











EFFECTS OF OVINE SERUM 113

While the mechanisms have not been defined, this study clearly shows that factors exist within
sheep serum which inhibit wool growth in vitro and it seems likely that similar mechanisms
probably occur in vivo. The effects of specific growth factors on wool production are evaluated

in Chapter’s 9 and 10 of this thesis.



CHAPTER EIGHT

AN EVALUATION OF THE EFFECT OF SEASON AND
NUTRITIONAL STATUS, PRIOR TO FOLLICLE
ISOLATION, ON WOOL PRODUCTION /N VITRO

The true worth of a researcher lies in pursuing what he did not seek in
his experiment as well as what he sought.

Claude Bernard (1813-1878)
French physiologist
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8 AN EVALUATION OF THE EFFECT OF SEASON AND
NUTRITIONAL STATUS, PRIOR TO FOLLICLE ISOLATION,
ON WooL PRODUCTION /N VITRO

8.1 INTRODUCTION

In the previous chapter, ovine serum was shown to inhibit wool growth in vitro. This effect was
moderated by sheep breed. For example, the rate of wool growth by follicles isolated from a
Drysdale animal was inhibited to a greater degree by Drysdale rather than English Leicester serum.
The inhibitory effect of serum was also moderated by the time of year at which follicles and
serum were collected. Wool growth by follicles isolated in Autumn was inhibited by serum to a
greater extent than follicles isolated in Spring. It was also apparent that wool growth was
differentially affected depending on whether the applied serum was collected in Winter or Spring.
Winter serum had a greéter effect on all foilicles irrespective of breed. ldentification of the

factors in serum that inhibited wool growth was also investigated.

All the 'findings'suggest thatthe’ rate of wool growth is regulated by specific factors in serum and
that there is a season dependent susceptibility of the follicles to these serum components.
Seasonal differences in the composition and/or concentrations of factors in serum may also exist.
This is supported by other in vivo studies which have shown that there are seasonal differences in
the rate of wool growth. In most sheep breeds, wool growth is maximum in summer and
minimum in autumn (Coop 1953; Bigham ef al. 1978; Geenty et al. 1984; Lincoln 1990). The
factors responsible for this cyclic pattern of wool growth have not been conclusively identified.
However seasonal fluctuations in photoperiod, temperature and nutrition are implicated (Bennett
et al. 1962; Ryder 1978; Allden 1979; Birrell 1992; Coombe 1992).

Regulation of the seasonal variations in wool growth may be through factors originating within the
follicle (autocrine or paracrine systems) or via endocrine growth factors. The endocrine growth
factors' prolactin and melatonin have been implicated as mediators of the photoperiodic response
because specific changes in the plasma concentrations of these growth factors occur seasonally.
They have also been shown to affect wool follicle activity (Pearson et al. 1993a; Parry et al.

1993), dietary protein intake and nitrogen retention (Curlewis 1992).

In addition to the correlation between wool growth rate and photoperiod, there is a positive
relationship between wool growth and feed intake at all times of the year (Coop 1953; Allden
1979; Coombe 1992). For example, consumption of high protein diets increased clean fleece
weight (Reis and Downes 1971; Hynd 1989a; Aziz ef al. 1991; Bray et al. 1993).

The present work described in this chapter was designed to identify whether factors which
regulate the rate of wool growth in vivo retain this regulation when follicles are isolated and
maintained in vitro. Specifically, the hypothesis examined was that seasonal and nutritional

modulation in vivo result in systemic changes which affect the wool follicle and regulate fibre
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production and that these effects are therefore lost in isolated follicles. This was examined by
isolating follicles at regular intervals during a ten month period and comparing the rate of wool
growth in vitro with that occurring in vivo. Follicles were also isolated from sheep maintained on

two planes of nutrition in order to compare wool growth rates /n vivo and in vitro.

8.2 . SEASONAL EFFECT

That there are seasonal differences in the rate of wool growth in vivo has been reviewed above
and in the Section 2.8.1. This study attempts to examine whether this regulation is achieved
through systemic factors or by physiological changes in the follicle itself. If such regulation is due
to systemic factors then any cyclic wool growth variation by follicles on the sheep would be lost
when follicles are isolated and maintained in tissue culture. Alternately, if the regulation is due
to a change in the follicle itself then differences in the rate of wool production in vivo could be

expected to be maintained in vitro by isolated follicles.

8.2.1 EXPERIMENTAL PROCEDURE

Four English Leicester ewes were maintained outdoors at pasture in a.non-pregnant condition for
the duration of"this experi'm'ént' (May 1993-February 1994). These four animals were selected
from a group of ten animals on the basis of their seasonal wool growth variation during the
previous year (June 1992-February1993). Animals with the greatest change in wool growth

between summer and winter were selected.

At 28 day intervals, a wool sample was collected from the midside of each of the four sheep.
The same 100mm x 100mm area was clipped on each occasion. /n vivo clean wool production
(mg/cmzlday) was determined for the preceding 28 day interval by detergent washing of this
midside patch sample. The clean wool weight was determined after conditioning in a controlled

environment (65% relative humidity, 20°C for 24 hours).

The average fibre length and diameter for each wool sample were also determined. Length
measurements were obtained by randomly scattering at least 70 clean wool fibres from each
midside patch sample onto clear adhesive tape. The tape was then inverted and adhered to a
sheet of black paper which allowed individual fibres to be clearly observed. The length of each
fibre was traced using a digitiser to determine the average fibre length. Fibre diameter was

measured using an optical fibre diameter analyser (OFDA) (Baxter et al. 1992).

At the same time as midside patch wool samples were collected, skin strips were taken from the
opposite midside of each animal. Individual follicles were isolated from the skin strips and
maintained in Control Medium B. The rate of wool growth in vitro was determined by measuring

changes in the length of isolated follicles in tissue culture.
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8.2.2 RESULTS AND DISCUSSION

In vivo wool production by the four English Leicester sheep showed typical seasonal fluctuations.

Wool production (mg/cm?/day) underwent a seasonal decline during winter and rose to a peak in

summer. ,
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Figure 8-1 Seasonal variation in the rate of wool growth in vivo by four English

Leicester sheep during the period May 1993 to February 1994. Each
line indicates wool growth data for an individual sheep.

In contrast to this in vivo data, isolated wool follicles collected from each of these sheep and

maintained in vitro showed no variation in the rate of wool growth between the ten monthly

samples (Figure 8-2).
450

400
350 +
o
5
a 300
8 %
&
EE 250
g 2
(¥}
g2t
'g o 200 +
5 E
° 150 +
(=]
=
100 +
50 +
WINTER SUMMER
0 +—md—— F ¢ . +—t t t
4-May I-Jun 29-Jun 27-Jul 24-Aug 21-Sep 19-Oct 16-Nov 14-Dec I1-Jan 8-Feb
1993 1994
Date of Sampling
Figure 8-2 Growth rate of wool fibres from follicles isolated from four English

Leicester ewes and maintained in vitro. Each line indicates data from
one of the four animals.



EFFECT OF SEASON AND NUTRITION 118

As shown in Figure 8-3, there was a low, negative correlation between wool production in vivo
and that occurring in vitro (R2=O.009, correlation coefficient=-0.09). Each point on the graph

represents the wool growth rate of one animal at one of the 28 day sampling intervals.
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Figure 8-3 Correlation between the rate of in vitro and in vivo wool growth by
wool follicles from four English Leicester sheep, during the period May
1993 to February 1994.

Figure 8-3 shows that there was no correlation between the rate at which wool grows in vivo with
that produced by isolated follicles, indicating that the regulation of wool growth is mediated by

systemic factors rather than modification of the follicle itself. In other words, isolation of follicles
from the sheep removes the systemic regulation and the pattern of seasonal growth rate variation

is lost.

The possibility exists, however, that some seasonal variation in follicle physiology and/or
morphology may occur. On two occasions during the winter of 1993 (30 June and 27 July)
there was a significant increase in the proportion of isolated follicles which were non-viable,
compared to other sampling periods during the year. The average number of non-viable follicles
for each month of the experiment was 5.7 + 1.9 (mean £ S.E.M.), except for 30 June 1993 and
27 July 1993 when the figure increased to 18 (P<0.01) and 8 (P<0.05) respectively. The
total number of follicles isolated for organoid culture in each month was 90+ 3.4.

This data suggests that there is a reduction in the viability of cultured follicles when they are
isolated from sheep during winter. This observation gives rise to the hypothesis that there is a
carryover of in vivo regulation, and that a reduction in the number of follicles which are in an

active growth phase (anagen) during winter in vivo, is partly responsible for the observed
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depression in the rate of wool growth. This was evaluated by using wool growth information from
the four animals in this study. The following formula was derived to determine whether the
reduction in in vivo wool production over winter is solely due to the observed reduction in fibre
volume (length and diameter) over this period, whilst taking into account changes in the
liveweight and body size of these animals over the ten month experimental period. This formula

calculated the variable termed ' Corrected Variation’.

Corrected Variation = WP LWT, /s
FL * (n (FD/2)?) LWT,
WP = wool production over a 28 day period (g/cm?/per day)
FL = average fibre length in vivo measured over that 28 day period (mm)
FD = average diameter of fibres grown in vivo over that 28 day period (mm)
LWT, = animal liveweight at the beginning of the experiment (kg)
LWT, = animal liveweight at the time of midside patch wool sampling (kg)

A plot of Corrected Variation against time is presented in Figure 8-4. No significant trend was
apparent over the course of the experiment (P>0.1). However there was a tendency for the
Corrected Variation to be lower during winter. This suggests that changes in fibre volume do not
fully account for the observed reduction in wool production during winter. Instead, it is possible
that a reduction in the proportion of follicles in anagen occurs during winter. This is supported
by Parry et al (1991), who found that wool follicle activity in New Zealand Wiltshire sheep

peaked during late summer and autumn, with a reduction in activity during winter.
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8.3 NUTRITIONAL EFFECT

The seasonality experiment discussed in the previous section of this chapter showed that seasonal
systemic control is removed when wool follicles are isolated from the sheep. In the following
section, this work was extended by evaluating whether changes in the rate of in vivo wool growth,

achieved by nutritional changes, are preserved in isolated follicles.

8.3.1 EXPERIMENTAL PROCEDURE

Seven Drysdale sheep were housed indoors and fed either a control (9.6 MJME/kg DM, 7.11%
crude protein) or a high energy, high protein diet (11.6 MJME/kg DM, 13.45% crude protein)
for 20 days. Four animals were fed the control diet and three the high energy, high protein diet.
Clean wool production in vivo (mg/cm?/day) over this treatment period was determined from
midside patch samples (100mm x 100mm) collected at the completion of the trial, following
detergent scouring of the wool and drying in a controlled environment. Individual wool follicles
were isolated by tissue biopsy on day 13 of the treatment period from two animals on each
nutritional treatment and maintained in Control Medium B. Wool growth jn vitro was determined

by examining the length change of isolated follicles in tissue culture.

8.3.2 RESULTS AND DISCUSSION

As shown in Table 8-1, there was a 36% increase (P <0.05) in the amount of wool produced in
vivo by animals consuming the high energy, high protein diet compared to the animals maintained
on the control diet. In contrast, follicles isolated from these animals had an identical rate of wool

growth in vitro (P>0.1). There was no difference between the two groups in the proportion of

follicles which remained viable in culture.

Table 8-1 Wool production in vivo and wool growth and follicle viability in vitro,
by sheep fed control or energy and protein supplemented diets.

The data provide additional support for the hypothesis that the regulation of wool growth is via
systemic factors rather than modification of the wool follicle or the wool follicle function. In
other words, the rate of wool growth was significantly higher in those animals on a higher plane
of nutrition, but when the follicles were isolated, there was no difference in the rate of wool
production in the isolated follicles. There was also no difference in the proportion of viable

follicles, suggesting that the majority of follicles were actively producing wool in vivo.
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8.4 DISCUSSION AND CONCLUSIONS

The four English Leicester sheep examined in the seasonal study showed cyclical changes in wool
growth in vivo, with wool production being the lowest during winter. In contrast, in vitro wool
growth rate was independent of season. The lack of a relationship suggests that the primary
factors regulating wool growth originate outside the follicle, particularly as there was no carryover

of growth rate when this influence was removed by follicle isolation.

This significant finding provides evidence that seasonal control of wool growth is regulated by
factors external to the wool follicle. These factors may involve hormonal regulation via the
endocrine pathway and/or seasonal changes in physiological factors such as blood flow or dermal
temperature. The grthh factors melatonin and prolactin have been shown to vary in synchrony
with changing photoperiod (Lincoln and Ebling 1985; Lincoln 1990) and manipulation of these
growth factors has been shown to affect wool production (Pearson ef al. 1993a,b,c). Further
work is required to assess the effects of exogenous melatonin and prolactin on wool follicle

productivity. The impact of these growth factors is investigated Chapter 9.

During winter, a significant reduction was observed in the viability of follicles during maintenance
in vitro. A possible explana_tion is that feWer fdllicles are active over the winter period, and this is
reflected in the random sampling of follicles. To test this hypothesis, effects due to changing
wool volume and increasing animal size over the course of the experiment were isolated from
total measured wool production in the midside patch using the formula described as Corrected
Variation. It appears that the observed seasonal variation was accounted for by these factors.
However there remained a slight, non significant trend towards an additional unexplained
reduction in wool production during winter. This implies that although there was no significant
reduction in follicle activity or density in vivo during winter, these factors may have some
involvement in the reduced wool growth observed at this time. This hypothesis is supported by
recent findings on the effects of changing photoperiod on wool follicle activity. Parry et a/
(1991) found that wool follicle activity in New Zealand Wiltshire sheep was low in winter,
compared with other seasons. In future work it would be useful to identify the growth phase of

isolated follicles, prior to placing them in culture.

