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Abstract

In 1959 Hervey hypothesized that a circulating feedback signal informed the hypothalamus of the
size of fat stores and initiated appropriate corrections to energy balance. The hypothesis resulted
from a parabiosis study in which one animal became obese following lesioning of the
ventromedial hypothalamus. The partner of the lesioned rat was hypophagic and lost a large
amount of body fat. Similar results came from parabiosis studies with obese Zucker rats and rats
that overate due to stimulation of the lateral hypothalamus. In studies in which one parabiont was
made obese by overfeeding the non-overfed partners lost substantial amounts of fat with a
minimal reduction in food intake and no loss of lean tissue. The loss of fat was due to inhibition of
adipose lipogenesis and other metabolic adjustments typical of food restriction. Parabiosis with
genetically obese mice implied that ob/ob mice did not produce the feedback signal and
subsequently the mutant ob protein, leptin, was identified. This paper provides a review and
interpretation of parabiosis work that preceded the discovery of leptin, an evaluation of leptin in
relation to its function as the circulating feedback signal and evidence for additional circulating
factors involved in the control of adipose tissue mass.
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Introduction

In 1977 1 was recruited as a graduate student by G. Romaine Hervey in the Physiology
Department at the University of Leeds. | had completed an undergraduate combined degree
in Food Science and Physiology with the expectation that ultimately | would help to run my
parents health food company. By the time | was ready to graduate this was no longer
appealing and the only other jobs | had been offered were to demonstrate gas stoves in
showrooms for Exxon or to join a new software company in London on a salary that they
admitted was less than a living wage. Being totally uninformed of the long-term
consequences of my decision, a PhD seemed like a good idea. My mother was not as
enthusiastic and it was several decades before she believed that I finally had a “real job”.
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During my first meeting with Romaine Hervey (Prof) he told me that | would have to come
to the laboratory on weekends to feed the rats. Little did I realize that over 30 years later |
would still be feeding rats on weekends. | joined the laboratory when there was significant
disagreement between Hervey and Stock and Rothwell regarding diet induced
thermogenesis (Rothwell & Stock, 1979). Gary Armitage, another graduate student in the
lab, spent years tube-feeding rats and doing calorimetry studies to determine the incremental
gains in energy expenditure associated with overfeeding and weight gain (Armitage, Harris,
Hervey, & Tobin, 1984; Armitage, Hervey, & Tobin, 1979). Helping Gary with his studies
provided me with experience that was critical to most of my subsequent research. Sharing a
beer after work at the Faversham Hotel (The Fav) made us fast friends. In addition, Prof
always double checked all of my data, re-calculating daily food intake and body
composition numbers for all of the studies. This taught me how important it is to pay
attention to the details of a study and is probably the reason why I insist on seeing the raw
data from experiments before papers are published.

My graduate research focused on the phenotype of genetically obese, fatty (fa/fa) Zucker
rats. At the time little was known about the cause of obesity in these animals, which are
hyperphagic (Zucker & Zucker, 1961) do not show the normal diurnal pattern of feeding
(Becker & Grinker, 1977), control protein intake less efficiently than their lean littermates
(Pullar & Webster, 1974; Radcliffe & Webster, 1976) and maintain a relatively low body
temperature (Godbole, York, & Bloxham, 1978; Trayhurn & James, 1978). Unlike rats with
lesions of the ventromedial nucleus of the hypothalamus (VMH) they partially compensate
for diet dilution (Bray & York, 1972), will work to obtain food (Greenwood, Quartermain,
Johnson, Cruce, & Hirsch, 1974) and eat food containing quinine (Cruce, Greenwood,
Johnson, & Quartermain, 1974), suggesting that the hyperphagia is not totally uncontrolled.
Prof had established a breeding colony of Zucker rats and we completed a series of studies
that demonstrated that both lean and fatty Zucker rats control food intake to regulate energy
intake and found no evidence that food intake of fatty rats was related to nitrogen retention
(Harris, Hervey, & Tobin, 1979). A calorimetry study demonstrated that the fatty Zucker
rats were capable of an appropriate thermogenic response to step-wise decreases in
environmental temperature and that they maintained a stable, but reduced body temperature
when room temperature was decreased either in a step-wise manner or acutely (Armitage,
Harris, Hervey, & Tobin, 1984). Of more relevance to this article, we investigated the
changes in body composition of lean and fatty Zucker rats joined in parabiosis (Harris,
Hervey, Hervey, & Tobin, 1987) and this is described in more detail below.

The Parabiotic Model

Parabiosis is the surgical union of two animals to produce a common blood supply and
allows the investigation of circulating factors in the regulation of physiologic systems. A
limitation of the preparation is that if outbred strains of rats or mice are used, then there can
be a significant loss of pairs when blood exchange is established (11 — 14 days after surgery)
due to “disharmony”. Parabiotic “disharmony” or “intoxication” (Finerty & Panos, 1951)
represents the immune rejection of one animal by the other (Nakic, Nakic, & Silobrcic,
1960) and is easily identified by hyperemia of the ears, eyes and feet of one member of the
pair (Binhammer, Epstein, & Whitehouse, 1963). By contrast, if the bones of the partners do
not fuse, then blood exchange is not established and the two animals gradually separate over
time as the sites of surgical union grow apart.

