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the co-ordinating signal to the hypothalamus and pituitary gland indicating the readiness of
the follicle for ovulation (Baird et al., 1981).

The main question to be answered is how FSH and LH molecules are partitioned to
the different pathways within the same gonadotroph to allow differential secretion. This is
particularly intriguing as they are made in the same cell and have the same common alpha
subunit.

Packaging, granules and regulated and constitutive release of LH and FSH

There are three aspects of LH and FSH packaging that are important to recognize. The first
aspect is the requirement to allow release of FSH and LH in different amounts at the same
time potentially from within the same gonadotroph. If LH and FSH were always present in the
same granule then differential secretion of FSH and LH would not be possible. However, it
is still not known whether LH and FSH are released from the same gonadotroph at the same
time, or whether some gonadotrophs release only LH while others release only FSH.

Secondly, LH is released in discrete pulses that are not usually accompanied by a release
of FSH. Some FSH pulses may be associated with GnRH and, hence, LH pulses, but the
increase in FSH concentrations often precedes that of either GnRH or LH (Padmanabhan
et al., 1997). However, FSH is also released independently of direct GnRH input in intact
sheep, and in ovariectomized ewes the majority of FSH secretory episodes are released in this
way (Padmanabhan et al., 1997; Clarke et al., 2002). For an LH pulse in sheep this amounts
to a bolus release of approximately 2 g LH over a period of a few seconds, as the profile of
LH in plasma after such a treatment is nearly identical to a natural LH pulse in the follicular
phase of the reproductive cycle (McNeilly et al., 1982). Thus, packaging of LH in granules
allowing regulated release of LH in response to GnRH pulses is essential. Thirdly, sufficient
LH, in particular, must be stored in the gonadotroph to allow enough LH to be released to
maintain the preovulatory LH surge. With a half-life in plasma of only 20 min (McNeilly
et al., 1982) the maintenance of the plasma concentrations of LH during the preovulatory LH
surge in a sheep requires the release of up to 80% of the total pituitary content (Brooks et al.,
1993) resulting in the release of most, if not all, intracellular LH granules at the time of the
preovulatory LH surge (Currie and McNeilly, 1995; Crawford et al., 2000).

In sheep, although LH and FSH are co-localized in the same gonadotroph, at a gross
morphological level they are packaged separately (Thomas and Clarke, 1997). At the ultra-
structural level, LH is packaged in electron-dense core granules (Currie and McNeilly, 1995;
Crawford and McNeilly, 2002), whereas FSH appears to be present in less dense granules.
In addition, granules containing an FSH-positive electron-light matrix surrounding an LH-
positive electron-dense core have also been observed. LH and FSH are mainly packaged in
separate granules and this is clearly illustrated in studies of the changes in morphology of gon-
adotrophs after the preovulatory LH surge in sheep. Within 24 h of an induced preovulatory
LH surge, all gonadotrophs contained few, if any, LH positive granules, although at this time
the second FSH surge was occurring with increased FSH secretion from these gonadotrophs
(Fig. 1; Crawford et al., 2000). Furthermore, the absence of LH granules was associated with
a lack of pusatile secretion but maintained basal LH secretion, associated with the presence
of LHB in the rough endoplasmic reticulum indicating continued synthesis of LH in gonado-
trophs (Crawford, 2000). Subsequently, the resumption of pulsatile LH secretion with time
was associated with the reappearance of electron-dense LH-containing granules (Crawford
et al., 2000) (Fig. 1). Thus, granules appear to be essential for the regulated release of LH in
response to GnRH pulsatile secretion as well as providing the store of LH required to generate
the preovulatory LH surge. In contrast, FSH and basal LH secretion are not associated with
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Fig. 1. Changes in LH-immunopositive granules in gonadotrophs in the sheep pituitary gland at
different times after the induction of a preovulatory LH surge with the GnRH analogue Buserelin, in
relation to the pattern of LH pulsatile secretion in the 6 h period immediately before collection of
the pituitary glands. At 24 h after Buserelin (B + 24 h) there is a lack of LH pulsatile secretion and
few or no LH granules present, although LH is readily localized in the rough endoplasmic reticulum
confirming active LH synthesis. Pulses return by B + 48 h and thereafter, and this is associated with
the appearance of LH granules in gonadotrophs (arrowheads indicate LH granules near the cell
membrane abutting a capillary border). (Redrawn from Crawford et al. 2000.)

storage in electron-dense granules, and most if not all parameters of FSH secretion are typical
of a constitutive mode of secretion in which most of the FSH release occurs as a result of
alterations in the rate of synthesis, ultimately controlled by gene expression and available
mRNA for translation.

