carbachol, we were initially
concerned about reproducibility because we, like others (Federman et al. 1992), noticed
that absolute numbers for cAMP accumulation often varied between experiments. It is
important to emphasize that relative changes in cAMP were highly consistent between
experiments. However, to ensure that these changes in cAMP accumulation were accurate
and to assess the relative contribution of transfected adenylyl cyclase vs. endogenous
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adenylyl cyclases expressed in these cells, we used the more laborious method of Gilman
(1970) to measure absolute cCAMP levels in several cell lines expressing type I, type III, or
no exogenous adenylyl cyclase. These results confirmed the relative changes in cAMP
levels previously observed in response to carbachol in all cell lines tested. For example,
treating forskolin stimulated type III adenyly! cyclase expressing cell lines P3-2, M3-14,
and M3-32 with 1.0 mM carbachol altered intracellular cAMP levels (pmol cAMP
formed/mg protein) from 4649.9 + 346.2 to 4677.9 x 29.4; 4762.0 + 335 to 2229.6 +
27.6; and 4268.0  29.4 to 7410.3 £282.5, respectively. Furthermore, these experiments
demonstrated that relative changes in cAMP in Type I and III adenylyl cyclase cell lines
were primarily due to regulation of these exogenously expressed adenylyl cyclase. For
example, forskolin stimulated levels of cAMP in control HEK-293 cells (PN-5) were only
551.8 £99.5 pmol/mg compared to 3209.1 + 13.5 and 4649.9 + 346.2 pmol/mg in Type
I (P1-6) and III (P3-2) expressing cell lines, respectively. These results indicated that
endogenous adenylyl cyclases contributed at most only 10-20 % to the relative changes in
CAMP levels observed in forskolin-stimulated type I and III expressing cells.

Cell membrane preparation

Membranes were prepared as described in Choi et al. (1992a, b). Briefly,
confluent cells were washed twice with 150 mM NaCl, harvested into ice-cold membrane
buffer (20 mM Tris-HCI, pH 7.4, 2.0 mM MgCly, 1.0 mM EDTA, 0.5 mM
dithiothreitol, 5.0 ptg/ml leupeptin, and 0.5 mM phenylmethanesulfonyl fluoride), and
broken at 4° C by Dounce homogenization. Membranes were separated from nuclei and
unbroken cells by centrifugation at 600xg for 2 min and the supernatants were subjected to
centrifugation at 30,000 g for 20 min. The resulting membrane pellets were resuspended
in membrane buffer (4° C) to a typical protein concentration of 0.2 to 0.8 mg/ml and
assayed for adenylyl cyclase activity. Protein concentrations were determined by the
bicinchoninic acid method (Pierce Chemical).

Adenylyl cyclase assays

Adenylyl cyclase activity was determined by adding membrane fractions (10-40 pg
protein) to an assay solution containing 1.0 mM alpha [32P]-ATP (500 cpm/pmol), [3H]-
cyclic AMP (20,000 cpm/pmol), 5.0 mM MgCly, 0.2 mM EGTA, 1.0 mM EDTA, 2.0
mM cyclic AMP, 1.0 mM beta-mercaptoethanol, 5.0 mM theophylline, 0.1 % bovine
serum albumin, 20 mM phosphocreatine, and 100 units/ml creatine phosphokinase in 20
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mM Tris-HCI, pH 7.4 in a final volume of 250 pl. After 25 min at 30° C, reactions were
terminated by adding 750 pl 1.5% SDS and [32P]-cyc1ic AMP generated was measured
as described by Salomon et al. (1974). Peptide m4:393-411
(RSQVRKKRQMAAREKKVTR) was synthesized and purified by the University of
Washington Molecular Pharmacology Protein Core facility.

Quantitation of intracellular free Ca2+
Cell lines grown on glass cover slips were examined for intracellular free Ca2+
using fura-2 by the method of Hassid (1986).

Results

To examine the coupling of m4 muscarinic receptors to type I and III adenylyl
cyclases, human embryonic kidney (HEK-293) cells stably expressing either type I or
type III adenylyl cyclase were transfected with plasmids containing the m4 muscarinic
receptor DNA and a gene conferring resistance to the antibiotic hygromycin. HEK-293
cells were chosen because they contain low levels of endogenous adenylyl cyclases and
the regulation of type I and III adenylyl cyclases in these stable lines has been
characterized (Choi et al. 1992b, 1993b). Forty independent hygromycin resistant cell
lines of each adenylyl cyclase type were screened for stable m4 expression by [3H] QNB
binding and several lines expressing varying levels of m4 receptor were maintained for
subsequent studies (Figure 12). Control cell lines transfected with hygromycin resistance
and plasmid lacking m4 were also selected. All cell lines were further screened for type
specific adenylyl cyclase activity ( i.e. Ca2+/Cam sensitivity) to ensure adenylyl cyclase
expressions were maintained .