It is important to note that the nature of exchange between parabiotic rats is relatively slow,
with total blood volume exchanging approximately ten times per day (Huff, Trautman, &
Van Dyke, 1950). For a factor to reach equilibrium across the parabiotic union it has to have
a half life that is longer than the rate of removal from the circulation by two animals. The
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size of the factor is not an issue because Huff et al (Huff, Trautman, & Van Dyke, 1950)
demonstrated that radiolabeled red blood cells exchanged between parabiosed rats and this
has recently been confirmed using mice expressing green fluorescent protein (Gibney, et al.,
2012). In 1950 Van Dyke et al (Van Dyke, Simpson, Li, & Evans, 1950) showed that growth
hormone, which was estimated to have a half life of 9 hours in the circulation, reached
approximately half the concentration in a hypophysectomized partner as that of the intact
parabiont. Interestingly, the combined amount of growth hormone present in the two
animals was equal to that normally found in one rat. By contrast, adrenocorticotrophic
hormone, which was estimated to have a half life of approximately 17 minutes, had almost
no biological activity in the hypophysectomized partner.

Parabiosis provides an opportunity to test whether a system involves a circulating negative
feedback signal on condition that the signal is relatively stable in the circulation. For
example, involvement of pituitary factors in the control of gonadal hormone secretion was
demonstrated when one member of a parabiosed pair of rats of was ovariectomized (Meyer,
Biddulph, & Finerty, 1946). The resultant loss of negative feedback control stimulated
release of the relatively stable gonadotrophin which was carried into the intact partner. The
ovaries of the partner enlarged in response to the stimulation, but estrogen from this animal
had a short half-life in the circulation and failed to suppress secretion of the gonadotrophin
in the ovariectomized rat. Estradiol injections into the ovariectomized rat led to the
normalization of ovaries in the intact partner (Meyer, Biddulph, & Finerty, 1946). Thus, the
presence of a feedback control system was demonstrated by the system “running-away”
once there was a break in the feedback loop. The results from parabiosis experiments with
VMH lesioned rats led Hervey (Hervey, 1959) to hypothesize that a circulating signal
originating in body fat fed back to the hypothalamus to regulate energy balance. In this
situation the break in the feedback loop was caused by hypothalamic lesions. The
hypothesized “satiety” signal must have a relatively long half-life, both to be effective in
parabiosed rats and because energy balance is usually achieved over periods of days rather
than hours.

Parabiosis in Zucker Rats

Although fatty Zucker rats do not have any obvious physical lesions of the hypothalamus
(Zucker, 1967), a parabiosis study was conducted to test for functional impairments. If the
lean partners of fatty rats responded in a similar manner to lean partners of VMH lesioned
rats, then this would imply that the fatty rats were insensitive to the circulating satiety factor.
By contrast, if the fatty partners of lean rats lost weight, then this would imply that they
were unable to produce the circulating factor. Fatty rats parabiosed to wild type littermates
were similar to rats with VMH lesions in that there was no response to parabiosis with a lean
rat (Harris, Hervey, Hervey, & Tobin, 1987). Over a period of 14 weeks lean partners of
obese Zucker rats reduced their body fat content by almost 50% compared with members of
lean-lean pairs. It is impossible to accurately measure food intake of individual parabionts
when both animals are eating, but gut content is a reliable index of food consumed during
the previous 24 hours (Harris, Zhou, Weigle, & Kuijper, 1997). In the Zucker parabiosis
study (Harris, Hervey, Hervey, & Tobin, 1987) gut content implied that the food intake of
partners of obese rats was reduced by 25-30 % compared with lean-lean parabiotic controls.
The data were interpreted as evidence that obese Zucker rats produced the hypothesized
circulating satiety factor, but were unable to respond to it. In retrospect, this conclusion is
fully consistent with the current knowledge that Zucker rats have a single gene mutation of
the extracellular domain of the leptin receptor (Chua, et al., 1996; Truett, Bahary, Friedman,
& Leibel, 1991).
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Parabiosis in Overfed Obese Rats

On completion of my graduate work | moved to the laboratory of Dr Roy Martin in the
Department of Nutrition at the University of Georgia, where | joined his team of graduate
students and post-docs, many of whom had recently moved with Roy from Pennsylvania
State University. Roy met Prof at a meeting in Cypress and was looking for a post-doc who
could overfeed rats. | was recruited sight unseen and arrived at Atlanta airport with one large
suitcase expecting to stay for 2 years and then return to England. Thirty years later | am still
here. My initial responsibility was to establish a rat model of overfeeding, but I also was
given the freedom to develop my own project and, with Roy’s encouragement, started to
characterize the metabolic and endocrine phenotype of parabiotic partners of rats made
obese by overfeeding. Although previous parabiosis studies had provided evidence for a
circulating factor in the regulation of energy balance, very little had been done to either
characterize the hormonal profile of parabiotic rats or to identify the circulating factor.

By the time Roy and | started to evaluate the phenotype of partners of overfed rats several
investigators had reported substantial concentration gradients in insulin and glucose between
members of parabiotic pairs in which one animal was diabetic. In a study in which one
animal in a pair of two diabetic rats was injected with insulin, then the hyperglycemia was
corrected in the injected rat, but was only partially corrected in the non-injected partner with
a delay of several hours, indicating that the insulin did not equilibrate across the union.
Parameswaran et al (Parameswaran, Steffens, Hervey, & de Ruiter, 1977) measured blood
glucose, glucagon and insulin in parabiotic pairs in which one rat was driven to eat by
electrical stimulation of the lateral hypothalamus (LH). Blood glucose and insulin showed
substantial elevations in the stimulated rat, but only small increases in the non-stimulated
partners. Glucagon was suppressed in the stimulated rat, but unchanged in the partner.
Similarly, Nishizawa and Bray (Nishizawa & Bray, 1980) found only small increases in
blood glucose concentrations of parabiotic partners of rats tubefed meals of high-fat or high-
carbohydrate diet. Taken together these studies made it unlikely that insulin, glucose or
glucagon was functioning as the parabiotic “satiety” factor.