Studies in rats (Watanabe et al., 1993, 1998), mice (Crawford et al., 2002b) and sheep
(Currie and McNeilly, 1995; Crawford et al., 2000, 2002a; Crawford and McNeilly, 2002)
support a role for the granin class of protein in the organization of granule formation. These
granins are glycoproteins that aggregate at low pH and high salt concentrations equivalent to
that in the intra-Golgi environment, bind calcium and, at the ultrastructural level, are closely
associated with LH and FSH. Secretogranin Il (Sgll) is present within the electron-dense core
granules associated with LH, and in mice it has been shown that it is these granules that
are released in response to GnRH (Crawford et al., 2002b). In contrast, less electron-dense
granules containing only LH and no Sgll are associated with basal, constitutive, non-GnRH-
dependent release of LH in mice (Crawford et al., 2002b). Furthermore, the release of LH
in response to GnRH is associated with the release of Sgll, whereas basal LH release oc-
curs independently of Sgll (Nicol et al., 2002a,b). Chromogranin A (CgA) is also associated
with granules but appears to be present on the periphery of, rather than within, the elec-
tron dense LH-containing granules in the sheep pituitary gland (Crawford and McNeilly,
2002), whereas the rat CgA is associated with FSH in electron light-dense bodies (Watanabe
et al.,, 1993, 1998). In the mouse LBT2 gonadotroph cell line in culture, CgA is released
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only in small amounts, and it is not usually associated with the GnRH-induced release of
LH and Sgll (Nicol et al., 2002b). Furthermore, although FSH is associated with CgA in rats
(Watanabe et al., 1993), there was no association between the release of FSH and CgA in the
LBT2 gonadotrophs in vitro (Nicol et al., 2002a). Thus, although there are no associations
between granins and gonadotrophins within granules, their precise interactions, requirements
for packaging, and the potential ability of granins to determine the intracellular pathways that
facilitate differential release of LH and FSH still requires clarification. However, at present
there is sufficient evidence to indicate that the association between LH and Sgll to form
dense-core granules probably dictates that these granules are destined for release via the
GnRH-dependent regulated pathway of secretion and that CgA probably plays only an intra-
cellular role in packaging and the secretory pathway, rather than being part of the granule
that is released (Crawford et al., 2002b).

Priming gonadotrophs for LH release

After the gonadotrophins have been packaged within the cell, it is also necessary to regulate
how exocytosis is controlled, and how many gonadotrophs will release LH through the
regulated pathway in response to GnRH stimulation. It would appear that movement of
granules within the gonadotroph to the cell membrane abutting a capillary, a feature termed
polarization (Currie and McNeilly, 1995), may play an important role in this. Treatment of
mouse pituitary glands with GnRH resulted in the marginalization of LH granules to the
periphery of the gonadotroph through alterations in actin filament alignment, and exocytosis
of LH granules of about 120 nm in diameter was observed only at the cell membrane abutting
a capillary (Lewis et al., 1985). In sheep, Currie and McNeilly (1995) showed that in about
20-30% of gonadotrophs, LH granules were polarized with the number increasing to more
than 80% during the preovulatory LH surge. On analysis of granule sizes in these polarized
gonadotrophs, it was noted that there was a depletion of LH granules within the 120 nm range,
equivalent to that released in the mouse. Thus, it was surmised that polarized gonadotrophs
were in active secretory mode and, except during the LH surge, only about 20-30% of
gonadotrophs are releasing LH at any one time, a figure similar to that observed by plaque
assay for LH release in sheep (C. Taragnat, unpublished) and rats (Neill et al., 1987). Since all
gonadotrophs appear to discharge their LH granule contents during the LH surge (Crawford
et al., 2000), priming of gonadotrophs would have to take place to increase the number of
GnRH-responsive gonadotrophs, and polarization of granules to a readily releasable position
in the cell may be the priming mechanism involved.

Priming of gonadotrophs is used to describe the phenomenon of increased LH release
in response to a second GnRH challenge either in vitro or in vivo after the first GnRH
challenge, the so-called self-priming effect of GnRH (Fink, 1995). During the normal oestrous
or menstrual cycle this is rarely observed as feedback effects of steroids in vivo appear to
modify the response directly at the pituitary gland. The key time when priming is important
is during the LH surge, when all gonadotrophs appear to be required to respond maximally
to GnRH. Oestradiol increases priming in rats, but priming requires the continued input of
GnRH (see Fink, 1995). In sheep, polarization of LH granules can be induced with oestradiol
(R.]J. Currie and A. S. McNeilly, unpublished; Thomas and Clarke, 1997), an effect that would
prime gonadotrophs to respond to GnRH. However, although oestradiol is clearly involved,
progesterone appears to play a key role in many species.

In rats (Turgeon et al., 1999), mice (Turgeon and Waring, 2001), rhesus monkeys (Remohi
et al., 1988) and women (Baird et al., 1995; Baird, 2001), progesterone appears to play
a key role in the generation of the preovulatory LH surge, as blockade of progesterone
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Fig. 2. The gonadotroph synthesis—secretion cycle illustrating the changes within an individual
gonadotroph during the oestrous cycle in sheep. After the preovulatory LH surge the gonadotrophs
are devoid of LH granules and do not release LH pulses in response to GnRH. FSH secretion is
increased due to the loss of negative feedback effects of inhibin A and oestradiol at the time of
ovulation. Subsequently the gonadotroph refills with LH-containing granules and pulsatile secretion
of LH resumes. At the end of the luteal phase the increase in GnRH pulse frequency increases the
pulsatile release of LH granules, while at the same time the increased secretion of oestradiol and
inhibin A from the selected follicle(s) inhibits FSH secretion by a direct action at the gonadotroph.
During this time in response to increasing plasma oestradiol there is recruitment of gonadotrophs
into LH release mode probably through movement of LH granules to the part of the gonadotroph
abutting a capillary. Thus at the time of the GnRH surge, all gonadotrophs respond by releasing
their stores of LH-containing granules to generate the preovulatory LH surge. The cycle within each
gonadotroph then resumes. Throughout these changes FSH is released mainly through a constitutive
pathway, while LH is principally released through a regulated pathway with secretion stimulated by
GnRH.

a classical regulated pathway. Pulsatile secretion occurs only when granules are present in
gonadotrophs. In contrast, FSH is principally released through a constitutive pathway in which
the amount of FSH released is closely coupled to the synthesis and hence the gene expression
and FSHB mRNA content. FSH is loosely associated with CgA, but not Sgll, in electron
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