Wild type HEK-293 cells apparently express low levels of endogenous m1 or m3
muscarinic receptors since carbachol treatment of these cells expressing type I adenylyl
cyclase indirectly stimulated cAMP production by increasing intracellular free Ca2* (Choi
et al. 1992b). However, no specific QNB binding in wild type cells or hygromycin
resistant control cell lines was detectable indicating that endogenous muscarinic receptor
levels are very low (Figure 12). In cell lines expressing type I or type III adenylyl
cyclase, m4 receptor expression varied from 25 to 400 fmol [3H] QNB bound/mg protein
(Figures 12a, b). Control cells expressing no exogenous adenylyl cyclases had receptor
levels ranging from 50 to 450 fmol [3H] QNB bound/mg protein (Figure 12¢). These
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levels of receptor expression are consistent with m4 levels in several brain tissues (Wall et
al. 1992 a, b).

We initially examined cells expressing different levels of m4 receptor with or
without the type I or III adenylyl cyclases by monitoring changes in intracellular ;cAMP
production after exposure to the muscarinic agonist, carbachol. Carbachol treatment of cell
lines expressing type I adenylyl cyclase but no exogenous m4 receptor (e.g. P1-6, Figure
2a) caused a small increase in cAMP production with an ECs() of approximately 50 uM.
These data are consistent with the results of Choi et al. (1992b) who demonstrated a
Ca2+-dependent carbachol stimulation of the type I adenylyl cyclase expressed in HEK-
293 cells, presumably via IP3 mediated Ca2+ increases. Intracellular cAMP levels
declined in response to carbachol in most cell lines expressing type I adenylyl cyclase with
low to moderate levels of the m4 receptor (e.g. M1-32, M1-37), presumably via m4
activation of G (Figure 13a). Maximal inhibition for each cell line in the presence of 1.0
mM carbachol varied from 40 % (cell line M1-37) to 80 % (cell line m1-33) (i.e. 20-60 %
of cAMP accumulation in the absence of carbachol). In cell line M1-36, which expressed
type I adenylyl cyclase and relatively higher levels of m4 , carbachol stimulated cAMP
levels 1.5 to 2.5 fold (Figure 13a).

Cell lines expressing the type III adenylyl cyclase and varying levels of m4 receptor
showed similar responses to carbachol (Figure 13b). Carbachol treatment of control cells
expressing no exogenous muscarinic receptor had no effect on cAMP production (e.g. cell
line P3-2, Figure 13b). These results are consistent with our previous findings which
indicated that endogenous muscarinic receptors in HEK-293 cells do not affect type I1I
adenylyl cyclase activity (Choi et al. 1992a, b) . Like type I adenylyl cyclase containing
cells, cCAMP production was inhibited approximately 50 % by carbachol in type II cell
lines expressing low to moderate levels of m4 receptors (e.g. M3-37, M3-14, Figure
13b). However, in cell line M3-32, which expressed the highest levels of m4 , carbachol
treatment increased cAMP production approximately 1.5 fold. Maximal stimulation of
cAMP production in M3-32 was generally slightly lower than M1-36, varying from 120 to
200% of control levels in 4 experiments performed.

Cyclic AMP levels in wild type HEK-293 cells expressing no exogenous adenylyl
cyclase and no exogenous muscarinic receptor were unaffected by carbachol treatment (e.g
PN-5, Figure 13c). In m4 expressing lines, CAMP accumulation was inhibited
approximately 40-60 % by carbachol in a dose-dependent manner (e.g. MN-5, Figure
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13c). In all cell lines, 1.0 4M atropine, a muscarinic antagonist, blocked the effects of 1.0
mM carbachol on cAMP production.