We designed a series of experiments to further elucidate the metabolic and endocrine profile
of ad libitum fed parabiotic partners of rats made obese by overfeeding (Figure 1). Female
rats were used in most of the experiments because they stop growing and maintain a stable
body weight at about 12 weeks of age, unlike male rats that continue to grow until late
adulthood. Overfeeding was used to induce weight gain to ensure that the obesity could be
directly attributed to overeating. Overfeeding required tubefeeding the rats three times a day
at 8 hour intervals with a liquid diet. Over a period of 7 to 10 days the food intake of one
member of a parabiotic pair was increased from 100 to 200 or 250% of the amount of food
eaten voluntarily during a pre-experimental period. Tube-feeding results in both a sleep-
deprived investigator and a very uniform, reproducible increase in body fat content of the
overfed rats (Harris, Kasser, & Martin, 1986). Overfeeding is possible because rats do not
vomit. This increases the risk of bloating which may be lethal, but can be avoided by
providing the rats with small pieces of paper towel in the cage. The paper provides both
fiber and oral stimulation in rats that are not consuming any food. Spacing the meals at 8
hour intervals also reduces the risk of bloating by allowing as much time as possible for the
stomach to empty between meals and requires that at least one meal is given during the dark
period when animals would normally eat. Because the food is delivered directly into the
stomach the tube-fed rats do not experience the normal orosensory properties of the diet. In
the parabiosis studies food was always available in the cage, but the overfed rats chose not
to eat it. They may, however, have received some sensory stimulation from the smell of the
food. Tube-feeding also limits cephalic phase responses to food, but tube-fed rats show an
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anticipatory response to meals because their energy expenditure increases approximately 30
minutes before each meal [Figure 6A in (Harris, Kelso, Flatt, Bartness, & Grill, 2006)].

In the parabiosis studies the ad libitum-fed partner of the overfed rat had free access to the
tube-fed diet, but it was offered as a dry powder in a dish on the cage floor. Because the
overfed rat did not eat any food voluntarily, which was confirmed by monitoring the color of
feces when chromium oxide was added to the dry diet, it was possible to measure the daily
food intake of the ad libitum partners throughout each experiment. The overfed rats did not
appear to physically inhibit food intake of its partner, evidenced by the intake of the ad
libitum partner being very similar to that of members of control pairs and showing very little
daily variation, which would have been expected if the ad libitum animal was eating on an
opportunistic basis. The controls for the experiments were members of parabiotic pairs in
which both animals ate the dry diet ad libitum. Members of these control pairs had
significantly less body fat than a single, non-parabiosed animal (Harris & Martin, 1984).
Hervey had previously hypothesized that this was because each animal was able to monitor
the total amount of fat present in the pair and regulated fat mass at a level that would be
appropriate for one animal (Hervey, 1959).