Animals fed a high protein diet showed an increase in wool production in vivo. This effect has
previously been reported (Hynd 1989a; Coombe 1992; Bray et al. 1993), however the exact
mechanism has not been identified. Nutrition affects fibre diameter and growth rate (Allden
1979). In addition, some evidence suggests an effect of nutrition on follicle activity. Follicles
isolated from animals receiving different protein diets had identical in vitro wool growth rates.
Therefore the rate of wool production in isolated follicles was independent of host animal
nutrition. This implies that systemic factors regulate the wool growth response to nutrition in
vivo via a transient mechanism. Such regulation may involve control of the rate of blood flow or
nutrient uptake by follicles. Alternatively, a high protein diet may increase the évailability of
amino acids for keratin synthesis or modify hormonal signals. Nevertheless, factors responsible

for the increase in wool production in vivo were not present in isolated follicles. Furthermore,
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wool growth is affected only while the stimulus is present and there is no long-term modification

of the follicle.

In summary, the data are rconsistent with other studies showing that changes in season and
nutrient availability produce extrafollicular changes which affect the wool follicle and alter fibre
production in vivo. Follicles isolated from the animal are no longer affected by this regulation.
Other results provide some supporting evidence for a reduction in in vivo wool follicle activity
during winter and raise the possibility that this may contribute to the reduced rate of wool

production over the winter period.



CHAPTER NINE

AN EVALUATION OF THE EFFECT OF MELATONIN
AND PROLACTIN ON WOOL PRODUCTION
IN VITRO

No amount of experimentation can ever prove me right;
a single experiment can prove me wrong.

Albert Einstein (1879-1955)
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9 AN EVALUATION OF THE EFFECT OF MELATONIN AND
PROLACTIN ON WooOL PRODUCTION /N VITRO

9.1 INTRODUCTION

The seasonal pelage changes observed in many mammals, including wild sheep and primitive
domesticated breeds, includes shedding of the fleece. Even in “modern’ breeds, seasonal wool
growth occurs, with a peak in summer and a nadir during winter (Coop 1953; Bigham et al.
1978; Geenty ef al. 1984; Lincoln 1990). As discussed in the previous chapter, these
fluctuations are correlated with changes in photoperiod, temperature and nutrition (Bennett et al.
1962; Ryder 1978; Allden 1979). However seasonal wool growth responses have been shown
to vary with sheep breed (Slee 1965; Ryder and Stephenson 1968; Lincoln 1990; Curlewis
1992). Merino sheep are least influenced by photoperiod, while coarser and longwool breeds

such as English Leicester, Drysdale and Romney are most influenced (Lincoln 1990).

In the previous chapter, data were presented which showed that the seasonal variation of wool
growth occurring in vjvo is lost -when follides ai‘e isolated and maintained in vitro. This suggests
that wool growth regulation does not occur so much through changes in the follicle itself, but
rather via systemic effects. Wool growth regulation is therefore likely to be mediated through
hormonal factors which may act directly on the follicle or alter physiological phenomena such as
blood flow and skin temperature. Assessment of these systemic regulators of seasonal wool

growth changes is attempted here.

In vivo, the translation of seasonal photoperiod signals into systemic changes is thought to involve
melatonin (Lincoln and Ebling 1985; Bubenik ef al. 1986; Mitchell et al. 1991), and the
pituitary growth factor prolactin (Allain et al. 1986; Lincoln 1990; Kelly et al. 1991; Badura
and Goldman 1992). Melatonin is involved in the regulation of prolactin by inhibiting its
synthesis in the anterior pituitary. Intravenous administration of melatonin suppresses prolactin
secretion (Martinet et al. 1981; Morgan 1990; Foldes et al. 1990; Badura and Goldman 1992).
In sheep, melatonin synthesis occurs during the hours of darkness, with serum melatonin being
elevated for a period directly proportional to the length of the night (Morgan 1990).
Consequently, serum prolactin concentrations also fluctuate seasonally, with a peak in summer
and a nadir in winter (Lincoln and Ebling 1985; Lincoln 1990); a pattern synchronous with that

of wool production in vivo.

In sheep breeds which undergo a photoperiod-induced moult, reduced circulating prolactin due
to a decrease in daylength (natural or manipulated) or melatonin supplementation, occurs in
concert with changes in wool production. These changes manifest as production of the winter
coat (Allain et al. 1986; Lincoln 1990; Parry et al. 1993), maintenance of high follicle activity
(Pearson et al. 1993a) and a reduction in food intake (Lincoln and Ebling 1985; Lynch and
Russel 1990). Conversely, a sustained increase in serum prolactin in these breeds, due to

increasing daylength or suppression of melatonin, occurs in conjunction with production of a
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summer coat and spring moult (Lincoln 1990). A decrease in the proportion of active wool
follicles (Pearson et al. 1993a; Parry et al. 1993; Craven et al. 1994) and an increase in dietary
protein intake and nitrogen retention (reviewed by Curlewis 1992) have also been observed

under these conditions.

Given that manipulation of serum melatonin and prolactin affect wool production in specific
sheep breeds (Pearson et al. 1993a), and prolactin binding sites have been identified in wool
follicles of Romney, Merino and New Zealand Wiltshire sheep (Choy et al. 1995), it seems likely
that these growth factors, and specifically prolactin, directly affect the wool follicle. It is not
known whether these and other systemic growth factors regulate changes in follicle output by the

action of extrafollicular. agents or whether local skin or follicle agents are involved.

The work presented here examines the hypothesis that melatonin and prolactin affect the rate of
wool production by isolated follicles. This will enable evaluation of whether these growth factors
have a role in the systemic mediation of seasonal wool growth regulation. This hypothesis was

examined by measuring the rate of wool growth by isolated follicles in the presence or absence of

melatonin or prolactin.

9.2 “ EXPERIMENTAL PROCEDURE

Wool follicles were isolated following tissue biopsy from the midside of one Drysdale, one English
Leicest_er and one New Zealand Wiltshire. All were adult animals and had all been maintained at

pasture during Autumn (April and May).

Three experiments were undertaken to evaluate the effects of prolactin and melatonin on follicles
isolated from each of the sheep breeds. In Experiment one, the effect of prolactin concentration
was examined by maintaining follicles isolated from the English Leicester sheep in Control
Medium B or in Control Medium B supplemented with prolactin (10, 140, 1000ng/ml). In
Experiment two, the effect of the three different concentrations of prolactin was evaluated in an
alternate sheep breed by repeating Experiment one using follicles isolated from a New Zealand
Wiltshire sheep. In the final experiment, breed effects were further evaluated by maintaining
follicles isolated from the Drysdale and English Leicester animals in Control Medium B or Control
Medium B supplemented with 600ng/ml prolactin or 1.2nM melatonin. Prolactin (ovine, L-
6520, 31 i.u./mg) and melatonin (M-5250) were supplied by Sigma Chemicals (St Louis, USA).

In each experiment the rate of wool growth and follicle viability for a particular treatment group
of follicles was considered relative to that of follicles maintained in Control Medium B for that

particular experiment.

9.3 RESULTS

The presence of prolactin in the tissue culture medium had no effect on the rate of wool growth
from isolated English Leicester follicles. Those data are in Table 9-1. None of the three

concentrations of prolactin affected follicle viability in vitro.



EFFECT OF MELATONIN AND PROLACTIN 126

Table 9-1 Wool growth by English Leicester follicles in vitro maintained without
prolactin (Control Medium B) or with various prolactin concentrations.

There was also no effect of up to 1000ng/ml prolactin on the viability and growth rate of New
Zealand Wiltshire follicles maintained in vitro, as shown by the data in Table 9-2. The rate of
wool production in vitro was similar for follicles isolated from English Leicester and New Zealand

Wiltshire sheep in this study.

Table 9-2 Fibre growth by follicles isolated from New Zealand Wiltshire sheep
and maintained in vitro without supplements (Control Medium B), or
with various concentrations of prolactin in the medium.

Data obtained from Experiment three (Table 9-3) show that there was also no effect on the rate
of fibre growth or follicle viability of either prolactin or melatonin on Drysdale or English

Leicester follicles.
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Table 9-3 Fibre growth by follicles isolated from Drysdale or English Leicester
sheep maintained in vitro without supplements (Control Medium B), or
in medium supplemented with 1.2nM melatonin or 600ng/ml
prolactin. Differences in ths*proportion of viable follicles were

determined by y? analysis; P<0.01.

As noted in Table 9-3, the ‘fibré growth rate in Control Medium B was significantly higher for
Drysdale follicles than for those isolated from an English Leicester sheep (P<0.01). This concurs
with previous findings of this study (Chapter 7) where it was determined that the rate of wool
growth in vitro by follicles isolated from Drysdale sheep exceeded that by follicles from English

Leicester.

From the three experiments it is apparent that supplementation of the basal culture medium with
prolactin or melatonin had no significant effect on the rate of fibre extension from follicles
isolated from Drysdale or English Leicester animals. Similarly, prolactin supplementation had no
significant effect on the in vitro fibre growth rate of follicles isolated from New Zealand Wiltshire
sheep. The presence of prolactin in the culture medium had no significant effect on the viability
of wool follicles from any sheep breed examined. One exception was English Leicester follicles
exposed to 600 ng/ml prolactin (Table 9-3) which showed a significant reduction in follicle
viability (21% non-viable vs 7% non-viable; P<0.01). This is likely to be a chance result given

that double the prolactin concentration had no effect.

9.4 DIsSCusSION AND CONCLUSIONS

The range of sheep plasma prolactin concentrations is O - 200 ng/ml depending on breed and
time of year (Lincoln 1990; McCloghry et al. 1992b). Isolated wool follicles subjected to five
times the physiological concentrations of plasma prolactin had no effects on the growth rate or
viability of the wool follicles. The concentration of plasma melatonin in sheep ranges from O -
400 pM depending on the time of day, season and possibly sheep breed (Morgan 1990; Lincoln
1990). In this study, exposing follicles to three times the maximum physiological concentration

of melatonin had no effect on fibre growth rates.
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One possible reason why wool follicles do not respond to prolactin or melatonin in this work is
that the selected sheep breeds themselves are not responsive to the growth factors. However this
hypothesis would not appear to hold for the New Zealand Wiltshire sheep since work by Pearson
et al. (1993a,b) indicates that this breed undergoes a moult which is apparently mediated by
increased plasma prolactin concentrations. Alternatively, it may be that the culture conditions
were not optimised to produce in vitro follicle responses to these growth factors. These two

possibilities are evaluated below.

The hypothesis that wool follicles are unaffected by prolactin or melatonin requires further
evaluation of current evidence. For example, serum prolactin concentrations have been shown to
fluctuate seasonally in a pattern synchronous with that of wool production in vivo (Lincoln and
Ebling 1985; Lincoln 1990). In addition, manipulation of serum prolactin concentrations does
affect wool production in vivo (Allain et al. 1986; Lincoln 1990; Parry et al. 1993). The
identification of prolactin binding sites in the wool follicles of Romney, Merino and New Zealand
Wiltshire sheep (Choy et al. 1995) also provides additional evidence that prolactin acts directly
in the regulation of pelage. Nonétheless, effects of prolactin and seasonal changes, on wool
production, is depe‘ndent on the sheep breed under examination. For example, in the Wiltshire
Horn, Mouflon and Soay bféeds, a seasonal increase in plasma prolactin concentration is typically
correlated with an increased proportion of follicles in anagen (active growth phase), a resurgence
of wool growth and a conspicuous moult (Ryder 1971; Lincoln 1990). However, in other
breeds such as the Romney and Merino, no clear seasonal shedding is observed and wool growth
continues throughout the year (Lincoln and Ebling 1985; Lincoln 1990; McCloghry et al.
1992a,b). Although these breed differences in the response to photoperiod exist, all breeds
continue to demonstrate a clearly defined cycle of prolactin secretion (Curlewis 1992; Clarke ef
al. 1993).

In shedding sheep breeds such as the New Zealand Wiltshire, manipulation of plasma prolactin
levels alters wool production. In these sheep, a sudden increase in photoperiod, with a
consequential increase in plasma prolactin, results in shedding of the fleece (Pearson et al.
1993b), whilst suppression of the prolactin surge with bromocryptine results in maintenance of
the follicle activity and no fleece shedding occurs (Pearson et al. 1993a). In contrast, in highly
developed wool bearing sheep, manipulation of plasma prolactin failed to change wool production
(Wallace 1979). Indeed, complete suppression of prolactin in Romney (McCloghry et al.
1992b; McCloghry et al. 1993; Clarke ef al. 1993) and Merino sheep (Foldes et al. 1990) had

no effect on fleece growth rate.

It therefore appears that in some sheep breeds, the seasonal cycles of pelage growth have been
modified by selective breeding for high quality fleeces. An altered response of the wool follicle
to photoperiod may result from factors such as changes in the synthesis or release of prolactin
from the anterior pituitary or to changes in the number or sensitivity of prolactin receptors in the
wool follicle (Lincoln 1990; McCloghry et al. 1992a; Curlewis 1992).
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In cashmere goats, increased prolactin due to domperidone administration, reduced fibre growth
in prhﬁary but not secondary follicles (Litherland and O'Neill 1994). In contrast, secondary hair
follicles from a cashmere goat maintained in vitro responded to 200ng/ml supplementation of the
nutrient medium with elongation of the hair shaft with predominant effects occurring in the first

two days of culture (lbraheem ef al. 1993a,b).

The duration of the wool growth cycle also appears to have been altered by selection. For
example, Soay wool follicles remain in anagen for approximately six months whereas Merino wool
follicles continue active growth for up to eight years (Ryder and Stephenson 1968; Ryder 1971).
This change in the follicle growth cycle may be involved in the altered response to prolactin in

highly developed wool growing breeds.