The concentration dependence for carbachol effects on intracellular cAMP in M1-36
and M3-32 cells was examined in greater detail over an expanded range of carbachol
concentrations (Figure 14). Interestingly, treatment of both M1-36 and M3-32 with low
carbachol concentrations decreased cAMP production to 50 to 60 % while higher

concentrations of carbachol stimulated cAMP levels approximately 1.5 fold . In both cell
lines, maximal cAMP inhibition was observed at 0.1 to 0.5 pM carbachol with an ECs)

of approximately .01 uM while the EC5( for stimulation (~5.0 uM) was approximately
100 fold higher. In comparison, the ECs( for carbachol inhibition in cell lines that only

demonstrated cAMP inhibition (e.g. M1-37, M3-14, M3-37) ranged between 1.0 to 10.0
uM carbachol (Figure 13). Atropine treatment blocked both the carbachol mediated
inhibition and stimulation of cAMP accumulation in these cells although at high agonist
concentrations, CAMP levels were slightly lowered.

In most m4 expressing cell lines, we observed classical m4 receptor-mediated
inhibition of CAMP, presumably via G; activation. We were particularly interested,
however, in understanding the mechanisms by which m4 receptors stimulated the
accumulation of cAMP in cell lines M1-36 and M3-32. Two primary hypothesis have been
proposed to explain muscarinic receptor stimulation of adenylyl cyclases. The first
suggests that muscarinic stimulation of PI turnover and subsequent increases in
intracellular Ca2+ activate Ca2+/Cam sensitive adenylyl cyclases (Felder et al. 1989;
Jansson et al. 1991; Choi et al. 1992b). The second hypothesis proposes direct activation
of beta/gamma sensitive isozymes of adenylyl cyclase (Federman et al. 1992; Baumgold
1992). Since the type I and III adenylyl cyclases are not stimulated by beta/gamma (Tang
and Gilman 1991), we investigated the role of Ca2+ in m4 mediated stimulation of cAMP
in cell lines M1-36 and M3-32.

To determine the role of Ca2+ in carbachol stimulation of intracellular cAMP, we
preloaded cells with the intracellular Ca2+ chelator BAPTA/AM to block any carbachol
stimulated increases in [Ca2+]i. Preliminary experiments using fura-2 loaded M1-36 and

M3-32 cells indicated that treatment with 0.5 mM carbachol elicited a rapid 4-5 fold
increase in [Caz‘*']i from approximately 40 to 160 pM . Pre-treatment of these same cells
with 100.0 uM BAPTA/AM for 30 min completely buffered any Ca2+ increases during a
30 min exposure to 0.5 mM carbachol (data not shown). We then examined the effect of
BAPTA/AM treatment on carbachol stimulated cAMP increases. In both cell lines,
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carbachol inhibition at low concentrations and stimulation at high concentrations were
unaffected by BAPTA buffering of {Ca2+]; suggesting that Ca2* was not required for any
of the carbachol mediated effects on cAMP accumulation (Figure 14a,b).

To further characterize the role of Ca2+ in m4 stimulation of adenylyl cyclase, we
directly measured adenylyl cyclase activity in membranes in the absence of Ca2+ (Figure
15). Because m4 coupled Gj-mediated inhibition of adenylyl cyclase in isolated
membranes requires high NaCl concentrations (Lichtshtein et al. 1979), we performed
assays both in the presence and absence of NaCl. Since we were primarily interested in
the mechanism of m4 stimulation of adenylyl cyclase, we initially performed assays in the
absence of NaCl to eliminate inhibitory coupling. In the presence of 10.0 uM GTP, 5.0
UM forskolin, 200 uM EGTA and no added Ca2+ or NaCl, carbachol did not inhibit
adenylyl cyclase activities in membranes isolated from any cell line tested (Figure 15).
Under these conditions, type I adenylyl cyclase activity in M1-36 membranes was

‘stimulated approximately 1.5 fold by carbachol with a concentration dependence similar to
that in whole cells (ECs( = 5-10 uM). In the absence of NaCl, adenylyl cyclase activity in
membranes isolated from cell line M1-37, which exhibited only carbachol mediated
CAMP inhibition in whole cell experiments, was also stimulated in a dose-dependent
manner by carbachol. In type III adenylyl cyclase expressing cell lines, only membranes
isolated from cell line M3-32 demonstrated carbachol stimulation of adenylyl cyclase
activity (data not shown). In all cases, 1.0 uM atropine blocked carbachol stimulation of
adenylyl cyclase activity. In the presence of high NaCl (100mM), carbachol stimulation
of adenylyl cyclase activity in cell lines M1-37 and M1-36 was reduced 66 and 75 %,
respectively, presumably due to competing inhibitory actions of G; (data not shown). In
cell lines, expressing lower m4 receptor levels (e.g. M3-14), 1.0 mM carbachol inhibited
adenylyl cyclase activity in membranes 20-30 % in the presence of 100 mM NaCl. The
addition of low concentrations of forskolin was required to obscrve m4-mediated
inhibition of adenylyl cyclase activity (e.g. Lichtshtein et al. 1979) and improved the
ability of m4 to stimulate adenylyl cyclase.