The initial experiments with overfed obese rats established that the ad libitum fed partners
lost a significant amount of their body fat in response to the development of obesity in the
tube-fed partner (Harris & Martin, 1984). These changes in body composition of each
member of the pair were fully reversible once overfeeding stopped (Harris & Martin, 1990).
The partners of overfed rats were not identical to parabiotic partners of VMH-lesioned obese
rats because the food intake of partners of overfed rats was not different from members of
control pairs (Harris & Martin, 1984). Hervey had reported that the gut content of partners
of VMH lesioned rats was reduced by approximately 25% compared with their controls
(Hervey, 1959), a similar decrease was indicated in the Zucker parabiosis study (Harris,
Hervey, Hervey, & Tobin, 1987) and Parameswaran et al (Parameswaran, Steffens, Hervey,
& de Ruiter, 1977) found a gradual decline in the voluntary food intake of partners of rats
that became obese due to electrical stimulation of the LH. Secondly, despite a substantial
loss of body fat, the partners of tube-fed obese rats maintained a normal lean body mass
compared with their controls (Harris & Martin, 1984). Again, this was in contrast to the
partners of VMH lesioned (Hervey, 1959), Zucker (Harris, Hervey, Hervey, & Tobin, 1987)
and LH stimulated rats (Parameswaran, Steffens, Hervey, & de Ruiter, 1977), all of which
lost lean body mass in addition to body fat (see Table 1). This loss of lean tissue may be
explained by the reduced food intake and suggests either that there is a potent inhibitor of
feeding in the circulation of hypothalamic and genetically obese animals that is not present
in overfed rats, or that these obese animals interfere with the normal feeding of their
partners. This second possibility may be supported by observations by Nishizawa and Bray
(1980) who reported a significant reduction in food intake of partners of rats that were
overfed through gastric fistulas. The intubated rats received 160% of their voluntary intake
through the fistula and the voluntary chow consumption of the non-intubated partner fell by
up to 30%. There are no details of the feeding schedule of the intubated rats, but if all of the
food was given in a single meal, then this could cause malaise in the overfed animal and if
the chow was not available on floor of the cage, then the overfed animal could have
inhibited the chow consumption of its partner. In the same paper Nishizawa and Bray (1980)
confirmed the results from Hervey’s (1959) study using VMH lesioned rats. In this
experiment they found that the food intake of the lesioned rat increased by about 50% and
all of this increase was attributable to daytime feeding, suggesting that the normal feeding
pattern of the rats had been substantially disrupted. The weight of the retroperitoneal pad of
the partners of intubated rats and of VMH lesioned rats was reduced by about 50% within 9
or 10 days, which is much faster than fat was lost in the partner of tube-fed rats in our
studies with tube-feeding. No measures of lean tissue mass were made.
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A time course study with tube-fed overfed parabionts determined that loss of fat in their lean
partners did not occur until 23 to 39 days after initiation of overfeeding (Harris & Martin,
1986). This implies that the factor that inhibited accumulation of body fat was not present at
significant concentrations in the partners of overfed rats until body fat in the overfed rats
was 10-fold greater than in the ad libitum partner (Harris & Martin, 1986). The failure of the
circulating factor to reach bioactive concentrations could be due to it either having a short
half-life so that there was a large concentration gradient between partners, or that it had to
reach substantial levels to inhibit body fat accumulation. In studies that were completed after
leptin had been identified we found that tube-feeding alone caused a rapid three-fold
increase in adipose tissue leptin mRNA expression. Overfeeding increased leptin expression
further and by 31 days it was about five-fold higher in overfed than control tube-fed rats
(Harris, Ramsay, Smith, & Bruch, 1996). Serum leptin was increased 10-fold after 30 days
of overfeeding (24 + 2 vs. 2 + 0.2 ng/ml: unpublished data) in 200%-fed single rats
compared with their ad libitum fed controls. These observations are consistent with the
possibility that it takes 23 to 39 days of overfeeding for leptin concentrations to increase by
appreciable amounts in the partners of overfed, obese rats. In an effort to identify, or
exclude, known hormones as potential “satiety” factors we found no reliable changes in
thyroid hormones, insulin, corticosterone, growth hormone, free fatty acids or ketone bodies
of lean partners of overfed rats compared with members of control pairs (Harris & Martin,
1984). Hypoinsulinemia in partners of overfed rats (Harris & Martin, 1990) also argued
against basal insulin acting as a feedback signal of adiposity (Woods, et al., 1985).

In the parabiosis studies with overfed rats whole body glucose tolerance tests indicated that
partners of obese rats were hypoinsulinemic, but glucose clearance was normal (Harris &
Martin, 1990). The overfed rat was hyperglycemic and hyperinsulinemic, but glucose
clearance was faster than in members of ad libitum-fed pairs (Harris & Martin, 1990). This
may have been due to tube-feeding inducing metabolic pathways that would facilitate
glucose clearance after each of the three large meals that were fed each day. Measurement of
hepatic and adipose tissue glucose and fatty acid metabolism revealed that the loss of fat in
partners of overfed rats was preceded by a drop in adipose tissue lipogenesis and hepatic
fatty acid esterification. There was no increase in lipolysis, which decreased once fat depots
were lipid deplete (Harris & Martin, 1986). There also was a significant decrease in glucose
metabolism through the pentose phosphate pathway in both liver and adipose tissue (Harris
& Martin, 1990).

The pentose phosphate pathway normally provides reducing equivalents for de novo fatty
acid synthesis. When lipogenesis was measured on isolated adipocytes and liver tissue slices
we found an inhibition of lipogenesis only in adipose tissue of the partners of obese rats
(Harris & Martin, 1986). In vivo measures of de novo lipid synthesis, however, indicated a
significant inhibition of hepatic fatty acid synthesis and esterification in addition to the
inhibition in adipose tissue (Harris, Martin, & Bruch, 1995). The difference between in vivo
and in vitro measures may be explained either by the requirement of acute exposure of liver
tissue to endogenous neural, endocrine and/or paracrine factors, or to partial loss of viability
of the liver slices used for the in vitro measures (Ross, 1979). We did not determine whether
the decline in activity of the pentose phosphate shunt inhibited lipogenesis or whether it was
secondary to a limited requirement for reducing equivalents.

The change in metabolite utilization by the tissues was accompanied by a decrease in
glucose 6 phosphate dehydrogenase, malic enzyme and fatty acid synthetase in both the liver
and adipose tissue of ad libitum fed partners of overfed rats (Harris & Martin, 1990). Similar
changes in glucose and fatty acid utilization were found in single rats that had been food
restricted to 60% voluntary intake for 21 days and then 50% of voluntary intake for 10 days
(Harris, Martin, & Bruch, 1995). Thus the parabiosed partners of obese overfed rats
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represent a model in which food intake is almost normal (324 £ 17 vs 331 + 13 g/29 days in
control pairs), but body fat is substantially reduced (3.2 + 0.3 vs 11.8 + 1.0 g in control
pairs) and tissue metabolism is identical to that in rats that are in a state of severe negative
energy balance. These results correlate with studies in which chronic peripheral infusion of a
physiological dose of leptin from a miniosmotic pump reduces body fat, but causes no
significant change in food intake or lean body mass (Harris, Bowen, & Mitchell, 2003). By
contrast, central infusions of leptin cause a substantial, but transient inhibition of food intake
and loss of all visible fat (Halaas, et al., 1997).