A second possible cause for the lack of an in vitro effect of prolactin and melatonin on wool
growth is that the maintenance of isolated wool follicles for four days is insufficient for changes in
wool growth to be recorded. Supporting evidence is that in vivo experiments with New Zealand
Wiltshire sheep showed that although changes in the plasma prolactin concentration occur within
7 days, consequential changes in wool growth were only observed after three weeks (Pearson et
al. 1993b). This result suggests that maintenance of follicles in vitro for four days may be
insufficient to in"duce 'obsebr\'/éblé wool growth effects. In contrast, this duration of culture has
been sufficient to demonstrate growth factor effects in other species. For example, isolated hair
follicles from cashmere-bearing goats (Ibraheem et al. 1993b; lbraheem et al. 1994) and red
deer (Thomas et al. 1993) exposed to prolactin for five days showed an increase in hair growth.
Isolated follicles from cashmere-bearing goats also exhibited an increase in fibre growth during
five days in the presence of melatonin (Ibraheem et al. 1994). It is not apparent why melatonin
should affect follicles directly or why both melatonin and prolactin should increase wool growth
in vitro yet have a contrasting effect in vivo. These results infer that fibre growth is under a very

complex endocrine control which is breed dependent.

In summary, the data in this chapter are at variance with the hypothesis that melatonin or
prolactin are involved in the mediation of seasonal wool growth at the follicle level in the sheep
breeds examined. It has been proposed that these results reflect the breeds examined since there
is evidence that the in vivo responses to these endocrine mediators of photoperiod are breed
dependent. It is also concluded that the suppression of follicle responses to prolactin and
melatonin is due to genetic selection that has occurred during the domestication of sheep and the

requirement for continued wool growth rather than seasonal wool shedding.

Development of in situ RT-PCR (reverse transcriptase polymerase chain reaction) and in situ
hybridisation techniques would allow further evaluation of this hypothesis. These techniques
would allow changes in the site and rate of gene expression to be evaluated following a growth

factor challenge.



CHAPTER TEN

AN EVALUATION OF THE EFFECT OF POTENTIAL
- GROWTH AFFECTING AGENTS ON WooOL
PRODUCTION /N VITRO

The scientist values research by the size of its contribution to that
huge, logically articulated structure of ideas which is already, though
not yet half built, the most glorious accomplishment of mankind.

Sir Peter B. Medawar (1915-1987)
in * The Art of the Soluble®
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10 AN EVALUATION OF THE EFFECT OF POTENTIAL GROWTH
AFFECTING AGENTS ON WoOL PRODUCTION /N VITRO

10.1 INTRODUCTION

The development of a serum free follicle culture model has been detailed and evaluated in the
preceding chapters of this study. In Chapter 9, mitogenic effects of the potential mediators of
photoperiod, melatonin and prolactin, on fibre growth were evaluated using isolated wool
follicles. This study now focuses on additional factors which have the potential to regulate fibre

growth.

It is likely that a number of growth factors are required for the sustained maintenance of wool
production and that the activity of these growth factors is interrelated. This is supported by the
observation in the current study that isolated wool follicles remain viable for only a limited
duration in the absence of supplementary growth factors and by in vivo studies which have shown
t:hat' removal of the pituitary (Wallace 1979; Tsao et al. 1982) or thyroid glands (Wallace 1979;
Maurer 1986; Donald et al, 1994) pertu'rb wool production. It has also been demonstrated that
while many fleece ch#racteristicﬁ are détermined genetically ( Nagorcka 1979; Allden 1979; Reis
1988; Marshall and Gillespie 1989), wool growth is markedly growth factor-dependent
(Ferguson et al. 1965; Downes and Wallace 1965; Wallace 1979; Johnsson et al. 1985; Sun et
al. 1992; Chaidarun ef al. 1994). An animal’s genetic potential is limited by growth factor
mediated physiological interactions of nutrition, reproductive status, climate and disease (Wallace
1979; Robards 1979; Hynd 1989b).

The development of a tissue culture model now enables effects of potential mitogens on fibre
production to be evaluated in an environment isolated from confounding systemic events. This
can be achieved by supplementing the nutrient medium with potential growth factors. While the
replacement of individual growth factors in the follicle culture system may not reflect all the in
vivo growth factor actions, the in vitro model does enable any direct effects of the growth factors

on wool follicle activity to be determined.

Supplementation of the culture medium with growth factors first requires the identification of the
concentration at which the growth factors affect a measurable parameter. Furthermore, the
active concentration of an exogenously supplied growth agent may not correlate with the
physiological concentration because of the tissue culture environment. Typically, higher than
normal physiological concentrations are required for in vitro experiments in order to overcome
factors such as the limited growth factor half-life, lack of appropriate binding proteins or
unsuitable co-factor ionic concentrations (Fischer ef al. 1980; Maurer 1986; Breidahl et al.
1989). Each of these may affect growth factor activity and/or receptor binding kinetics. In
addition, growth factors can have a stimulatory or a depressive effect on the same process in
vitro, depending on the applied concentration (Downes and Wallace 1965; Philpott et al. 1990).

These findings suggest that the identification of hormonal effects on fibre growth in vitro requires
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dose-response studies. This approach will be undertaken for the mitogens evaluated in this study

unless specifically indicated.

Endocrine regulation of wool growth is likely to be achieved through interaction of systemic
growth factors with receptors on the surface of cells in the wool follicle, possibly within the
dermal papilla of the follicle bulb. Studies by Reynolds and Jahoda (1991a) have established that
the dermal papilla plays an important role in hair follicle initiation and maintenance and in fibre
formation. This role is likely to be initiated by circulating systemic growth factors which stimulate
the secretion of regulatory substances by dermal papilla cells which in turn alter the activity of
other follicular cell types and thereby hair growth (Randall ef al. 1992). There are several
possible mechanisms by which this regula'tion may be translated into wool growth. For example,
the systemic growth factor status may regulate the rate of cell division in the proliferative zone of
the follicle bulb, the growth of cells which have moved beyond this zone or the mobilisation of
specific limiting nutrients which in turn control the rate of synthetic activity in the follicle
(Ferguson et al. 1965).7

The growth factors insulin, insuliﬁ-like growth factor-I, fibroblast growth factor, epidermal growth
factor and transforming growth factor alpha are growth factor candidates for regulating wool
growth because of their biological importance in vivo and their effects on cell maintenance in
vitro (Fischer et al. 1980; Maurer 1986; Nixon et al. 1994b). The specific potential effects of
these growth factors were detailed in Chapter 2. In addition, Minoxidil, the active component of
the commercially available hair restorative product Regain™, has been shown to affect human hair
growth in vitro (Baden et al. 1988). The effects of Minoxidil on wool growth were examined in
this chapter. An aqueous extract of deer antler was also evaluated following the observation that
the extract affected events of antler cells in vitro (Suttie ef al. 1994). Lastly, a combination of
ethanolamine and phosphoethanolamine was added to the nutrient medium to identify whether
these pituitary factors affected wool growth, particularly since ethanolamine and
phosphoethanolamine have been reported to have potent stimulatory effects on the growth of
human keratinocyte growth in vitro (Hawley-Nelson et al. 1980). Each of these growth factors

are discussed in detail below and their effects on the activity of wool follicles evaluated.

10.2 INSULIN

Insulin is an endocrine polypeptide growth factor which is synthesised and released from the
pancreas in response to a high concentration of blood glucose (Sainz et al., 1990). Activation of
the insulin receptor on peripheral tissues can stimulate glycogen synthetase, inhibit lipolysis,
promote cellular glucose uptake or stimulate protein synthesis. All these metabolic pathways
enhance the conversion of blood glucose to glycogen and lipids and/or increase protein synthesis
(Lehninger 1975). While a role for insulin in the regulation of wool production has not been
supported by in vivo studies (Wynn et al. 1988; Bray et al. 1990), the cellular-responses to

insulin infer that this growth factor may have the potential to regulate wool growth.

Under the experimental conditions of tissue culture, insulin rapidly loses its bioactivity because of

its short half life and sensitivity to inactivation by cysteine in serum free media (Maurer 1986).
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Tissue culture media are, therefore, typically supplemented with a relatively high concentration of
insulin (1-10ug/ml) which is considerably higher than physiological levels (0.4-1.6ng/ml in man;
Lehninger 1975). Whilst most tissue culture systems include insulin (Philpott et al. 1989;
Philpott et al. 1990), further work is required to identify the usefulness and mode of action of
insulin. To date, conflicting findings have resulted from insulin supplemented culture systems
(Fischer ef a/. 1980; Maurer 1986; Wilkinson et al. 1987; Breidahl et al. 1989; Norman et al.
1989).

In the study presented here, the effects of insulin on wool fibre growth and follicle maintenance

were examined by supplementing the nutrient medium with 0.2ng/ml - 10ug/ml insulin.

10.2.1 EXPERIMENTAL PROCEDURE

Wool follicles were isolated from one Romney sheep and maintained in Control Medium B (which
by definition includes insulin supplementation at 10ug/ml) or in William’s Medium E
supplemented with hydrocortisone, sodium selenite and transferrin and one of four
concentrations of insulin (0O, 0.2ng/ml, 2ng/ml, 20ng/ml; Sigma Chemical Co.). The length
growth rate of wool fibres and viability of isolated follicles was determined by image analysis.
Analysis of varié"nce was used té determine the significance of wool growth rate differences

between each specific treatment and all other follicles.

10.2.2 RESULTS AND DISCUSSION

The degree of supplementation of the nutrient medium with insulin had no significant effect on
wool growth (Table 10-1). Even the complete removal of insulin from the culture medium
(insulin-free compared with 10ug/ml insulin) did not affect the rate of wool growth. However, a

reduction in the viability of cultured follicles was observed. Ninety percent of follicles remained

viable across all treatments, however in the insulin free medium, only 70% of the follicles
remained viable (P <0.05).

Table 10-1 Fibre growth by follicles maintained in insulin free medium or in
medium supplemented with various concentrations of insulin. Control
Medium B is supplemented with 10ug/ml insulin. Differences in the

proportion of viable follicles were estimated using y? analysis;
P<0.05.
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These data indicate that insulin is not necessary for the growth of isolated follicles in tissue
culture. This supports previous in vivo evidence where it has been shown that wool growth
responSes can be independent of insulin responses (Bray et al. 1990) and that elevated plasma
insulin concentrations may correlate with reduced (Wynn et al. 1988) or increased (Johnsson et
al. 1985) wool production. It is possible that the maintenance of follicles over a longer period
of time may result in an insulin response, or that higher insulin concentrations are required to

elicit an effect in vitro.

There is an indication, however, that in the absence of insulin, there is a reduction in the
proportion of follicles which remain viable. Insulin may therefore have a role in maintaining wool
follicles in the active, anagen phase of growth and consequently in controlling their regression
into a non-active, catagen state. Westgate ef al. (1993) found that follicle morphology was
better when hair follicles were maintained in vitro in the presence of insulin. This supports the
hypothesis that, in the absence of insulin, fibre follicles regress into catagen. Both Westgate et al.
(1993) and Bond ef al.. (1992) reported that the rate of fibre growth was reduced in the
absence of insulin. This contrasts with the findings of the current study. It may be that the
reported reduction in fibre growth is spurious, in that follicles which became non-viable (entered
catagen) in the absence of insulin were included in the growth rate per day calculations. This
would result in a low growth rate value for follicles maintained without insulin, but would not

truly reflect the rate of wool production by viable follicles.

The present findings therefore indicate that while insulin does not have a major role in the
regulation of wool production by follicles in anagen, it may have a role in the regulation of the
wool follicle growth cycle. The mechanisms by which the follicle cycle may be regulated by this

growth factor requires further investigation.

10.3 INSULIN-LIKE GROWTH FACTOR-I

The insulin-like growth factors (IGFs) were first identified by their ability to promote insulin-like
activities. Of the two IGF forms, IGF-l has been most documented regarding potential epidermal
effects. While this growth factor is synthesised and secreted primarily by the liver in response to
elevated growth factor concentrations (Salmon and Daughaday 1957; Dickson et al. 1991), I1GF-
I synthesis in dermal fibroblasts has been observed (Sutton et al. 1995). Skin keratinocytes have

also been shown to possess IGF-I receptors and to respond to IGF-l (Murashita et al. 1993).

The role of IGFs in the hair follicle is not known, however 1GF-I receptors have been identified in
the wool follicles of New Zealand Wiltshire sheep. High receptor numbers were identified in the
germinal matrix and dermal papilla cells (Nixon ef al. 1994a; Nixon et al. 1995a). Targeted
mutagenesis of the IGF-1 receptor has resulted in abnormal hair follicle development (Krueger et
al. 1993). In wool follicles, upregulation of IGF receptor numbers occurs following a hormonal
stimulus (Nixon et al. 1995a). This effect is observed prior to any growth effeéts, therefore this
growth factor may have a regulatory role in wool production. However no direct effects of IGF-1

have been found on replicating cell numbers in the bulbs of wool follicles (Harris et al. 1993).



EFFECT OF VARIOUS GROWTH FACTORS 136

Furthermore, infusion of IGF-I in sheep increased skin blood flow, uptake of amino acids (Harris
et al, 1993), glucose clearance and protein synthesis but reduced protein catabolism (Breier et
al. 1993). There was no reported effect on wool synthesis. However IGF-I has been reported as
a potent /n vitro stimulator of human hair growth at physiological concentrations (10-100ng/ml)
(Philpott et al. 1994).

In Merino sheep, the plasma concentration of IGF-I is 400ng/ml (Magnan et al. 1995). In this
study the effects of 3-1000ng/ml IGF-I on the rate of wool growth and follicle viability will be

examined using isolated wool follicles.