Since m4 stimulation of either type I or III adenylyl cyclase did not require Ca2+,
we wondered if this stimulatory coupling was dependent on activation of a G protein. To
examine this question, we measured carbachol regulation of adenylyl cyclase activity in
membranes isolated from cell line M1-36 in the presence or absence of GDP-beta-S, a
GDP analogue which blocks G protein activation. In the presence of 10.0 uM GTP, 50.0
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KM GDP-beta-S completely inhibited carbachol mediated stimulation of type I adenylyl
cyclase but basal adenylyl cyclase activity was unaffected (Figure 16).

Since m4 receptors are known to couple to Gj and G protein activation was
apparently required for carbachol stimulation of adenylyl cyclase in these cells, we
evaluated the role of G for m4 stimulation using pertussis toxin (PTX). We also
anticipated that inhibition of Gj activity with PTX might unmask Gg coupling to m4
receptors that is not normally seen when G; is functional. PTX treatment of cell line M1-
36, in which cAMP accumulation was inhibited at low carbachol concentrations and
stimulated at high carbachol concentrations, completely eliminated carbachol inhibition of
cAMP and revealed a dramatic increase in cAMP accumulation in response to carbachol
(Figure 17a). Toxin treatment did not shift the apparent EC5) for carbachol stimulation,
however cCAMP production was stimulated 10-fold over basal levels. Interestingly, in cell
line M1-37, which exhibited only cAMP inhibition in response to carbachol, PTX
treatment abolished cAMP inhibition and unmasked a two-fold carbachol mediated
stimulation of cAMP. Similar results were seen in other m4/type I adenylyl cyclase
expressing cell lines that were examined. cAMP production in type I adenylyl cyclase
expressing cells, which expressed no exogenous muscarinic receptor, was not affected by
PTX treatment (data not shown).

In all type III adenyly! cyclase cell lines, PTX treatment blocked m4 mediated
inhibition of cCAMP accumulation. Carbachol stimulation of cAMP in M3-32 cells was
increased from two to seven fold by PTX treatment (Figure 17b). As in type I adenylyl
cyclase cell lines, PTX treatment of type III cell lines inhibited by carbachol, uncovered a
carbachol mediated stimulation of cAMP at higher agonist concentrations (e.g. M3-14,
Figure 17b). PTX treatment of type III adenylyl cyclase cell lines which expressed no
exogenous m4 receptors did not affect cAMP metabolism. To ensure that the increased
cAMP stimulation caused by PTX was still not due to increases in [Ca2*];, we preloaded
PTX treated M1-36 cells with BAPTA/AM prior to carbachol exposure and determined
that this increased cAMP accumulation was unaffected by Ca2+ chelation (Figure 17a).

Because pertussis toxin treatment of cells uncoupled Gj-mediated inhibition and
revealed a dramatic increase in cAMP accumulation, we wondered if the differential
coupling by m4 receptors to inhibition and stimulation of adenylyl cyclase might be due to
different affinities of the m4 receptor for Gj and Gg. Recently, Okamoto and Nishimoto

(1992) described a polypeptide sequence within the human m4 muscarinic receptor which
apparently represents the Gj activating region for this receptor. Synthetic peptides
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corresponding to residues 375-400 of the human m4 receptor were able to directly activate
G; at nanomolar concentrations in a magnesium dependent manner (Okamoto and