One of my collaborators at University of Georgia was Thomas Kasser who was interested in
how glucose and fatty acid metabolism in the hypothalamus changed in response to shifts in
whole animal energy balance. He previously had shown that glucose flux through the
pentose phosphate pathway was increased in the VMH, but that flux through the gamma
aminobutyric acid shunt and fatty acid oxidation decreased in the lateral hypothalamus (LH)
of rats made obese by overfeeding (Kasser, Harris, & Martin, 1985b). The level of LH fatty
acid oxidation declined and VMH glucose oxidation rose with increasing levels of body fat
and this pattern of change paralleled that in liver metabolism (Kasser, Harris, & Martin,
1985a). We subsequently found that LH fatty acid oxidation was decreased not only in
overfed rats, but also in their ad lib fed parabiotic partners (Kasser, Harris, & Martin, 1989).
Similarly, glucose flux through the pentose phosphate pathway in the VIMH was increased in
both the overfed parabiont and its ad libitum fed partner, indicative of increased production
of energy intermediates for fatty acid synthesis. The changes occurred in both members of a
pair despite large difference in body fat content (40% fat in the overfed partner, 4.8% fat in
the ad lib partner) (Kasser, Harris, & Martin, 1989). These data were interpreted as evidence
that the putative circulating satiety factor might regulate energy balance by acting directly
on hypothalamic metabolic pathways. It is important to note that although we found changes
in fatty acid and glucose utilization in the VMH and LH of overfed and parabiotic rats this
was associated with a significant loss of body fat, but a minimal change in food intake of the
ad libitum fed partner.

As noted above, the difference in food intake of partners of obese rats and their controls was
not statistically significant, even when considered over a period of 60 days (Harris &
Martin, 1984). Calculations indicated that a decline in intake of only 1 g/day over the course
of a study would be enough energy to account for the difference in fat content of partners of
obese rats and their controls (Harris & Martin, 1984). In a typical experiment the members
of control pairs were eating 11.0 £ 0.3 g/day, whereas partners of obese rats ate 10.2 £ 0.3 g.
Therefore, we tested the importance of the contribution of energy intake to loss of fat in the
partners of obese rats by tube-feeding them their normal daily food intake. Controls were
members of pairs in which both rats were tube-fed 100% of their ad libitum food intake. In
this study the difference in daily food intake of ad libitum partners of obese rats and 100%-
fed partners of obese rats was only 0.3 g/d, but this was sufficient to prevent loss of body fat
in the 100% tube-fed animals (Harris & Martin, 1990). We did not determine whether the
very small decrease in food intake of ad libitum partners of obese rats was driving the
inhibition of lipogenesis or whether the fall in intake was secondary to a change in
metabolism.

Because the parabiosis studies described above indicated that overfed obese rats produced a
circulating factor that specifically inhibited adipocyte lipogenesis (Harris & Martin, 1986) it
was possible to establish an in vitro bioassay that could be used to fractionate serum from
obese animals in an attempt to isolate the factor. In this assay adipocytes isolated from the
fat depots of young ad libitum fed Sprague Dawley rats were incubated in the presence of
2% by volume serum from control or overfed rats. De novo lipogenesis measured by glucose
incorporation into triglyceride fatty acids showed a significant inhibition of lipogenesis in
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cells exposed to serum from overfed rats compared with those exposed to serum from ad
libitum fed animals (Harris, Bruch, & Martin, 1989). We used the assay to determine that
the inhibitory factor (given the acronym ALF for anti-lipogenic factor) was a glycosylated
protein, molecular weight in the range of 30 — 100 kD that was released from a site other
than the pituitary gland. It was not long after this that Friedman’s group at Rockefeller
identified leptin as the protein that was mutated in ob/ob mice (Zhang, et al., 1994) and thus
it appeared that the search for the parabiotic “satiety” signal was over. As noted below, this
assumption may have been premature.

Leptin in Parabiosied Mice

The initiation of the search for the ob protein (leptin) was based on the outcome of
parabiosis experiments between genetically obese diabetic (db/db) and obese (ob/ob) mice.
ob/ob mice lost weight when parabiosed to a wild type or db/db animal (Coleman, 1973),
which was in direct contrast to genetically obese db/db mice and Zucker rats which retained
their hyperphagia and obesity when they were incorporated into a parabiotic pair (Coleman
& Hummel, 1969) (Harris, Hervey, Hervey, & Tobin, 1987). Thus, it was concluded that the
majority of obese models could produce the hypothesized circulating “satiety” factor, but
were unable to respond effectively to the factor. By contrast, ob/ob mice were unable to
produce the circulating factor, but were responsive to its” presence in the blood received
from wild type or db/db partners (Coleman, 2010).

The early parabiosis experiments reported by Coleman and Hummel (Coleman, 1973,
Coleman & Hummel, 1969) were designed to investigate the causes of diabetes in the mice
and focused on pancreatic histology and blood glucose and insulin concentrations. Although
it was impossible to measure food intake of individual members of a pair, Coleman reported
that partners of db/db mice appeared to eat little and there was little or no food in their
gastrointestinal tract at the end of the study. In addition it was noted that adipose tissue was
vastly decreased in ob/ob and wild type partners of db/db mice compared with their controls
(Coleman, 1973; Coleman & Hummel, 1969).