10.3.1 EXPERIMENTAL PROCEDURE

Isolated wool follicles from a Drysdale sheep were maintained in Control Medium B or Control
Medium B supplemented with 3, 30, 300 or 1000ng/ml IGF-l. Two separate experiments were
undertaken on consecutive days, the data being normalised with respect to fibre growth rates in
Control Medium B. The IGF-I was synthesised by Auspep Pty Ltd, Victoria, Australia (Cat.No.
2290) and consisted of amino acids 24-41. The lyophylised powder was reconstituted with
Control Medium B.

10.3.2 RESULTS AND DISCUSSION

The inclusion of IGF-I in the tissue culture medium had no effect on the rate of wool growth or

the viability of isolated follicles. The data are presented in Table 10-2.

Table 10-2 Fibre growth and follicle longevity for follicles maintained Control
Medium B or in medium supplemented with various concentrations of
insulin-like growth factor-I.

Under the experimental conditions used in this work, IGF-I does not have a role in the regulation
of wool production or follicle maintenance. This is in contrast with the reported effects of 1GF-I
on human hair growth in vitro, where significant stimulation of fibre growth rate was observed
(Philpott et al. 1994).

The present findings also contrast with the following evidence. Murashita et al. (1993) have
shown that skin keratinocytes possess IGF-I receptors and respond to IGF-1. This suggests a role
for this growth factor in skin. In addition, IGF-I gene transcripts have been identified in anagen
rat hair follicles (Little ef al. 1994) and IGF-I receptors occur in the dermal papilla and germinal

matrix of New Zealand Wiltshire wool follicles (Nixon et al. 1994a). The upregulation of IGF-}
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receptor number in response to a hormonal stimulus (Nixon et al. 1995a) provides additional
support for this hypothesis. Nonetheless, no direct effects of IGF-I have been found on
replicating cell numbers in the bulbs of wool follicles (Harris et al. 1993). There is some
evidence that IGF-1 may be involved in the transition of wool follicles from anagen to telogen
(Nixon et al. 1995a), rather than in the regulation of fibre growth. Under these circumstances,
no effects on the rate of fibre production would be observed using the in vitro follicle model,
although this would be apparent as a reduction in the proportion of viable follicles. This was not
apparent in the current study. Therefore a role for IGF-I in regulating wool growth or the follicle

growth cycle is not supported by this study.

10.4 FIBROBLAST GROWTH FACTOR

The fibroblast growth factor (FGF) family is composed of a number of heparin-binding proteins
which exist in a wide variety of tissues (Obana and Ito 1993) and promote cell proliferation and
differentiation (du Cros et al. 1993). Basic FGF is mitogenic for keratinocytes in vitro (Norman
et al, 1989) and both acidic and basic forms of FGF cause proliferation of dermal fibroblasts (du
Cros et al. 1993). | There is evidence that FGFs are expressed in the skin of sheep (Sutton et al.
1995) and that FGF recepfdrs occur in the developing dermal papilla and hair bulb (Panaretto
1993). The presence of bFGF in the outer root sheath of the fibre follicle and in the basement
membrane adjacent to the proliferative zone of the follicle bulb, may indicate specific growth-
promoting functions for this growth factor. Both FGFs stimulated cell proliferation and

differentiation in cultured follicle cells (Obana and Ito 1993).

However, the limited work with FGF in tissue culture (Fischer et al. 1980) has shown that 5-
20ng/ml FGF had no measurable effects on epidermal growth or fibroblast contamination.
Scandurro et al. (1993) found that maintenance of hair follicles lacking a dermal papilla in
medium containing 10ng/ml bFGF, restored activation of procollagenase which may mediate

dermal papilla-matrix cell interactions.

Given the potential for FGF to regulate the signalling of the follicle dermal papilla, the effects of

bFGF on isolated wool follicles were examined in this chapter.

10.4.1 EXPERIMENTAL PROCEDURE

Isolated wool follicles from a Drysdale sheep were maintained in Control Medium B or Control
Medium B supplemented with 1, 10 or 100ng/ml fibroblast growth factor. The FGF used was
defined as brain derived basic FGF, synthesised by Auspep Pty Ltd, Victoria, Australia (Cat.No.
2554) and consisted of amino acids 1-24. The lyophylised powder was reconstituted with
Control Medium B.

10.4.2 RESULTS AND DISCUSSION

Basic FGF inhibited the rate of wool production of isolated follicles by up to 50% (Table 10-3).

There was no significant effect of this growth factor on follicle viability.
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Table 10-3 Fibre growth by follicles maintained in Control Medium B or in
Control Medium B supplemented with various concentrations of basic
fibroblast growth factor.

The data demonstrate for the first time that bFGF has direct inhibitory effects on the rate of wool
production by isolated follicles. The presence of FGF receptors in the dermal papilla and hair

bulb of mice (Panaretto 1993) support this finding.

In previous studies this growth factor has been shown to stimulate cell proliferation and
differentiation in cultured follicle cells (Obana and Ito 1993) and dermal fibroblasts (du Cros et
al. 1993). In contraét, Imai etral. (1992) showed that bFGF had no effect on DNA synthesis in
follicle bulb cells. It seems likely that bFGF may mediate dermal papilla-matrix cell interactions
through the activation of collagenases, as it restores activation of procollagenase in co-cultures of
dermal papilla with hair follicles lacking a dermal papilla (Scandurro et al. 1993). FGFs are
expressed in the skin of sheep throughout the development of skin (Sutton et al. 1995) which
supports a role for FGF in the ingress of developing follicular structures in foetal skin through the
synthesis of proteases. The secretion of proteases by follicles maintained in tissue culture is likely
to have disruptive effects on the follicle basement membrane and collagen sheath and, as a

consequence, affect the growth of fibres in isolated follicles.

10.5 EPIDERMAL GROWTH FACTOR

Epidermal growth factor (EGF) is another growth factor with the potential to affect wool
production. Receptors for EGF have been detected in numerous tissues including keratinocytes
(O’Keefe et al. 1982) and the epithelial components of hair and wool follicles (du Cros et al.
1992). EGF has been detected in the dermal papilla (Panaretto 1993), sebaceous glands and
outer root sheath of fibre follicles, primarily in the zone of keratinisation (du Cros et al. 1992).
In vivo, inhibition of wool production by EGF, with changes in keratin composition, a reduction in
fibre strength, fleece shedding and changes in follicle morphology having been reported (Frenkel
et al. 1975; Gillespie ef al. 1982; Moore 1982; Behrendt ef al. 1993).

EGF has also been reported to have slight mitogenic effects on follicles maintained in vitro
(Rogers et al. 1987; Weinberg et al. 1990), although Philpott et al. (1991) reported no
significant effects of EGF on hair follicle length after five days in culture. In contrast, other

researchers (Hynd et al. 1994; Bond et al. 1994b) have found that maintenance of isolated wool
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follicles in medium supplemented with 10-50ng/ml EGF has resulted in the cessation of fibre
growth. EGF, at 25ng/ml, enhanced the release of collagenolytic activity from hair follicle cells,
a response that is specific to fibre follicles (Weinberg et al. 1990). Nonetheless, EGF at 5-
30ng/ml, is generally accepted to stimulate epidermal cell growth and prolong culture life in a
dose-dependent fashion (Fischer et al. 1980; Thompson et al. 1985; Breidahl ef al. 1989). In a
review, Breidahl et al. (1989) stated that a distinct advantage was obtained with EGF, in the
range of 10-100ng/ml, on stimulating keratinocyte cells. Enhanced culture life and reduced

terminal differentiation were also noted.

In this section, the effects of supplementing the culture medium with 10-1000ng/ml EGF, on

fibre growth and follicle viability of isolated wool follicles, were examined.

10.5.1 EXPERIMENTAL PROCEDURE

Wool follicles were isolated from one Drysdale sheep and maintained in Control Medium B or
Control Medium B supplemented with 10, 100 or 1000ng/ml EGF (Sigma Chemical Co.). The

rate of wool growth and the proportion of follicles which remained viable were determined.

10.5.2 .' RESULTS AND DISCUSSION

The presence of EGF in the tissue culture medium reduced growth rate by approximately 30% at

all concentrations. No effects on follicle viability were observed (Table 10-4).

Table 10-4 Fibre growth rate of follicles maintained in Control Medium B or in
Control Medium B supplemented with various concentrations of
epidermal growth factor.

The results are supported by the findings of Bond ef al. (1994b) and Hynd et al. (1994), who
showed that the addition of EGF to a wool follicle culture medium caused a reduction or
cessation of fibre growth. This effect is supported by in vivo results which have shown that EGF
inhibits wool production (Moore 1982; Hynd 1989b) with accompanying changes in keratin
composition (Frenkel ef al. 1975; Gillespie et al. 1982), reduced fibre strength (Behrendt et al.
1993) and altered follicle morphology (Gillespie ef al. 1982; Moore 1982). It appears that

many of these effects are mediated by EGF induced collagenase activity (Rogers et al. 1987).
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10.6 TRANSFORMING GROWTH FACTOR ALPHA

The transforming growth factors (TGFs) are members of the epidermal growth factor (EGF)
family of polypeptide growth factors. TGFa binds to the EGF receptor triggering the EGF
pathway of receptor activity (Panaretto 1993; Wynn et al. 1989). Both the alpha and beta
forms of TGF may stimulate or inhibit growth depending on the cell type and the presence and
activity of other growth factors (Norman ef al. 1989). TGFu is syhthesised and secreted by
keratinocytes. The addition of TGFo or EGF to keratinocytes in vitro induces TGFa gene
expression suggesting an autocrine regulation of cell proliferation occurs (Norman et al. 1989;
du Cros et al. 1992).

TGFa has been implicated in hair growth. In sheep follicles, TGFo was localised in the innermost
cells of the outer root sheath and in cortical cells in the keratogenous zone, but was not found in
inner root sheath or dermal papilla cells (Nixon et al. 1995b). In mice, TGFa has been shown
to révtard hair growth (Wynn et al. 1989) but in cultured follicles, cell proliferation has been
stimulated by TGFo (Weinberg et al. 1990). indeed, isolated follicles showed a dose-dependant
increase in thymidine .incorporafion whén the culture medium was supplemented with 10-
50ng/ml TGFa (Weinberg et al. 1990).

In this section, the effect of maintaining isolated wool follicles in medium supplemented with 10-
1000ng/ml TGFo will be examined.

10.6.1 EXPERIMENTAL PROCEDURE

Isolated wool follicles from a Drysdale sheep were maintained in Control Medium B or Control
Medium B supplemented with 10, 100 or 1000ng/ml transforming growth factor alpha. The
TGFao was synthesised by Auspep Pty Ltd, Victoria, Australia (Cat.No. 1078) and consisted of
rat TGFo, amino acids 34-43. The lyophylised powder was reconstituted with Control Medium
B.

10.6.2 RESULTS AND DISCUSSION

Maintenance of isolated wool follicles in nutrient medium supplemented with TGFa reduced the
rate of fibre growth by approximately 20%. This trend was not statistically significant (Table 10-
5). The viability of isolated follicles was not affected by the presence of TGFa.
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Table 10-5 Fibre growth rate by follicles maintained in Control Medium B or in
Control Medium B supplemented with various concentrations of
transforming growth factor alpha.

Whilst there was no significant reduction of fibre growth in the presence of TGFa, the trend is
towards a reduction in growth. Inhibition of fibre growth in sheep follicles concurs with the
findings of Wynn et al. (1989) who showed that TGFa inhibits hair growth in mice. Nixon et al.
(1995b) have recently identified TGFo in wool follicles. Together, these observations provide
some support for the hypothesis that TGFa is involved in the regulation of wool follicles and that

it may have some influence on the control of fibre production.

The mechanism of action of TGFa may involve activation of the EGF biochemical pathways.
Binding of TGFa to cell membrane EGF receptors has been previously described ( Wynn et al.
1989; Panaretto 1993). The effects of EGF-type mechanisms, on protease activation, are likely

to affect fibre growth in vitro through damage to the collagen sheath and basement membrane.

10.7 ETHANOLAMINE / PHOSPHOETHANOLAMINE

The effects on wool growth of supplementing the follicle culture medium with the pituitary
growth factors, phosphoethanolamine and ethanolamine, were examined in this section. Most
pituitary growth factors act by stimulating the secretion of other growth factors. These pituitary
factors may not, therefore, have direct effects on follicles and, consequently, they may be
ineffectual in a follicle culture system (Wallace 1979). In spite of this, effects of
phosphoethanolamine and ethanolamine on cultured follicles were examined because of their
reported mitogenic activity. For example, these growth factors have been shown to be potent
keratinocyte mitogens (Hawley-Nelson ef al. 1980; Breidahl et al. 1989), with ethanolamine

having a higher growth promoting activity than phosphoethanolamine (Breidahl et al. 1989).

10.7.1 EXPERIMENTAL PROCEDURE

Isolated follicles from one Romney sheep were maintained in Control Medium B or Control
Medium B supplemented with a 50:50 mixture of phosphoethanolamine and ethanolamine

(10°°M). The effects of this supplement on fibre growth and follicle viability were determined.
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10.7.2 RESULTS AND DISCUSSION

Supplementation of the culture medium with ethanolamine and phosphoethanolamine increased

the rate of fibre production by approximately 40%. However, this was not statistically

significant. These growth factors had no effect on follicle viability (Table 10-6).