Nishimoto 1992). Interestingly, this peptide was also able to activate Gg but at 100-fold
higher concentrations. Since stimulation of adenylyl cyclase by the m4 receptor required
approximately 100-fold higher concentrations of carbachol than inhibition (Figure 14), we
tested whether a peptide corresponding to this region in the chick m4 receptor (M4: 393-
411) could directly mimic the differential effects of the activated receptor on adenylyl
cyclase activity. Using membranes isolated from cell line P3-2, which stably expressed
the type III adenylyl cyclase and no exogenous muscarinic receptor, we measured
adenylyl cyclase activity in response to increasing concentrations of peptide m4:393-411.
Initial experiments with forskolin-stimulated activity indicated that m4:393-411 elicited a
biphasic response similar to that observed with agonist-activated m4 receptor: slight
inhibition (10%) at low peptide concentrations (1.0 uM) and increasing adenylyl cyclase
activity at higher concentrations (~50 uM). As with intact m4 receptor, the inhibitory
phase of this response was only observed in the presence of 100mM NaCl. To more
carefully examine peptide stimulation of adenylyl cyclase, we treated P3-2 cells with PTX
to eliminate potential Gj-mediated competing effects and measured adenylyl cyclase
activity in isolated membranes with increasing concentrations of m4:393-411 (Figure 18).
In PTX-treated membranes, M4:393-411 did not inhibit adenylyl cyclase activity at any
concentration but stimulated adenylyl cyclase activity 1.6 fold with an EC5s() of 50 uM. At
high peptide concentrations (=100 pM), stimulation of adenylyl cyclase activity was

reduced. These results are consistent with the cross-over of m4 receptor G protein
activating peptides from G;j to Gg activation observed by Okamoto and Nishimoto (1992)

and suggest that stimulation of adenylyl cyclase by m4 receptors occurs via Gg activation.

If m4 receptor activation of Gs is responsible for adenylyl cyclase stimulation, one
might expect that cholera toxin pre-treatment of M1-36 or M3-32 cells would reduce the
available pool of Gs which can couple to m4 and reduce the level of adenylyl cyclase
stimulation at high carbachol concentrations. Indeed, pre-treatment of M1-36 cells
overnight with cholera toxin decreased the carbachol-mediated stimulation of adenylyl
cyclase activity (data not shown). These results are difficult to interpret, however, because
cholera toxin treatment may directly and maximally activate Gs-mediated adenylyl cyclase
activity.



71

Discussion

Jones et al. (1991) have shown that m4 receptors in transfected CHO cells display a
biphasic response; at low agonist concentrations CAMP accumulation is inhibited while at
higher agonist concentrations CAMP accumulation is stimulated. The mechanism
underlying this Ca2+-independent m4 stimulation of adenylyl cyclase is not known,
although it has been hypothesized that this phenomenon may be due to stimulation of
beta/gamma sensitive adenylyl cyclase isozymes (Federman et al. 1992; Baumgold 1992;
Bourne and Nicoll 1993). It has been difficult to define the role of beta/gamma in this
phenomenon because coupling of m4 receptors to specific forms of adenylyl cyclase with
known sensitivities to beta/gamma had not been examined until this study.

We have discovered that m4 receptors can couple to inhibition or stimulation of
CaM sensitive adenylyl cyclases. Inhibition of the type I and III adenylyl cyclase
activities was most likely mediated via G; activation since PTX treatment completely
eliminated inhibition. While inhibition of the type I enzyme might have been due to
beta/gamma inhibition, the carbachol concentration dependence for inhibition of the type I
and HII adenylyl cyclases was similar, Furthermore, beta/gamma regulation could not
explain inhibition of the type Il adenylyl cyclase since it is not affected by beta/gamma. In
isolated cell membranes, inhibition of adenylyl cyclase was only apparent in the presence
of high NaCl concentrations. This NaCl requirement for G; coupling may explain the

seemingly paradoxical stimulation of adenylyl cyclase in membranes isolated from cell line
M1-37, which exhibited cAMP inhibition in intact cells. In the absence of NaCl, Gi-
mediated inhibition is uncoupled and competing stimulatory responses may be revealed.

While in most cell lines m4 activation inhibited cAMP accumulation, in cell lines
expressing the highest levels of m4, carbachol elicited a biphasic response. The
stimulatory component was apparent in all cell lines after PTX treatment suggesting that
there may be competition between PTX-sensitive and insensitive G proteins for receptor
recognition. The type I enzyme appeared to be slightly more sensitive to carbachol
stimulation compared to the type IIl adenylyl cyclase but this may reflect higher levels of
m4 expression in type I expressing cells.

What is the mechanism underlying m4-mediated increases in cAMP? Experiments
with BAPTA treated cells and adenylyl cyclase assays in isolated membranes
demonstrated that stimulation of the type I or III adenylyl cyclases by m4 receptors did
not require Ca2+ . These results are consistent with those reported in the olfactory bulb,
where both the type I and III adenylyl cyclases are expressed (Xia et al. 1991; Glatt and
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Snyder 1993), but differ from results in SK-N-SH cells where Ca2+-independent
muscarinic stimulation of adenylyl cyclase was only apparent in whole cells (Baumgold et
al. 1992). In m4-transfected CHO cells, m4 induced increases in cAMP with a carbachol
concentration dependence similar to what we observed, but the mechanism for
stimulation in this system was not determined and the types of adenylyl cyclases
expressed in these cells is unknown (Jones et al. 1991).