Once recombinant leptin became available | completed three parabiosis studies that
essentially replicated those of Coleman, but included measures of body composition and of
leptin concentrations in the circulation of individual parabionts by western blot because
quantitative leptin assays were not yet available. In the first experiment recombinant human
leptin was injected into one member of a pair of ob/ob mice and demonstrated that leptin
could cross the parabiotic union (Harris, Zhou, Weigle, & Kuijper, 1997). The half-life of
leptin in the circulation of a single mouse was approximately 36 minutes and this was
consistent with the observation that leptin did not reach equilibrium in pairs of ob/ob mice
when one mouse received twice daily intraperitoneal injections of 50 ug leptin for 11 days.
At the end of the study the weights of the carcass and carcass fat were reduced in members
of leptin-treated pairs compared with their vehicle injected controls. The effect was greater
in the injected mouse than its partner (see Table 1). Based on measures of gut content food
intake in leptin treated mice and their partners had been inhibited by 75-85% and was
equivalent to that in a single wild type mouse. Body temperature was increased in the leptin-
injected mouse, but not its partner. Serum insulin was normalized in both members of the
injected pairs (Harris, Zhou, Weigle, & Kuijper, 1997). Therefore, it appeared that some
metabolic abnormalities in ob/ob mice were more responsive to leptin than others.

Additional studies compared the effects of parabiosis between ob/ob mice and wild type or
db/db partners (Harris, 1997, 1999). The results of these studies confirmed and expanded on
the observations that had been reported previously by Coleman and Hummel (Coleman,
1973; Coleman & Hummel, 1969). As expected, ob/ob partners of db/db mice lost 70% of
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their body fat (Harris, 1999). Measures of gut content of the mice at the end of the
experiment showed that the food intake of the ob/ob partners was inhibited by 75%, whereas
that of the db/db partner did not change. Carcass composition measured 18 days after
surgery (7-9 days after blood exchange was established) showed no change in carcass
protein of the ob/ob partner consistent with observations from parabiosis studies with
overfed rats (Harris & Martin, 1984) and supporting the notion that the circulating factor
exchanging between the mice acted to specifically inhibit fat accumulation. Serum leptin
levels had risen to approximately 30% of those found in db/db mice which is substantially
higher than would be found in a lean mouse. Serum glucose and insulin were normalized
and corticosterone was significantly elevated. Surprisingly, there was a 30% increase in
carcass protein and a 12% decrease in the carcass fat content of db/db partners of ob/ob mice
(Harris, 1999). The implications of this observation are discussed in more detail below.
When wild type mice were parabiosed to db/db mice carcass fat was decreased by 40%, gut
content was decreased by 25% and carcass protein by 14% after 25 days (Harris, 1999).
These results are similar to those found for parabiotic partners of Zucker rats, intubated rats
and VMH obese rats.

When ob/ob mice were parabiosed to wild type mice the circulating levels of leptin reached
those found in the wild type mice. These lower levels of leptin produced much less dramatic
responses than were found in ob/ob partners of db/db mice (Harris, 1997). Fifty days after
surgery carcass fat was decreased by 24%, gut content was reduced by approximately 30%,
but remained higher than in wild type mice, body temperature did not change and insulin
was reduced by 50%, but was significantly higher than that of wild type mice. The wild type
partners lost approximately 30% of their body fat, but there was no change in carcass protein
(Harris, 1997). Although this loss of fat was proportionally similar to the change in fat of ob/
ob mice, it was represented by a much smaller weight of fat in the lean than the ob/ob
animals (0.9 vs 5 g).

The results of the studies described above clearly demonstrated that the correction of
different aspects of the phenotype of ob/ob mice by leptin was dose dependent and, despite
subsequent evidence that ob/ob mice are hypersensitive to exogenous leptin (Harris, et al.,
1998), it appeared that the amount of leptin that would normally be found in a lean animal
did not fully reverse the hyperphagia, hypothermia or hyperinsulinemia of ob/ob mice
(Harris, 1997). By contrast, the high doses of leptin in ob/ob mice that were partners of db/
db mice (Harris, 1999) or that were injected with leptin (Harris, Zhou, Weigle, & Kuijper,
1997) corrected each of these abnormalities. Interestingly, all of the weight loss in ob/ob
partners of db/db mice was fat, whereas lean partners of db/db mice lost both fat and lean
tissue. It seems likely that the large stores of adipose tissue protect lean body mass in ob/ob
mice, but this remains to be confirmed. The hypersensitivity to exogenous leptin (Harris, et
al., 1998) and abnormal neuronal development (Ahima, Bjorbaek, Osei, & Flier, 1999)
results in leptin deficient ob/ob mice functioning as a sensitive model for testing the
potential effects of leptin on a physiologic system, but they do not necessarily predict leptin
action in a normal animal.

Is Leptin the Parabiotic “ Satiety” Factor?

Table 2 summarizes the changes in food intake and body composition of parabiotic partners
of obese rats and mice. Data from the ob/ob mouse studies provides the most convincing
evidence for leptin as the parabiosis signal, because it is essentially a model for restoration
of function. Leptin was not measured in any of the rat parabiosis studies, but it is now
known that leptin is elevated in the obese animals (see Table 2). When all of the different
parabiosis models are compared it is clear that the lean partners of obese animals showed
substantial variability in their response. Loss of body fat is consistent across models, but

Appetite. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Harris

Page 10

changes in food intake and lean body mass are less consistent. This may explained by
circulating factors other than leptin being produced by some obese animals and the
possibility that some models of obese rats interfere with the food intake of their partners.
Alternately it may result from differences in the concentration of leptin that reaches the non-
obese partner, assuming that higher concentrations are required to inhibit food intake than to
reduce body fat mass. Using values taken from the literature, circulating concentrations of
leptin are similar in the different models of obesity (see Table 2), but leptin concentration in
the non-obese partner could vary if there were differences in efficiency of blood exchange in
different experiments or if there were genotypic differences in the ability of the parabionts to
clear leptin from the circulation.