Table 10-6 Growth of isolated wool follicles maintained in Control Medium B or
Control Medium B supplemented with a mixture of ethanolamine and
phosphoethanolamine

The data suggest that the pituitary factors may have a direct regulatory effect on wool follicles.
There is no in vivo information on the effect of these growth factors on wool growth. However,
removal of the pituitary gland results in the cessation of wool production (Wallace 1979), whilst
administration of a pituitary extract, free of thyrotropic activity, stimulates fibre growth
(Ferguson et al. .'1 965). Tih'e data in this section suggest that ethanolamine and
phosphoethanolamine may have some potential in stimulating wool production and that they
should be considered as potential wool growth regulators. Indeed, further in vivo and in vitro

work to establish whether these factors are important wool growth regulators would be beneficial.

10.8 MINOXIDIL

Minoxidil (6-amino-1, 2-dihydro-1-hydroxy-2-imino-4-piperidino-pyrimidine) acts
pharmacologically as both a vasodilator and a growth stimulant for human hair (Baden ef al.
1988; Price and Menefee 1990; Dooley et al. 1991). Details of the mechanism of action of this
compound are currently not available. Initial reports speculated that vasodilation underlies both
actions and that minoxidil affects hair growth by increasing blood flow to the hair follicle. Later
studies have suggested a direct action of minoxidil on the follicle itself. A number of studies have
also shown that sulphation of minoxidil must occur to activate the growth factor (Buhl et al.
1990; Imai et al. 1992) and that minoxidil sulphotransferase is located within the cytoplasm of
cells in the lower outer root sheath of fibre follicles (Dooley et al. 1991; Baker et al. 1991;

Waldon ef al. 1993). This site appears to be the target of minoxidil action.

Supplementation of tissue culture media with minoxidil has identified a direct effect of this
compound on fibre follicles. Rat vibrissae follicles maintained in minoxidil supplemented media
increased in length six times faster than control follicles (Buhl et al. 1989). Human hair follicles
maintained in vitro grew faster in 200ng/ml minoxidil (Philpott et al. 1990). However minoxidil
has also been shown to be ineffective at 10pug/ml and significantly inhibited hair‘ growth at
200ug/ml. Nevertheless, the longevity of follicles in the presence of minoxidil was greater than

control follicles (Philpott ef al. 1990). Minoxidil supplementation at 50 - 200ug/ml was also
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found to increase cysteine and glycine incorporation into the follicle whereas higher doses were
inhibitory (Buhl et al. 1989). Minoxidil also induced proliferation of hair epithelial cells near the
base of the follicle (Buhl et al. 1987) and increased DNA synthesis of hair bulb cells in vitro
(Imai et al. 1992). AIll these findings indicate there is a direct effect of minoxidil on hair follicles

and suggest that the mechanism of action is independent of blood flow.

Recent in vivo rat studies which incorporate the topical application of minoxidil suggest that
minoxidil may not increase the rate of hair growth, but rather increases the duration of anagen by
shortening the time that the hair follicle is in the resting growth cycle stage (Frienkel et al.
1989). The action of minoxidil on human hair is that it keeps trichocytes of the hair bulb in
anagen longer, which consequently allows hair fibres to attain a greater length (Baden et al.
1988). This is supported by studies in sheep, where administration of minoxidil reduced wool
growth rate, fibre length, fibre diameter and rate of bulb cell division (Hynd and Ehrhardt
1987).

All these observations suggest that the minoxidil effects may be via changes in the hair cycle.

This section examines whether 200ng/ml, 10pg/ml and 200pg/ml minoxidil affect wool fibre

growth and follicle viability.n_

10.8.1 EXPERIMENTAL PROCEDURE
Wool follicles were isolated from one Drysdale and one English Leicester sheep. Approximately
24 follicles from each animal were maintained in Control Medium B or Control Medium B

supplemented with 200ng/ml, 10ug/mi or 200ug/ml minoxidil.

10.8.2 RESULTS AND DISCUSSION

The inclusion of 200ug/ml minoxidil in the tissue culture medium had a significant inhibitory
effect on the rate of fibre production by both English Leicester and Drysdale wool follicles (Table
10-7). In both instances the rate of fibre growth was half that produced by follicles maintained
in minoxidil-free medium. This concentration of minoxidil also significantly reduced the viability

of follicles from the English Leicester but not the Drysdale sheep.

In follicles isolated from the Drysdale sheep, minoxidil supplementation at 10ug/ml and
200ng/ml had no effect on fibre growth. The supplementation of nutrient medium with
10ug/ml also had no effect on wool growth by English Leicester follicles. However, there was a
30% reduction in the rate of fibre growth by these follicles in the presence of 200ng/ml

minoxidil. This effect was not statistically significant.
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Table 10-7 Fibre growth rate by follicles maintained in Control Medium B or in
: Control Medium B supplemented with various concentrations of
minoxidil. Differences in the Proportion of viable follicles were

determined using > analysis; ~ P<0.01.

The results show that 200ug/ml minox‘idil inhibits wool fibre production. Philpott et al. (1990)
also found that the maintenance of human hair follicles in media supplemented with 200ug/ml
minoxidil significantly restricted fibre production. This inhibition may be due to toxic effects of
minoxidil at the high concentration rather than any physiological regulation. Follicle viability was
also significantly reduced when English Leicester follicles were maintained in a culture medium

supplemented with 200pg/ml minoxidil.

Philpott et al. (1990) identified that 10ug/ml minoxidil had no effect on fibre production in
vitro, but in their hands 200ng/ml minoxidil increased the rate of hair growth by isolated scalp
hair follicles; a finding not supported by this study. It may be that there are species specific
differences in the effects of minoxidil. Administration of minoxidil to sheep in vivo reduced wool
growth, fibre length, fibre diameter and the rate of bulb cell division (Hynd and Ehrhardt 1987).
This may have been a result of the toxic minoxidil effects proposed above, or may signify a

physiological effect of this growth factor in sheep.

Recent in vivo evidence suggests that the reported mitogenic effects of minoxidil are mediated
through regulation of the follicle cycle, rather than the rate of fibre production. Minoxidil
appears to maintain fibres in anagen resulting in fibres attaining a greater length, rather than
affecting the rate of fibre growth (Baden et al. 1988; Frienkel ef al. 1989). Consequently, if
minoxidil regulation is via follicle cycle control, increases in the rate of fibre production in vitro
would not be expected. Therefore, the data do not rule out the possibility that at specific doses,
minoxidil may regulate wool growth via control of the follicle growth cycle. This study supports
the hypothesis that the effects of minoxidil are not achieved through regulation of the rate of

fibre growth.
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It is also interesting to observe the very high viability rate for follicles, particularly those of
Drysdale sheep, maintained with minoxidil. This may be due to minoxidil causing follicles to
remain in an active growth phase when they may otherwise have regressed to telogen. Further
work on this observation may lead to a greater understanding of the mechanisms by which wool

growth is regulated.

10.9 ANTLER EXTRACT

Deer antlers are organs synthesised on the frontal bones of the skull of male Cervidae. Each year
the antlers grow, calcify, die, shed and then regenerate. Annual regeneration involves the rapid
production of a highly proliferative tissue. During times of synthesis, tissue grows from the antler
tip at the rate of 1-2cm per day and is almost immediately covered in a soft skin which supports a
dense mat of fine hair (Sadighi ef al. 1994). The synthesised tissue is highly vascularised and
innervated. Work by Suttie ef al. (1994) has shown that the antler tip is the most proliferative
zone and that unidentified but potent stimulators of cell division are present in the aqueous
extracts of this tissue. Suttie et al. (1994) examined the mitogenicity of extracts of antler tissue
on antler cells in vitro and identified a peak of activity at 1.25 - 2.5mg/ml after which

mitogehicity declined,

The rapid rate at which antler tissue is synthesised and the observation that hair follicles are
initiated and fibre produced on the antler immediately following synthesis of this tissue, gave rise
to the hypothesis that potent stimulators of fibre growth are likely to be present in the tip of
regenerating deer antler. In this section, the mitogenicity of aqueous deer antler extract on

isolated wool follicles was examined.

10.9.1 EXPERIMENTAL PROCEDURE

Freeze dried aqueous extract of velvet antlers from New Zealand Red Deer (Cervus elaphus) was

provided by Dr }.M. Suttie (AgResearch, Invermay Agricultural Centre, Mosgiel, New Zealand).

Isolated wool follicles were maintained in Control Medium B or in Control Medium B aseptically
supplemented with antler extract to a final concentration of between 0.2- 5mg/ml. In order to
examine this complete concentration range in detail, three separate experiments were undertaken
to examine portions of this range of antler extract concentrations. The three experiments were
undertaken on consecutive days. On each occasion, media supplementation with antler extract

was undertaken using the same 5mg/ml stock solution of extract prepared in Control Medium B.

10.9.2 RESULTS AND DISCUSSION

The effect of low concentrations of antler extract on the rate of wool fibre growth in vitro was
examined in Experiment One. There was a concentration dependent inhibition of wool growth
with increasing antler extract supplementation up to 0.6mg/ml. However this was not statistically
significant at any of the concentrations examined here (Table 10-8). In Experiment Two there

was also concentration dependent inhibition of wool growth up to 2.0mg/ml of antler extract
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with the inhibition reaching statistical significance at the high end of the range (P <0.05). Data
from Experiment Three showed that there was significant inhibition of fibre growth in vitro by

isolated wool follicles in the presence of 3.5-5mg/ml aqueous antler extract (P <0.05).

Table 10-8 Wool growth by isolated follicles maintained in Control Medium B or
Control Medium B supplemented with aqueous antler extract. Data
presented from three separate experiments examining the range 0-
S5mg/ml extract.

The rate of wool growth by isolated follicles maintained in Control Medium B (Omg/ml antler
extract) was similar in each of the three experiments (Table 10-8), enabling fibre growth to be
compared in each experiment. The growth rate values for follicles maintained in Control Medium
B alone (Omg/ml extract) were averaged to enable the direct comparison of the wool growth

rates presented in Figure 10-1. Data from each experiment are presented in a different colour.
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Figure 10-1 The rate of wool growth by isolated follicles maintained in Control
Medium B (Omg/ml) or Control Medium B supplemented with
different concentrations of antler extract. Data from Experiments 1-3
(Table 10-8). Hl Omg/ml antler extract data averaged for the three
experiments; B data from Experiment One; Hl data from
Experiment Two; Bl data from Experiment Three. Statisti*cal

differences are reported relative to Omg/ml antler extract ( P<0.05).

The graphical presentation of data in Figure 10-1 shows there is a concentration dependent
inhibition of wool growth by the antler extract. There is also an inexplicable reduction in the rate
of wool growth within each experiment which appears incongruous to the growth rate responses
occurring between experiments. The higher extract concentration in each experiment was the
most inhibitory on wool growth irrespective of when this occurred in the range of extracts
examined. There is no obvious reason for the differences in the effect of the extract in the
different experiments; all follicles were randomly assigned to extract concentrations, experiments

were performed on consecutive days and a stock solution of extract was diluted for use in each

experiment.

The data in this section show that aqueous antler extract had no stimulatory effect on wool

growth from isolated follicles.

10.10 DiscussiIiON AND CONCLUSIONS

Insulin had no effect on the rate of fibre growth by isolated wool follicles over three days. This
concurs with the in vivo findings of Bray et al. (1990), Wynn et al. (1988) and Johnsson et al.
(1985) that changes in wool growth are not necessarily correlated with, or dependent upon,
changes in plasma insulin concentrations. In the /in vivo environment, insulin may well have some

role in the mediation of environmental effects on wool production through its effects on energy
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partitioning and protein synthesis. The study presented here, however, demonstrates that insulin

does not have direct effects on the regulation of fibre production at the wool follicle.

Insulin-like growth factor-1 (IGF-1) also had no effect on wool production in vitro which contrasts
with the stimulatory effects documented for human hair growth in culture (Philpott et al. 1994).
Cell receptors for IGF-1 have been identified in wool follicles (Nixon et al. 1994a) and these
have been shown to upregulate in response to a hormonal challenge (Nixon et al. 1995a).
However this is typically prior to transition of the follicle from anagen to telogen rather than
changes in the rate of fibre production (Dicks and Williams 1993; Nixon et al. 1995a). In wool
follicles it therefore appears that IGF-I is not involved in the regulation of fibre growth rate, but

may have a role in regulation of the follicle growth cycle. This deserves further investigation.

Fibroblast growth factor (FGF), epidermal growth factor (EGF) and transforming growth factor
alpha (TGFa) each inhibited fibre growth in vitro, probably by an identical mechanism.
Inhibition of fibre growth by 45% (P=0.003) occurred when the nutrient medium was
supplemented with 10ng/ml FGF. Other concentrations of FGF also caused significant wool
growth inhibition. Fibre growth was reduced by 33% (P=0.05) in the presence of 100ng/ml
EGF with a trend towards an inhibition of wool growth at other concentrations. A lesser effect
was observed wh"en the nutﬁént medium was supplemented with TGFa. Nevertheless, fibre
growth was reduced 20% in the presence of 10ng/ml (P=0.16) with no effect being detected at
other concentrations. These findings are supported by other results which indicate that fibre
production by isolated wool follicles and murine follicles are inhibited by EGF (Bond et al.
1994b; Hynd et al. 1994) and TGFa (Wynn et al. 1989).

The effect of these growth factors on wool growth appears to be through the activation and
synthesis of dermal collagenases. Fibroblast growth factor (Scandurro et al. 1993) and EGF
(Rogers et al. 1987) have each been shown to enhance follicle collagenase activity. TGFa binds
to the EGF receptor and by this mechanism may also activate collagenase synthesis (Panaretto
1993; Wynn et al. 1989). Collagenase probably has a role in the ingress of follicles into the
dermis during foetal development (Sutton ef al. 1995) and may also regulate ingress during
reactivation of telogen follicles. The inhibition of wool growth rate noted in isolated follicles may
be due to the disruption of collagen structures, particularly in the follicle collagen sheath.
Examination of the role of these growth factors in regulating follicle activation and cycling should

provide valuable information on the mechanisms regulating these events.