Several lines of evidence indicate that the stimulation of type I and III adenylyl
cyclases by m4 receptors was not due to m4-mediated release of beta/gamma from Gj or

G, . Beta/gamma stimulation seems unlikely since the type I adenylyl cyclase is inhibited

and the type III enzyme is unaffected by beta/gamma subunits (Tang and Gilman 1991;
Taussig et al. 1993). Furthermore, PTX treatment of these cells enhanced the m4
stimulation of adenylyl cyclase rather than blocking stimulation as would be expected if
beta/gamma released from Gj or G, was responsible. Stimulation of the type I and III
adenylyl cyclases in membranes required GTP suggesting that stimulation was mediated
via a stimulatory G protein, presumably Gg.

Recently, Nishimoto and his colleagues described a polypeptide sequence motif
within several G protein coupled receptors which apparently represents specific G protein
activator regions (Okamoto et al. 1991; Okamoto and Nishimoto 1992; Ikezu et al. 1992).
Within the human m4 receptor, amino acids sequences 130-147 , 217-240, and 375-400
are potential G protein interaction domains and peptides corresponding to these sequences
stimulate GTP binding to specific G proteins. Synthetic peptides corresponding to
residues 130-147 and 375-400 were able to activate Gj/G but only peptide 375-400 could
activate at nanomolar concentrations (Okamoto and Nishimoto 1992). Since the activation
domain corresponding to residues 130-147 is conserved across all known muscarinic

receptors and activator region 375-400 only occurs in m2 and m4 receptors, the 375-400
sequence is most likely the G;/G, activation site (Okamoto and Nishimoto 1992).

Interestingly, peptides 130-147 and 375-400 were also able to activate Gg but at
concentrations 30-100 times greater than required for G; activation (Okamoto and
Nishimoto 1992). In the chick m4 receptor, which was used in this study, all three G
protein activator regions present in human m4 are conserved (Tietje et al. 1990). Peptides
derived from two of these domains had significant inhibitory and stimulatory effects on
adenylyl cyclase activity while the third had no effect (Dittman and Storm, unpublished
observation). Peptide m4:393-411 (corresponds to peptide 375-400 in the human m4
receptor) was able to mimic the dose-dependent biphasic inhibitory and stimulatory actions
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of activated m4 receptor on adenylyl cyclase activity. Therefore, the ability of m4

receptors to either inhibit or stimulate CaM sensitive adenylyl cyclases may reflect the
differential affinities of these domains for G; vs Gg. Since the affinity of these domains

are apparently higher for G;j than Gg, m4 stimulation of adenylyl cyclases via Gg may only
be evident when m4 receptor density is high , or when G; is inhibited with PTX. It is
interesting to note that the stimulation by the M4 peptide was lower than with M4 agonist
under the same conditions, presumably because of the lower efficacy of an added peptide
compared to the holo-receptor expressed in the plasma membrane.

The human alphapC10 adrenergic receptor also contains several putative G protein
activator regions including residues 131-148 in the second cytoplasmic loop which
specifically activates Gg with a similar EC5( for Gg activation as domain 375-400 of m4
(Okamoto and Nishimoto 1992). It is interesting that this adrenergic receptor subtype can
also functionally couple to both Gj-mediated inhibition and Gg-mediated stimulation of
adenylyl cyclase (Fraser et al. 1989; Eason et al. 1992).

What role does m4 receptor coupling to Gg play in cellular signal transduction? In
the olfactory bulb and retina (Olianas and Onali 1990, 1991; Brown and Rietow 1982),
Ca2+-independent stimulation of adenylyl cyclase by muscarinic receptors has been

reported, although stimulation is apparently sensitive to PTX in the olfactory bulb (Olianas
and Onali 1992). M4 activation of Gg may act directly to stimulate adenylyl cyclases or

alternatively the dual Gg and G; coupling properties of m4 might facilitate beta/gamma
stimulation of type II and IV adenylyl cyclases. Since activated Gg-alpha is required for
beta/gamma stimulation of type IT and IV adenyly!l cyclase, receptors such as m4 or
alphapC10, which can activate both Gg-alpha and stimulate beta/gamma release from G; or
Go, may provide signal integration through a single receptor (Tang and Gilman 1991;
Bourne and Nicoll 1993).