Site of Leptin Action

Based on early lesioning studies the site of action of the parabiotic satiety signal was
hypothesized to be the hypothalamus (Hervey, 1959). Consistent with this, the arcuate
nucleus of the hypothalamus expresses relatively high concentrations of the leptin receptor
and leptin down-regulates expression of orexigenic neuropeptides (Schwartz, Seeley,
Campfield, Burn, & Baskin, 1996), but increases expression of anorexic neuropeptides
(Schwartz, et al., 1997). Until recently a majority of investigation of leptin activity in the
brain focused on the arcuate nucleus as the primary site at which food intake and energy
balance were controlled (Baskin, Blevins, & Schwartz, 2001). Leptin receptors are
expressed on arcuate neurons that project to the paraventricular nucleus of the
hypothalamus, an area that integrates information from multiple sources and contributes to
the control of food intake, energy expenditure, reproductive function, thermoregulation and
stress responses. Restoration of leptin receptors to all neural tissues (central and peripheral)
of db/db mice corrected food intake, obesity and diabetes in male mice and normalized food
intake and diabetes in females, but did not change their percent body fat (Kowalski, Liu,
Leibel, & Chua, 2001). Contrary to expectations, a study in which leptin receptors were
selectively replaced in the arcuate nucleus of the hypothalamus of db/db mice showed that
the receptors corrected abnormalities in glucose metabolism, but had relatively small effects
on obesity; reducing food intake and body fat mass of the db/db mice by only about 10%
(Coppari, et al., 2005). In a further study (van de Wall, et al., 2008) leptin receptors were
deleted from AgRP and POMC-expressing neurons, which should prevent leptin action in
the arcuate nucleus. These animals showed a transient increase in food intake, a doubling of
body fat and maintained a normal insulinemia; a phenotype that is much less severe than that
of ob/ob or db/db mice. It is now well established that leptin receptors are expressed in many
areas of the brain (Leshan, et al., 2010; Myers, Munzberg, Leinninger, & Leshan, 2009)
(Scott, et al., 2009) including those that have the potential to modify food intake or energy
balance secondary to changes in food preference. For example, the ventral tegmental area
(VTA) expresses leptin receptors (Figlewicz, Evans, Murphy, Hoen, & Baskin, 2003) and
mediates reward aspects of stimuli including food. Therefore, although it is clear that leptin
plays a critical role in mediating the metabolic responses of parabiotic partners of obese
mice, it is unlikely that it is simply due to leptin acting in the hypothalamus.

Is there a second circulating factor?

As mentioned above, we were surprised to find that body fat was decreased in db/db and
wild type parabiotic partners of ob/ob mice. If leptin is the circulating “satiety” signal
identified by parabiosis studies, then reduced body fat in these animals cannot be explained
by the possibility that they were sensing the total fat mass of the pair (Hervey, 1959),
because ob/ob mice do not produce leptin and db/db mice do not respond to it. This led to
the hypothesis that the decrease in body fat mass of leptin treated animals may not be due to
a direct effect of leptin, but that leptin induces release of a second circulating factor that

Appetite. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Harris

Summary

Page 11

inhibits adipose tissue growth. We propose that activation of leptin receptors in parabiosed
ob/ob mice resulted in release of this factor which was then circulated to their wild type or
db/db partners where it acted to reduce body fat mass. The loss of fat in db/db partners of
ob/ob mice implies that activation of leptin receptors in the ob/ob partner is required for the
factor to be released, but that leptin receptors are not required for the factor to reduce the
size of body fat stores.

We have two pieces of evidence to support this hypothesis. The first is that physiological
concentrations of leptin have no effect on preadipocyte proliferation or differentiation in a
primary culture system. By contrast, if serum from rats that have been infused with low
doses for leptin is included in the culture media, then cell proliferation is inhibited
(Wagoner, Hausman, & Harris, 2006). Secondly, if pieces of wild type fat are transplanted
subcutaneously into db/db mice, then the transplant increases in size, consistent with early
reports that fat transplants between lean and obese mice take on the characteristics of their
environment (Meade, Ashwell, & Sowter, 1979). These results argue against leptin having
any direct effect on adipose tissue because db/db mice have high circulating concentrations
of leptin and wild type fat expresses functional leptin receptors. We have used a
combination of fat transplant and parabiosis between ob/ob and db/db mice to demonstrate
that leptin induces release of a circulating factor in ob/ob mice that inhibits enlargement of
wild type fat transplants in db/db mice. Wild type fat that is transplanted into db/db partners
of db/db mice expands, whereas wild type fat transplants in db/db partners of ob/ob mice are
reduced in size (unpublished data). Further work is needed to confirm the presence and
identity of this factor. In addition it would be interesting to know whether this factor is the
same as ALF, which we were trying to isolate from serum of overfed rats before leptin was
discovered (Harris, Bruch, & Martin, 1989).