The pituitary components ethanolamine and phosphoethanolamine at 10°°M stimulated fibre
production in isolated follicles by about 40% (P=0.16). Further experimentation is required to
validate this observation given that removal of the pituitary prevents wool production and
administration of a pituitary extract stimulates wool production (Ferguson ef al. 1965; Wallace

1979). The mitogenic effects of these factors are certainly worth further investigation.

Supplementation of the nutrient medium with 200ug/ml minoxidil significantly inhibited wool
growth by follicles isolated from both English Leicester (P=0.003) and Drysdale (P <0.001)

sheep. There was no significant effect of minoxidil on wool production at any other
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concentration examined. This concentration of minoxidil was also found to inhibit fibre
production by human hair follicles (Philpott et al. 1990). In human hair follicles maintained in
vitro, 200ng/ml minoxidil stimulated hair production. However this concentration was found to
have no effect on the rate of fibre growth by isolated wool follicles. It is hypothesised that this
difference is a 'species specific effect. However there is some evidence which suggests that
minoxidil acts by regulating the hair growth cycle rather than fibre growth. Minoxidil has been
shown to reduce the duration of the telogen phase of follicles (Frienkel ef al. 1989) and to
maintain follicle bulb trichocytes in the anagen phase for an increased length of time (Baden et al.
1988). These results suggest that fibre growth is regulated by direct effects on the follicle via
changes in the activity of the hair follicle rather than increased fibre production. The inhibition
of fibre growth noted in this work and by Philpott et al. (1990), may be due to the toxic effects

of this growth factor at high concentrations.

Aqueous extracts of deer antler had no stimulatory effects on fibre growth in cultured wool
follicles. Indeed, high concentrations of this extract (3.5-5ng/ml) were inhibitory for fibre
production. There are a number of possible reasons for this lack of wool growth stimulation. It
may be due to between species differences in the conformation of potential mitogens (Lehninger
1975).7 Alternatively, imrriunological interference by other water soluble components from the
deer may be obscuring any mitogenic effects on the wool follicles. Properdin, conglutinin and
acute phase proteins are all serum proteins which provide immunofogical protection but may
interfere with cell growth in a tissue culture environment (Humphrey and White 1970).
Complement may also affect cell growth in vifro (Humphrey and White 1270). It would be

worth investigating the effect of heat inactivating the antler extract, on in vitro wool growth.

In conclusion, a number of growth factors affect the rate of wool growth in cultured follicles.
Fibroblast growth factor, epidermal growth factor and transforming growth factor alpha inhibit
fibre production. The most likely mechanism of action is the disruption of follicle morphology
due to collagenases which are activated by the growth factors themselves. Minoxidil inhibits fibre
growth at high concentrations which may reflect a toxic effect of this growth factor.
Alternatively, minoxidil may inhibit fibre growth via the outer root sheath, the target site for
minoxidil. The only stimulation of fibre production in this study was through supplementation
with the pituitary components, ethanolamine and phosphoethanolamine. Potential mechanisms of
action of these factors requires further investigation. This study has also shown that a number of
growth factors achieve their effects by regulating wool production through direct actions on the
wool follicle growth cycle. However no factor has been identified which regulates the growth rate
of the fibre itself.
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GENERAL DISCUSSION

The aim of science is to seek the simplest explanations of complex
facts. We are apt to fall into the error of thinking that the facts are
simple because simplicity is the goal of our quest. The guiding motto
in the life of every natural philosopher should be, "Seek simplicity and
distrust it."

Alfred North Whitehead



GENERAL DISCUSSION

11 GENERAL DiscussioN
11.1 Evaluation of the Follicle Culture Technique
11.2 Significant Outcomes of this Study

11.3 Potential for Future Research

150

PAGE

150

151

153

158



GENERAL DISCUSSION 151

11 GENERAL DISCUSSION

11.1 EVALUATION OF THE FOLLICLE CULTURE TECHNIQUE

The wool follicle culture system developed in this thesis details conditions whereby isolated
follicles were successfully maintained in vitro, with the continuous production of a typical wool
fibre for at least three days. Fibre growth was significantly reduced when follicles were
maintained in buffered saline. This shows that the growth of wool in culture requires the
provision of nutrients and responds to culture conditions, rather than being the continuation of
some process already underway in the follicle. This Is essential for the in vitro system to be

considered a legitimate model of in vivo fibre growth,

The structure of wool fibres produced in culture was typical of those grown in vivo. Using
scanning electron microscopy, it was apparent that the distance between consecutive cuticle
ridges of freshly isolated fibres and of fibres produced during maintenance of follicles in tissue
culture, were the same. This derhonstrates that the external physical structure of fibres is
retained in culture and that the formation of a normal wool fibre occurs. Examination of follicles
and fibres using"a light micr’dscdpe concurred with this observation. In addition,
bromodeoxyuridine incorporation showed that cells in the germinative matrix of the follicle bulb

remained mitotically active during in vitro maintenance.

Amplification of keratin DNA was undertaken by in situ PCR. This is the first report of the use
of this technique in wool follicles. In situ PCR keratin gene amplification showed that structurally
intact DNA was present within all cells of the wool follicle after three days maintenance in vitro.
From all of the evidence, I am confident that the maintenance of wool follicles in culture for

three days does not disrupt the production of a normal fibre.

Techniques for isolating wool follicles were evaluated in the current study. | believe
microdissection to be the most appropriate method for isolating wool follicles. While it is
reasonably time-intensive, it is superior to plucking, shear isolation and collagenase tissue
digestion. Microdissection enables follicles to be collected which have not been damaged and,
consequently, a high proportion continue to produce a wool fibre in culture. In contrast, the
structure of a follicle is damaged when obtained by plucking (Weterings et al. 1982; Green et al.

1986), shear isolation (Philpott ef al. 1989) or protease digestion (Rogers ef al. 1987).

| believe that the optimum technique for measuring the rate of wool growth by isolated follicles is
that of fixed time analysis. This was superior to analysis by regression because, while the average
growth rate was identical using either technique, fixed time analysis was less time intensive and
less disruptive to the culture conditions. That is, the use of fixed time analysis halved the number
of times culture plates were removed from the incubator. | therefore recommend fixed time

analysis for the measurement of fibre growth in culture.

The composition of the medium in which isolated follicles were maintained affected the rate of

wool growth and the viability of follicles. | believe that the optimum conditions for growing wool
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in vitro can be defined as William’s Medium E supplemented with insulin, hydrocortisone, sodium
selenite and transferrin. Supplementing with trace elements, Fungizone®, penicillin or
streptomycin reduced in vitro wool growth. Foetal calf serum had no effect on in vitro fibre
growth under the conditions in the current study; an observation which concurs with the findings
of Boyce and Ham (1983).

During the course of this study 1 was not able to identify why follicles ceased to produce fibres
after one week in culture. It may be that, in response to the culture conditions, follicles undergo
a transition to the telogen phase of the growth cycle, or that isolation from the dermis results in a
lack of autocrine and paracrine messages. This may then cause trichocytes to lose their
specialisation and revert back to the dermal/epidermal tissue components from which they were
initiated. In a similar manner, the recognition and association of cells of the same type is crucial
to the maintenance of tissue integrity in vivo (Edelman and Thiery 1985). This cessation of fibre
growth does not appear to be due to the depletion of nutrients in the culture medium, as daily

renewal of the medium (preliminary data not presented here) does not increase follicle longevity.

A further observation to be addréssed is the wide range of wool growth rates. It may be that
some follicles were slightly damaged during isolation, although this was not apparent under
microscopic examination. In addition, bromodeoxyuridine uptake studies showed that both fast-
and slow-growing follicles had cellular patterns of DNA synthesis identical to those observed in
vivo. This suggests that fibre growth in cultured follicles originate from normal cell division in
the follicle bulb, even in slow growing follicles. From this evidence, | believe that the events
responsible for the wide range of fibre growth rates have no potential to compromise the normal
process of fibre production and trichocyte proliferation. Indeed, it may be that the range of fibre
growth rates noted in vitro are merely a continuation of events occurring in vivo. The range of
individual fibre length growth rates within any one animal is 260-694um/day for Romney sheep

(Woods pers.comm.). This may account for some growth rate variability.

An alternate mechanism which may be involved in the in vitro growth rate variability is that at the
time of isolation, individual follicles may be under the regulation of specific growth factors and
that the culture conditions may not be suitable for the continued production of these factors. If
this were the case, follicles with a greater stored concentration of an undefined growth factor may
continue to produce fibre for a longer period, and potentially at a greater rate, than follicles with
a lower concentration of the stored growth factor at the time of isolation. Nonetheless, wool
growth by isolated follicles, maintained in vitro, occurred at a consistent rate for at least three

days, with the rate of fibre production being approximately half of that occurring in vivo.

The ratio of in vivo:in vitro fibre growth was consistent over the different sheep genotypes
examined in this study. This is the first report of a between breed comparison of in vitro fibre
growth. It was apparent that follicle curvature, small follicle size and a high density of follicles in
the skin, each increased the difficulty of isolation and reduced in vitro follicle viability. From
these results, I would recommend the use of coarse-wool breeds of sheep for future in vitro

studies of wool growth.
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In addition to the greater ease of follicle isolation from coarse-wool breeds, the rate of fibre
growth is also likely to be enhanced. In this study I found that for isolated follicles there was a
significant, positive correlation between the in vitro fibre growth rate and follicle bulb diameter.
This concurs with numerous reports of an in vivo relationship between follicle bulb size and fibre
growth rate (for example Henderson 1965; Black and Reis 1979; Kelly et al. 1993). The
relationship between the in vitro rate of wool growth and follicle size was best explained using a
split trendline. This provides some support for the idea of differential control of primary and
secondary follicles. Differences in the fibre growth cycles have been reported for the two follicle
populations (Hardy 1992). Therefore it is feasible that different regulatory mechanisms occur.
This could be examined, in future work, by distinguishing primary and secondary follicles at
Isolation on the basis of size or associated accessory structures. For example, secondary follicles

have no sweat glands or arrector pili muscle (Chapman and Ward 1979).

In conclusion, | believe that this study demonstrates that wool follicles can be successfully isolated
from sheep and, given a‘ppropriate culture conditions, will continue to grow wool at a linear rate
for at least three days. The fibre produced has a structure which is typical of wool produced
under normal in vivo conditions. | believe that the in vitro wool growth model described here
provideS an appropriate, effective method of evaluating mechanisms with the potential to regulate

wool growth in vivo.

11.2 SIGNIFICANT OUTCOMES OF THIS STUDY

I believe that the key finding of this study is that the regulation of wool growth occurs through
responses to circulating extra-follicular factors, rather than modifications to systems within the
wool follicle. The isolation of wool follicles and their in vitro maintenance under conditions
which are conducive to continued wool growth, resulted in the release of follicles from the
systemic influences controlling fibre growth. Loss of this regulation was demonstrated following
both seasonal and nutritional manipulation. In addition, the provision of extra-follicular factors
by the inclusion of ovine serum influenced follicle wool production in a season dependent

manner.

In vivo, wool production is influenced by season, with most sheep breeds having a greater wool
growth rate during summer than winter (Coop 1953; Bigham ef al. 1978; Geenty ef al. 1984;
Lincoln 1990). In vivo wool growth by the four English Leicester sheep used in this stcudy
concurred with these observations. Peak wool production occurred during summer

(1 .53mg/cm2/day) with a nadir during winter (O.64mg/cm2/day). Isolation of wool follicles
from these sheep at regular intervals throughout the year, showed that the seasonal regulation of
fibre growth was disrupted, when follicles were removed from the extra-follicular influences
within the animal and maintained in vitro. Isolated follicles grew at a rate which was independent

of the time of year.

Similar losses of systemic regulation were observed when animals were maintained on different
nutritional treatments. Animals consuming high energy, high protein diets produced 36% more
wool on a clipped patch, than those on a control diet (1.48 vs 1.09mg/cm2/day; P=0.04). In
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contrast, when follicles were isolated from these animals and maintained in vitro, wool growth
rates were identical (P=0.95). This data shows that under both the seasonal and nutritional
conditions described here, the in vitro wool growth rate was independent of any of the

environmental influences which affected the animal at the time of follicle isolation.

Further evidence for the suggestion that environmental regulation occurs via extra-follicular
factors is that the rate of wool growth by isolated follicles was inhibited by ovine serum. This
inhibition was season dependent, with serum collected during autumn having a more inhibitory
effect on fibre growth than serum obtained during spring. | suggest that this finding implies that
the environmental regulation of wool growth is achieved through direct effects of extra-follicular
factors on follicle growth processes. It 1ﬁay be that endocrine mechanisms exist in winter to
suppress wool growth and, as a consequence, to conserve the limited amount of available
nutrients for more vital processes necessary for survival. At other times of the year, when
nutrients are more readily available, a change in the nutrient partitioning serum ' factor’ would
allow increased wool growth. It would be interesting to undertake a multi-factorial analysis of
growth responses for follicles isolated at different times of the year and subplemented with serum

from different seasons.

An alternate mechanism to that of a nutrient partitioning " factor’ is endocrine control of
vasodilation and blood flow, and by this mechanism, dermal temperature. That is, ovine serum
may contain factors capable of increasing or decreasing vasodilation in a season-dependent
manner. While the in vitro data presented in this study show that a reduced temperature
significantly reduces in vitro fibre growth (P <0.001), this mechanism cannot be responsible for
the reduction in fibre growth resulting from ovine serum supplementation, in the tissue culture
environment. However, this does not rule out the potential of temperature and/or blood flow as
a mechanism for the in vivo regulation of wool growth. For example, exposure of sheep to a cold
environment has resulted in increased (Hopkins and Richards 1979), reduced (Coop 1953;
Bennett ef al. 1962; Wallace 1979; Hopkins and Richards 1979) or unaltered (Bottomley
1979) rates of wool production. Increases in wool growth under these conditions have been
correlated with increased feed intake (Bottomley 1979). This evidence suggests that wool

growth regulation occurs through a nutrient partitioning mechanism.