In summary, we have demonstrated that the m4 muscarinic acetylcholine receptors
can couple to Gj-mediated inhibition or Gg-mediated stimulation of CaM sensitive

adenylyl cyclases, depending upon receptor density. These results and the recent
demonstration of Gg activating domains in m4 and alphaj adrenergic receptors suggests

that the m4 receptors may belong to a subclass of dual functioning receptors that can show
cross-over from Gj- to Gg-mediated regulation of adenylyl cyclases. We can now define

four coupling mechanisms for muscarinic receptor regulation of adenylyl cyclases which
include direct inhibition through G, indirect stimulation of CaM sensitive enzymes by

mobilization of intracellular Ca2+, modulation of adenylyl cyclases by released
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beta/gamma, and direct stimulation through Gs coupling. All of these mechanisms may
play important regulatory roles in specific areas of the nervous system.
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FIGURE 12. Levels of stable m4 muscarinic receptor expression in 293 HEK cells
expressing Ca2+/Cam sensitive adenylyl cyclases. Stable cells line expressing both m4
muscarinic receptors and exogenous adenylyl cyclases were generated by co-transfecting
the m4-pCD vector and a hygromycin B resistance vector into stable lines expressing type
I or type I adenylyl cyclase, or neomycin resistance alone. M4 receptor expression
levels were determined by measuring [3H] QNB binding to membrane homogenates as
described in experimental procedures. Specific binding was determined by subtracting
amount bound in the presence of 1.0 uM atropine. Cell line nomenclature is as follows:
Cells transfected with pCD control vector were designated "P", cells transfected with m4-
pCD were designated "M", cells expressing type I or III adenylyl cyclase were designated
"1" or "3" respectively, neomycin resistant cells transfected with control CDMS vector
were designated "N". Thus, for example, neomycin/ hygromycin- resistant cells
expressing m4 receptors and no exogenous adenylyl cyclase were designated "MN"
followed by an arbitrary clone number (e.g. MN-15). A) Distinct cell lines expressing
type 1 adenylyl cyclase and varying levels of m4 muscarinic receptor. B) Distinct cell
lines expressing type III adenylyl cyclase and varying levels of m4 muscarinic receptor.
C) HEK-293 cells expressing no exogenous adenylyl cyclase and varying levels of m4
muscarinic receptor.
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FIGURE 13. Effect of carbachol on cAMP accumulation in representative HEK-293 cells
expressing Ca2+/Cam sensitive adenylyl cyclases and varying levels of m4 muscarinic
receptors. Cell lines stably expressing varying levels of m4 receptor and A) type I
adenylyl cyclase [cell line P1-6 O (no m4); M1-32 A (Low m4); M1-37 (J (Med. m4);
M1-36 @ (High m4)], B) type III adenylyl cyclase [cell line P3-2 O (no m4); M3-37 A
(Low m4); M3-14 (3 (Med. m4); M3-32 @ (High m4)] or C) neomycin resistance alone
[cell line PN-5 O (No m4); MN-5 A (High m4)] were exposed for 30 min to incubation
buffer containing 5.0 uM Forskolin, 1.0 mM IBMX and increasing concentrations of the
muscarinic agonist carbachol. To ensure the effects of carbachol were mediated via
muscarinic activation, each cell line was also treated with the highest carbachol
concentration (1.0 mM) in the presence of 1.0 uM atropine. Cyclic AMP accumulations
were determined as described in Experimental Procedures. Results are expressed as a
percentage of forskolin-stimulated cAMP accumulation for each cell line in the absence of
carbachol. These data represent triplicate determinations in one experiment; three
additional experiments gave similar results. Taken together, data from four independent
experiments indicated that there is no significant difference in the dose-dependence of
CAMP inhibition between cell lines M1-32 and M1-37 as suggested by the representative
data presented in Figure 13A.
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FIGURE 14. Effects of BAPTA/AM on carbachol-mediated increases in cAMP
accumulation in HEK-293 cells expressing Ca2+/Cam sensitive adenylyl cyclases and m4
muscarinic receptors. Cell lines expressing m4 receptors and either A) type I adenylyl
cyclase (M1-36) or B) type II adenylyl cyclase (M3-32) were exposed to carbachol in the
presence (A) or absence (A, O) of 1.0 uM atropine for 30 min. in incubation buffer
containing 5.0 pM Forskolin and 1.0 mM IBMX. Relative cAMP accumulations were