Soon after leptin was identified several animal studies were published to show that leptin
treatment corrected hyperphagia, obesity, hyperglycemia, hyperinsulinemia and hypoactivity
in ob/ob mice. Leptin also increased energy expenditure, reduced food intake, body weight
and body fat in wild type mice (Campfield, Smith, Guisez, Devos, & Burn, 1995; Halaas, et
al., 1995; Pelleymounter, et al., 1995). By contrast db/db mice, which have a mutation of the
leptin receptor (Tartaglia, et al., 1995), were unresponsive to leptin administration
(Campfield, Smith, Guisez, Devos, & Burn, 1995). The loss of fat in leptin-treated animals
is associated with inhibition of adipose tissue lipogenesis (Buettner, et al., 2008) and high
doses of leptin also stimulate lipolysis (Fruhbeck, Aguado, Gomez-Ambrosi, & Martinez,
1998) and increase fatty acid oxidation (Wang, Lee, & Unger, 1999). These observations are
consistent with the changes in metabolism observed in lean partners of obese rats (Harris,
1999; Harris & Martin, 1984, 1986), but they do not exclude the possibility that leptin is
inducing the release of a second, anti-lipogenic factor because Buettner et al (Buettner, et
al., 2008) report that leptin acts centrally to inhibit adipose tissue lipogenesis, whereas our
bioassay experiments clearly show that serum from obese rats inhibits adipocytes
lipogenesis directly (Harris, Bruch, & Martin, 1989) and the cell culture studies demonstrate
that serum from leptin-treated rats inhibits adipose tissue cell proliferation directly
(Wagoner, Hausman, & Harris, 2006). Further work is needed to compare the direct effects
of leptin versus serum from leptin-treated animals on adipose tissue metabolism.

A parabiosis study with rats made obese by hypothalamic lesions suggested the presence of
a circulating factor that functioned as a feedback signal in the regulation of energy balance
(Hervey, 1959). This hypothesis was supported by subsequent observations of a suppression
of food intake and loss of body fat in parabiotic partners of genetically obese Zucker rats
(Harris, Hervey, Hervey, & Tobin, 1987) and rats overeating due to electrical stimulation of
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the LH (Parameswaran, Steffens, Hervey, & de Ruiter, 1977). A series of studies with rats
made obese by overfeeding further defined the metabolic phenotype of partners of obese rats
and excluded several hormones and metabolites as potential circulating satiety signals
(Harris & Martin, 1984) (Harris & Martin, 1986). The overfed rats appeared to produce a
factor that selectively inhibited adipose tissue lipogenesis, but did not have a significant
effect on food intake. Observations that obese ob/ob mice did not produce the hypothesized
satiety signal led Freidman’s group to identify leptin as the protein that was missing in these
mice (Zhang, et al., 1994). Subsequent studies indicate that leptin fulfills many of the
functions ascribed to the parabiotic factor. A more detailed investigation of the energy
balance status of ob/ob mice and their parabiotic partners (Harris, 1999) also raises the
possibility that leptin induces release of one or more circulating factors that inhibit growth
of adipose tissue, but promote accretion of lean tissue.
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Figure 1.
A parabiosed pair of female Sprague Dawley rats in which both animals ate ad libitum (left)
and a pair in which one parabiont was tube-fed twice its daily food intake for 50 days

(right).
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Table 1

Body composition and serum insulin in members of leptin-injected or vehicle-injected pairs of ob/ob mice.

Leptin-injected Parabiont  Partner of leptin-injected Member of vehicleinjected pair

Preoperative wt (g) 43+2 42+2 42+1
Carcass wt (g) 3324 37+18 40 £ 1€
Carcass fat (g) 16.0 + 1.3~ 19.0+0.98 23.3+0.7¢
Calculated food intake (mg/24 hr) 443 + 299A 882 + 260A 1101 + 1628
Serum insulin (ng/ml) 1.1+0.34 1.6 +0.34 14.0+1.78

Data are means + sem for mice from 5 pairs of leptin-injected ob/ob mice or 4 pairs of vehicle injected ob/ob mice. Values for a specific parameter
that do not share a common superscript are significantly different at P<0.05. Mice received twice daily i.p. injections of 50 ug human recombinant
leptin or vehicle for 11 days (Harris, Zhou, Weigle, & Kuijper, 1997)
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Table 2

Comparision of responses in parabiotic partners of obese rats and mice.

Page 19

Model of obesity Representative leptin values for obese
animal™™ (ng/ml)

VMH lesioned rat 30
LH stimulated rat

Intubated overfed rat

Tubefed overfed rat 242
Male Zucker rat 503
Female Zucker rat 423
ob/ob partner of db/db mouse 254
Wild type partner of db/db mouse 254

Leptin injected ob/ob mouse

Body fat

Decreased

Decreased
Decreased

Decreased
Decreased
Decreased
Decreased
Decreased

Decreased

L ean body mass

Decreased

Decreased
Not measured

Unchanged
Decreased
Decreased
Unchanged
Decreased

Unchanged

Food intake/gut content”

Decreased 10-20%

Decreased 70%
Decreased 15-30%
Unchanged

Unchanged
Decreased 21%
Decreased 75%
Unchanged

Decreased 75%

The change in food intake is the only parameter that is quantified because changes in body composition are influenced by the duration of the study.

*
Gut content shows a high correlation with the amount of food consumed during the previous 24 hours (Harris, Zhou, Weigle, & Kuijper, 1997).

Hok

Leptin values are taken from published data on single animals of the same genotype as the obese parabiont.

'Z(Dube, Xu, Kalra, Sninsky, & Kalra, 1999),
2Harris (unpublished data),
3

(Bogacka, et al., 2004),

4(Harris, Mitchell, Yan, Simpson, & Redmann, 2001).
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