The findings of this study support the diminishing returns scenario of Scobie and Woods (1992)
regarding formation of a fibre medulla. Scobie and Woods (1992) suggest that a medulla results
when the rate of production of fibre cells exceeds their ability to synthesise keratin proteins.

That is, as fibre volume increases, there is insufficient keratin to form any type of cortical cell and
a medulla forms. Conversely, as fibre volume decreases, the occurrence of a medulla is reduced.
In the current study, the in vitro growth of wool follicles resulted in a reduction of both wool
fibre volume and medulla volume. This supports the hypothesis of Scobie and Woods (1992).
Certainly, the observation that growing wool follicles in vitro affects the degree of fibre
medullation, may provide a model suitable for examining potential factors responsible for the

initiation and maintenance of a medulla in vivo.
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A further interesting observation in this study was that during winter there was a reduction in the
proportion of follicles which remained viabfe in culture. This led to the suggestion that a higher
proportion of the follicles which were isolated during winter were in a catagen or telogen phase of
the follicle growth cycle. A formula was therefore developed to determine whether the reduction
in the in vivo wool growth rate during winter was completely accounted for by changes in fibre
diameter and volume. The data indicate that the winter reduction in in vivo wool production was
not fully accounted for by a decrease in fibre size. Therefore, it seems likely that a reduction in
the proportion of follicles in anagen occurs during winter. This is supported by Parry et al
(19921) who showed that in New Zealand Wiltshire sheep, the proportion of follicles in anagen
was reduced during winter. Consequently, the reduced proportion of follicles in anagen may be
reflected in the reduction of in vitro follicle viability, during winter. The growth of wool follicles
in culture therefore provides a model of wool growth in which factors controlling the follicle

growth cycle may be investigated.

While it cannot be ruled out that some cellular modification of the follicle is occurring in a season
dependent manner, | believe that there is a considerable body of evidence to support the
hypothesis that wool growth regulation is effected via endocrine mechanisms. Given that ovine
serum had an inhibitory effect on fibre growth it appears that wool growth regulation occurs via
follicle inhibition rather than stimulation. An attempt was made in this study to define the active

components in ovine serum.

Ovine serum which had been collected during winter was fractionated into its component proteins
on the basis of molecular size and charge. From this study it was apparent that specific fractions,
and consequently specific protein or protein-bound molecules, confer the observed inhibition of
wool fibre growth. These were tentatively identified as a 350kD protein (possibly an o-
lipoprotein) or a 130kD protein which could not be identified. A further component which
conferred significant wool growth inhibition was a 55kD protein which has tentatively been
identified as albumin on the basis of size and affinity binding. No attempt was made to purify
these protein fractions. Further work is needed to identify the specific active components of
these serum fractions. It is possible that one of the less dominant protein components in the
unpurified fractions was responsible for the observed inhibition. Likely candidates would be the
endocrine growth factors. However their molecular size (approximately 3 to 21kD) suggests
that, if the growth factors are responsible for the regulation of wool growth, they are transported

while bound to other protein components in serum.

The identity and mode of action of some potential candidates which may contribute to the
endocrine regulation of wool growth were investigated. Basic fibroblast growth factor (bFGF),
epidermal growth factor (EGF) and transforming growth factor alpha (TGFa) each inhibited wool

fibre growth in vitro.

‘The potential mechanism by which bFGF affects fibre growth appears to involve collagenase
activity. This mechanism was documented by Scandurro ef al. (1993) who maintained hair
follicles lacking dermal papilla, in the presence of bFGF. Under these conditions, pro-collagenase

activity was initiated. This activation of collagenase has the potential to alter fibre growth by
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mechanisms which affect the follicle collagen sheaths. In the wool follicle, the dermal papilla is
separated from the mitotically active trichocytes of the follicle bulb by the basement membrane,
which is continuous with the connective tissue sheath (Orwin and Woods 1982). The connective

tissue sheath and basement membrane are formed from collagen fibres (Orwin 1988).

Fibroblast growth factor expression has been identified in the skin of sheep (Sutton et al. 1995).
In addition, FGF has been identified within the basement membrane. Receptors for FGF have
been located in the dermal papilla and hair bulb (Panaretto 1993). In vivo, elaboration of
collagenase activity is likely to facilitate ingress of follicles through the dermis (Sutton et al.
1995), which suggests there is a role in the regulation of the follicle cycle rather than a direct
effect on fibre growth. Expression of FGF in the skin of sheep suggests a role for this growth
factor in the paracrine, rather than endocrine, regulation of fibre growth. The inhibition of fibre
growth observed in this study may be suggestive of secondary messengers arising from FGF
binding in the dermal papilla and affecting the activity of cells within the follicle bulb.
Alternatively, the reduced fibre growth may be due to an enhancement of collagenase activity

resulting in non-specific degradation of the follicle collagen sheaths.

The reduction in the fibre growth rate of isolated follicles maintained in the presence of EGF and
TGFa is likely t6’ occur thro'tjgh"a similar mechanism as that presented for FGF. That is, EGF has
also been shown to cause the enhancement of collagenase activity in follicles (Rogers et al.
1987). Transforming growth factor alpha binds to the EGF receptor and is, therefore, also likely
to be capable of initiating synthesis of this protease (Wynn et al. 1989; Panaretto 1993). The
data in the current study indicate that the order of potency of these three growth factors is bFGF
> EGF > TGFo.

A further growth factor with the potential for inhibiting fibre growth is that of minoxidil, the
active component of the hair restorative product REGAIN™. Although minoxidil has been shown
to variously inhibit and stimulate fibre production by human hair follicles in vivo and in vitro
(Philpott et al. 1990), a stimulatory effect was not achieved using isolated wool follicles.
Evidence suggests that the mechanism by which minoxidil stimulates fibre growth is by regulating
the follicle growth cycle. Application of minoxidil reduces the telogen phase of the follicle cycle
(Frienkel et al. 1989) and maintains trichocytes in the follicle bulb in anagen (Baden et al.
1988); hence the increase in fibre length. A lack of minoxidil stimulation of wool growth by
isolated follicles may be due to differences in the duration of the follicle cycle. For example,
wool follicles may remain in anagen for up to eight years in sheep (Ryder and Stephenson 1968)
which contrasts sharply with the much shorter duration seen with human hair follicles. The
inhibitory effects on fibre growth in this study and by Philpott et a/.(1990), may result from the
toxic effects of minoxidil at high concentrations or from an as yet undetermined effect on fibre
follicle activity.

The only growth factors to stimulate fibre production were the pituitary compohents
ethanolamine and phosphoethanolamine. These components may provide exciting new

mechanisms for the enhancement of fibre production, although the results were not statistically
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significant and therefore require verification. Nonetheless, the potential exists for these
components to have direct effects on fibre growth. Removal of the pituitary gland results in the
cessation of fibre growth in vivo (Ferguson ef al. 1965; Wallace 1979) and administration of
pituitary extracts have been shown to stimulate wool production in vitro (Obana and lto 1993)
and in vivo (Ferguson et al. 1965; Wallace 1979). Phosphoethanolamine has growth promoting
activities on rat tumour cell lines (Tsao et al. 1982) and, in concert with ethanolamine, is a
potent stimulator of human keratinocyte growth (Hawley-Nelson et al. 1980; Breidahl ef al.
1989).

Changes in the rate of wool growth in vivo can be independent of changes in plasma insulin
concentrations (Bray ef al. 1990). This supports the finding in this study that insulin does not
affect the rate of wool growth by isolated follicles. Nonetheless, | believe that insulin does have a
role in maintaining wool follicles in the active, anagen phase of growth. Westgate et al. (1993)
reported that insulin was necessary for maintaining the anagen morphology of fibre follicles and
the current study showed that follicle viability was reduced in the absence of insulin. However,
these findings do not explain why elevated plasma insulin concentrations may be correlated with
reduced (Wynn et al. 1988) or increased (Johnsson et al. 1985) wool production. It is likely
that other growth factor coh'trolled extra-follicitlar systems, such as nutrient partitioning, affect
the efficacy of follicular control by insulin. In contrast to the apparent role of insulin, no role for
insulin-like growth factor-l in regulating wool growth or the follicle cycle was supported by the

current study.

| believe that these findings require that we now review our understanding of the mechanisms by
which wool growth may be controlled. Indeed, it appears that control by regulating the growth
phase of wool follicles is at least as likely as direct regulation of the fibre growth rate of follicles
in anagen. Of the growth factors examined here, insulin, TGFa, EGF and bFGF each appear to

have the potential to affect follicle activity.

In the current study, no effects on fibre growth of melatonin, prolactin or aqueous antler extract
were observed. It may be that the time-frame was insufficient for their effects on fibre growth to
be apparent. Within the few days over which the rate of fibre growth was measured, cellular
effects on gene transcription or translation, receptor sensitivity or receptor number may have
been initiated. However these may have had insufficient time for translation into measurable
changes in wool production. In contrast, factors which inhibited wool production may have

immediate direct effects which are rapidly and readily observable in a wool follicle culture system.

In conclusion, the study presented here defines appropriate conditions for the maintenance of
isolated wool follicles in vitro and has shown that extra-follicular regulation of woo! production
occurs through the expression of endocrine growth factors, rather than modification of the wool
follicle itself. Specific inhibitory proteins in ovine serum have been identified. Basic fibroblast
growth factor, epidermal growth factor and transforming growth factor alpha have been presented

as potential mediators of endocrine fibre growth regulation. | believe that the results from this
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study support the hypothesis that endocrine growth factors contribute to the regulation of wool

growth.

11.3 POTENTIAL FOR FUTURE RESEARCH

The research in this thesis has led to the development of an in vitro model of wool growth. This
now allows factors which may be involved in the regulation of wool production to be evaluated at
the follicle level in the absence of whole-body influences. The following areas of research appear
to have potential.

e The culture of isolated wool follicles may be used to identify whether different regulatory
mechanisms exist for primary and secondary follicles. This could be undertaken by
distinguishing between the types of follicle at isolation, on the basis of accessory structures and
size, in some breeds such as the Drysdale. Any differential responses of the two follicle

populations to growth factor challenges could then be evaluated.

e Similarly, the identification of primary and secondary follicles may allow an evaluation of the
factors responsible for regulation of the follicle growth cycle in the two types of follicles. The
current study suggests that there is a reduction in the proportion of follicles in anagen during
winter. In future Studiés, identification of which follicle population is affected by season could

be undertaken.

¢ It would be useful to structurally examine isolated follicles following culture with specific
growth factors. This may enable further elucidation of the mechanisms by which wool growth
is controlled. Conversion of isolated follicles from anagen to telogen or catagen following a
grthh factor challenge, may provide evidence that considerable regulation of wool growth
occurs by controlling the phase of the wool growth cycle, rather than the rate of fibre

extension.

* Wool follicle culture may also enable the identification of pathways involved in the initiation
and maintenance of medulla formation. For example, the tissue culture conditions,
particularly with respect to nutrients, could be modified. Changes in medulla volume may
then signal the presence of factors important for the synthesis of keratin-filled cortical cells.

o Fibre growth and follicle viability in Dulbecco’s modified Eagles Medium was significantly less
than in William’s Medium E. Use of the former culture medium, which provides minimal
nutrient factors, therefore provides a follicle growth system by which potential stimulators of

fibre growth can be examined.

* Cultured wool follicles could also be used to further study the seasonal effects of ovine serum
on wool growth. The collection of serum at different times of the year and use of these
samples to supplement the culture medium of follicles collected over a 12 month period,
would provide a much clearer picture of the seasonality of extra-follicular regulators of wool

growth.

e An important extension of the current study is the identification of factors in the two fractions

of ovine serum which were identified as inhibitors of wool growth. Purification of these
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components has the potential to provide exciting new leads into the mechanisms of wool
growth regulation. The fractions could be purified using a variety of techniques, such as

" density gradient electrophoresis, isoelectric precipitation and solvent fractionation. Following
purification, the individual components could be added to the culture medium to assess their
potential for affecting wool production. Identification of active components could be
undertaken, once purification was sufficiently high. Individual proteins could be characterised
in a succession of approaches to ascertain their molecular weight, number of polypeptide
chains, amino acid composition and amino acid sequence. This would then provide the
identity of growth factors with the ability to inhibit wool growth in a season-dependent

manner.

e The use of in situ PCR amplification for the identification of keratin genes in wool follicle
sections was described for the first time in the current study. This provides the basis for
developing techniques to amplify follicular mRNA in situ. ldentification of the site of gene
expression in wool follicle sections would enable considerable advances to be made in
identifying key compbnents in the biochemical pathways of wool growth regulation. While the
current study suggests that responses to growth factors may not occur within three days,

certainly changes in the transcription of genes may be identified using in situ PCR of mRNA.