determined as described in Experimental Procedures. Immediately prior to carbachol
exposure, cells were incubated for 30 min. in the presence (A) or absence (A,0) of 100.0
uM BAPTA/AM in non-supplemented DMEM and washed twice with 150 mM NaCl.
Resulis are expressed as a percentage of forskolin-stimulated cAMP accumulation for each
cell line and treatment in the absence of carbachol. These data represent triplicate
determinations in one experiment; one additional experiment gave similar results.
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FIGURE 15. Effect of muscarinic agonist on adenylyl cyclase activity in membranes
isolated from HEK-293 cells expressing type I adenylyl cyclase and m4 muscarinic
receptors. Membranes isolated from cell lines expressing varying levels of m4 muscarinic
receptor and type I adenylyl cyclase (P1-6 A; M1-37 @, O; M1-36 l,(J) were assayed
for adenylyl cyclase activity in the presence of 10.0 uM GTP, 5.0 uM forskolin and
increasing concentrations of carbachol. To ensure the effects of carbachol were mediated
via muscarinic activation, membranes were also assayed at the highest carbachol
concentration (1.0 mM) in the presence of 1.0 uM atropine (O, (). Results are expressed
as a percentage of forskolin-stimulated adenylyl cyclase activity for each cell line and
treatment in the absence of carbachol. Specific activities (pmol cAMP formed/min/mg) of
forskolin-stimulated adenylyl cyclase activity in isolated membranes were P1-6:149.82 +
20.67, M1-37: 148.53 + 6.49, M1-36: 134.40 £+ 18.68. Membrane isolation and
adenylyl cyclase assay are described under "Experimental Procedures." These data
represent triplicate determinations in one experiment; two additional experiments gave
similar results.
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FIGURE 16. Effect of GDP-beta-S on carbachol stimulated adenylyl cyclase activity in
membranes expressing type I adenylyl cyclase and m4 receptors. Membranes isolated
from cell line M1-36 were assayed for adenylyl cyclase activity in the presence of 10.0
UM GTP, 5.0 uM forskolin and increasing concentrations of carbachol either in the
presence (O) or absence ((J) of 50.0 uM GDP-beta-S. To ensure the effects of carbachol
were mediated via muscarinic activation, membranes were also assayed at the highest
carbachol concentration (0.5 mM) in the presence of 1.0 UM atropine. Membrane
preparation and adenylyl cyclase assay are described under "Experimental Procedures."
These data represent triplicate determinations in one experiment; one additional
experiments gave similar results.
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FIGURE 17. Carbachol-mediated stimulation of cyclic AMP accumulation in cells treated
with PTX. Monolayers of cells expressing m4 receptors and either A) type I adenylyl
cyclase (M1-37 (3. @), M1-36 (O, @, A) or B) type III adeﬁylyl cyclase (M3-14 (O,
@), M3-32 ((J, @) ) were incubated for 16-20 hours in the presence (@, ®, A) or
absence (3, O) of 100 ng/ml PTX in DMEM containing [3H] adenine. Immediately prior
to carbachol exposure, PTX-containing media was removed, cells were incubated for 30
min. in the presence (&) or absence (77, @, O, @) of 100.0 uM BAPTA/AM in non-
supplemented DMEM and washed twice with 150 mM NaCl. Cells were exposed to
increasing concentrations of carbachol for 30 min. in incubation buffer containing 5.0 uM
Forskolin and 1.0 mM IBMX and relative cAMP accumulations were determined as
described in Experimental Procedures. Results are expressed as fold-stimulation of
forskolin-stimulated cAMP accumulation for each cell line and treatment in the absence of
carbachol. These data represent triplicate determinations in one experiment; one additional

experiment gave similar results.
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FIGURE 18. Effect of G protein activating peptide m4:393-411 on adenylyl cyclase
activity in PTX-treated membranes expressing type III adenylyl cyclase. Monolayers of
cells expressing type III adenylyl cyclase and no exogenous m4 receptor (P3-2) were
incubated for 16-20 hours in the presence of 100 ng/ml PTX. Membranes isolated from
these cells were assayed for adenylyl cyclase activity in the presence of 10.0 uM GTP and
increasing concentrations of m4:393-411. Membrane preparation and adenylyl cyclase
assay are described under "Experimental Procedures." These data represent triplicate
determinations in one experiment; one additional experiments gave similar results.
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