In conclusion, the use of this in vitro model of wool growth has the potential to provide exciting
new insights into the mechanisms that regulate wool growth and follicle activity. However, it
must be remembered that this is a model system. | am well aware that findings developed using
this technique require considerable validation, in vivo, prior to their establishment as fact.
Nonetheless, to quote Fraser and Short (1960), “It is necessary, in research, to balance
description, experimentation and speculation”. | believe that this in vitro model of wool growth
allows us to make further steps in speculating upon, experimenting with and drawing conclusions

upon, factors with the potential to regulate wool growth in vivo.
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APPENDIX A

A.1 DETAILED EXAMPLE OF ANALYSIS OF VARIANCE PROGRAM FORMAT

USING GENSTAT 5

H "

Directing commands and output to a file
open '?4-13.out'; c = 2 ; filetype = output : output 2

" Description of job "
" Results from growing follicles in culture
- from the data of EL94-13
NOT INCLUDING < 30Omicrons per day

Trt 1 = WE

Trt 2 = WE + 0.2mg/ml antler extract

Trt 3 = WE + 0.4mg/ml antler extract

Trt 4 = WE + 0.6mg/ml antler extract "
units [82] , .
" Reading data and doing any calculations or sorting

~data occurrs here (terminated by :) ”

read [print = d,e,s] gr rate

42 52 109 130 158 266 275 320 332 372
544 587 685 792 807 820 48 70 104 131
202 229 244 272 355 445 465 551 569 574
630 33 418 50 69 82 143 159 160 238
314 369 419 485 494 560 594 603 632 693

61 64 70 85 98 133 149 152 153 178
228 238 327 439 472 505 628 634 716 748
" Setting up factors "
factor [labels=!t('control','0.2mg','0.4mg','0.6mg"')] Trc; \

1(18(1), 19(2), 21(3), 24(4))

" Printing factor levels and raw and calculated variables as a check
print Trt, gr rate ; fieldwidth = 10; decimals = O

" Setting up treatment structure "
treatments Trt

calc n = nlevels(Trt)

vari [n] r,m

" Doing ANOVA and F-probability tests "
for v = gr rate
anova [orth = y; factorial = 5; contrasts = 9; fprob = y] v
akeep terms=Trt ; means = M;rep = R;var = V
aplot normal, histogram, fitted
equate news = r; olds = R
equate news = m; olds = M

441
146
585
305

33
183

calc sed = sqrt(V*(1/MEAN(element(r;1)) + 1/element(r;!(2...n))))

calc dif = element(m;!(2...n)) - MEAN(element(m;1))
calc t = dif/sed
calc pr = 1-FPROB(t**2;1;nobs(v)-n)
print dif,sed,pr
endfor
stop

446
181
611
308

54
184

190
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332
104
569
160
632
153

716

A.2 OuTPUT FROM GENSTAT 5 STATISTICAL PACKAGE
2 "
-3 Results from growing follicles in culture
-4 - from the data of EL94-13
-5 NOT INCLUDING < 3Omicrons per day
-6
-7 Trt 1 = WE
-8 Trt 2 = WE + 0.2mg/ml antler extract
-9 Tre 3 = WE + 0.4mg/ml antler extract
-10 Trt 4 = WE + 0.6mg/ml antler extract "
-11
12 units [82]
1 3 n
-14 Data
_1 5 "
16 read [print = d,e,s] gr rate
17 42 52 109 130 158 266 275 320
18 544 587 685 792 807 820 48 70
19 202 229 244 272 355 445 465 551
20 630 33 48 50 69 82 143 159
21 314 369 419 485 494 560 594 603
22 61 64 70 85 98 133 149 152
23 228 238 327 439 472 505 628 634
27 ' ' ' ‘
Identifier Minimum Mean Maximum Values Missing
gr_rate 33.0 327.8 820.0 82 0
28
29 factor [labels=!t('control',’0.2mg','0.4mg’,'0.6mg')] Trt; \
30 1(18(1), 19(2), 21(3), 24(4))
31
32 print Trt, gr_rate ; fieldwidth = 10; decimals = O
Trt gr rate
control 42 0.2mg 181 0.4mg 305
control 52 0.2mg 202 0.4mg 308
control 109 0.2mg 229 0.4mg 314
control 130 0.2mg 244 0.4mg 369
control 158 0.2mg 272 0.4mg 419
control 266 0.2mg 355 0.4mg 485
control 275 0.2mg 445 0.4mg 494
control 320 0.2mg 465 0.4mg 560
control 332 0.2mg 551 0.4mg 594
control 372 0.2mg 569 0.4mg 603
control 441 0.2mg 574 0.4mg 632
control 446 0.2mg 585 0.4mg 693
control 544 0.2mg 611 0.6mg 33
control 587 0.2mg 630 0.6mg 54
control 685 0.4mg 33 0.6mg 61
control 792 0.4mg 48 0.6mg 64
control 807 0.4mg 50 0.6mg 70
control 820 0.4mg 69 0.6mg 85
0.2mg 48 0.4mg 82 0.6mg 98
0.2mg 70 0.4mg 143 0.6mg 133
0.2mg 104 0.4mg 159 0.6mg 149
0.2mg 131 0.4mg 160 0.6mg 152
0.2mg 146 0.4mg 238 0.6mg 153

372
131
574
238
693
178
748

441
146
585
305

33
183

0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
0.6mg
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446
181
611
308

54
184

178
183
184
228
238
327
439
472
505
628
634
716
748
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33

34 treatments Trt

35

36 calc n = nlevels(Trt)

37 vari [n] r,m

38

39 for v = gr rate

40 anova [orth = y; factorial = 5; contrasts = 9; fprob = y] v
41 akeep terms=Trt ; means = M;rep = R;var = V

42  aplot normal, histogram, fitted

43  equate news =r; olds = R

44 equate news = m; olds = M

45 calc sed = sqrt(V*(1/MEAN(element(r;1)) + 1/element(r;!(2...n))))
46 calc dif = element(m;!(2...n)) - MEAN(element(m;1))

47 calc t = dif/sed

48 calc pr = 1-FPROB(t**2;1;no0bs(v)-n)

49  print dif,sed,pr

50 endfor
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k%% %% Analysis of variance *****
Variate: gr_rate

Source of variation  d.f. S.S. m.s. v.r.  Fopr.

Trt 3 167494. 55831. 1.07 0.366
Residual 78 4062443. 52083.
Total | 81 4229937,

* %% %% Tables of means *****
Variate: gr_rate
Grand mean 328.
| Trt control 0.2mg 0.4mg 0.6mg

399. 337. 322. 272.
rep. 18 19 21 24

* %% Standard errors of differences of means * **

Table - Trt
rep. “unequal
s.e.d. 76.1X min.rep

71.2 max-min
65.9X max.rep

{(No comparisons in categories where s.e.d. marked with an X)

dif sed pr
-61.30 75.06 0.4166
-76.97 73.30 0.2970
-126.61 71.16 0.0791

Histogram of residual grouped by 1(-335.9,...,447.9)

--335.9 T

-335.9 --223.9 12 *EEEEEkEEEkEE

-223.9 --112.0 19  **kEkFE AR EH A kIR R EETE

-112.0 - 0.0 15 R Y R R R XX ]
0.0 - 1120 7 #séxsws

112.0 - 223.9 g REEEEREE

223.9 - 3359 1] **xxwkndres

335.9 - 447.9 7 EEEEEEE

447.9 - 1 *

Scale: 1 asterisk represents 1 unit.
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Normal plot
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52 stop
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¥k %x% %2 % End of job. Maximum of 19434 data units used at line 51 (618620 left)
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Details of the in situ polymerase chain reaction technique provided here relates to the evaluation

of follicle structure following maintenance in vitro, described in Chapter 4.

B.1 TISSUE FIXATION

Individual follicles were fixed for two hours at 4°C in 10% formal saline. The fixative was
prepared by diluting commercially available 40% formaldehyde 1:3 with phosphate buffered
saline (PBS) and adjusting the pH to 7.2. The fixative was cooled to 4°C before use. Following
fixation, follicles were washed in PBS twice for 10 min each at room temperature and prepared

for paraffin embedding.

B.2 PARAFFIN EMBEDDING

Individual, fixed follicles were dehydrated by immersion for five minutes in each of 30%, 50%,
70%, 95% and 100% ethanol at room temperature, followed by two, 1 hour incubations in
xylene, 'Follicles were submersed in molten paraffin wax at 65°C for 2 hours prior to embedding
in a fresh solution of fnolteﬁ pafafﬁn wax. Wax tissue blocks were stored at room temperature.
The day before required, 5um sections were cut and floated on a 40°C water bath containing
4qH20. Sections were then floated onto Polysine™ (Erie, U.K.) pre-coated microscope slides and
contact with all portions of the section ensured by covering the slide with filter paper and
pressing down. The small size of the tissue sections meant that numerous consecutive sections

could be placed on one slide. Slides were dried at 40°C overnight.

B.3 DEPARAFFINIZING SECTIONS

Dried tissue sections were cleared in xylene in a fume hood for 30 minutes at room temperature
to remove the wax before being hydrated through an ethanol gradient series (2 minutes in each
of 100%, 95%, 70%, 50% ethanol and 44H,0). Slides were then immersed in 44H,O at 37°C

for at least 15 minutes.

B.4 PROTEASE DIGESTION

Slides containing the tissue sections were incubated in pepsin (1mg/ml in 0.2N HCI) for 30

minutes at 37°C. They were then washed in warmed (37°C) PBS for 10 minutes.

B.5 DNASE DIGESTION (NEGATIVE CONTROL)

Selected slides were used as a negative control by digestion of DNA. These slides were incubated
in 0.4U/pl DNase 1, RNase free (Boeringher Mannheim) in DNase buffer (0.01M Tris/HCI pH
7.5, 0.01M MgCl,) at 37°C for 5 minutes. They were then washed in PBS at 37°C for 10

minutes.
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B.6 POSTFIXATION

Following digestion, slides were postfixed in 10% formal saline, pH 7.2. for 5 minutes at room

temperature and washed with PBS (37°C) for at least 10 minutes.

B.7 POLYMERASE CHAIN REACTION (PCR)

A PCR reaction protocol was prepared based on that desribed by (Rogers et al. 1994). Twenty
five microlitres of reaction mix was applied to each of four slides, with an additional 20ul mixed
with sheep genomic DNA in a 1.5ul eppendorf tube overlaid with 20ul mineral oil as a positive
control. The 3’ and 5’ keratin primers used in this reaction were designed and provided by Dr
G.R.Rogers (Wool Research Organization of New Zealand, Canterbury, New Zealand) and are
described in (Rogers et al. 1994). Briefly they encode portions of exon 7 of the KRT2.10
intermediate fillament protein with an mRNA product of ~ 1600bp following PCR. The
nucleotide sequence of the primers was:

K2.10ex7  *ATGGCCTGCCTGCTCAAGGAGTAC

K2.10D SGTGGTGTATTCTCAGAACACAGGG

The PCR reaction mix consiifed'of:

4aH20 92.6ul
10X Tagq buffer (with 1.5mM MgCl,, Boehringer Mannheim) 13.0pl
3’ primer 13.0ul
57 primer 6.5ul
digoxygenin-UTP (vial 6, DIG kit, Boehringer Mannheim) 2.6yl
dNTP’s (Stock solution, 25mM, Boehringer Mannheim) 1.04ul
Taq polymerase (Boehringer Mannheim) 1.3ul
TOTAL 130ul

The 25yl aliquot for each slide was pipetted as a bead down the centre of a coverslip large
enough to cover the entire area of tissue sections. Slides which had been equilibrated in PBS
were blotted dry and inverted onto the coverslip using the technique described by (Simmons et
al. 1989). Application of the slide onto the coverslip, rather than vice-versa, allows the solution
to flow over the sections without air bubbles forming. The edges of the coverslip were then

sealed with a bead of DPX mounting medium.

Four slides were placed in a stainless steel boat designed in our laboratory to fit an Autogene Il
thermal cycler. This cycler has the advantage, for this application, that temperature regulation is
achieved within a waterbath which enables easy modification to a slide cycler. The positive
control DNA tube was taped to the outside of the slide holder.

The thermal cycling conditions were 95°C, 65°C and 72°C (1 minute each) for 30 cycles
followed by a final extension step at 72°C for 7 minutes.
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A negative control was run without the inclusion of Tag polymerase.

B.8 DIG DETECTION

Following PCR, sections could be incubated overnight if required but were typically analyzed the
same day. DPX mountant, which had dried during the PCR procedure was easily removed with
tweezers and the coverslips washed off in warm PBS. Digoxygenin (DIG) incorporated during
primer elongation in the PCR reaction was detected following the protocol described by
Boehringer Mannheim Ltd. Blocking reagent, DIG antibody, NBT and X-Phos were supplied by
Boehringer Mannheim in their DIG detection kit.

Slides were washed in cleaning buffer (100mM maleic acid, 150mM NacCl, pH 7.5) and
incubated in the same buffer containing 1% “/v blocking reagent (blocking buffer) for 30
minutes. Slides were then incubated in digoxygenin antibody (1:5000 dilution with blocking
buffer) for 30 minutes and washed twice in cleaning buffer for 15 minutes. Slides were
incubated in activation buffer (100mM Tris-HCI, pH 9.5, 100mM NaCl, 50mM MgCl,) for two
minutes before incubation overnight in the dark with NBT and X-Phos in activation buffer. When
the reaction was complete, ;lides were washed with neutralizing buffer (10mM Tris-HCI , pH 8,
1mM EDTA) before eosin staining.

B.9 EOSIN-Y STAINING

Following PCR, all slides were stained with Eosin-Y, an orange/pink stain which does not obscure
the blueish DIG colouration. The stain was prepared following the protocol of (Kiernan 1990),
2.5g eosin (Cl 45380) is dissolved in 495ml 44H,O and 5ml glacial acetic acid. It is possible to
store this solution for a number of months and it can be filtered if bacterial growth is observed.
Slides were stained in eosin for 30 seconds, then washed in running distilled water until no

further colour was removed.

B.10 IMOUNTING SLIDES

Following eosin staining, sections were dehydrated through an ethanol gradient series (50% for
10 minutes, 70% and 95% for 2 minutes each, 100% for 10 minutes). Sections were then
placed in xylene for 20 minutes and air dried for 2 minutes prior to mounting with DPX.

Mounted sections were examined using a light microscope.
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