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Abstract

The cerebrospinal fluid (CSF) offers a window into the workings of the brain and blood-brain
barrier (BBB). Molecules that enter into the central nervous system (CNS) by passive diffusion or
receptor-mediated transport through the choroid plexus often appear in the CSF prior to acting
within the brain. Other molecules enter the CNS by passing through the BBB into the brain’s
interstitial fluid prior to appearing in the CSF. This pattern is also often observed for molecules
synthesized by neurons or glia within the CNS. The CSF is therefore an important conduit for the
entry and clearance of molecules into/from the CNS and thereby constitutes an important window
onto brain activity and barrier function. Assessing the CSF basally, under experimental conditions,
or in the context of challenges or metabolic diseases can provide powerful insights about brain
function. Here, we review important findings made by our labs, as influenced by the late Randall
Sakai, by interrogating the CSF.
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1. History

It is a great honor to be asked to contribute to this series of articles commemorating the
career of Randall Sakai. While each of us knew and admired Randall in many ways, one of
us (SCW) knew him particularly well and collaborated with him and his students and
fellows for many years in Cincinnati. In fact, their careers followed a parallel course. Both
Randall and SCW received Bachelor’s degrees in zoology at the University of Washington
(UW), albeit several years apart, and both began their research career in Washington’s
Department of Psychology, each exploring aspects of salt and water balance and associated
behaviors. Richard Weisinger and SCW, co-graduate students at UW in the late 1960s,
investigated causal mechanisms of sodium appetite in rats [1,2]. In a parallel manner, and
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several years later after SCW had joined the faculty at UW, Randall worked in the lab of
John Simpson while an undergraduate, also investigating mechanisms of sodium appetite [3]
before moving to the University of Pennsylvania to conduct his doctoral work with Alan
Epstein and continuing to investigate salt and water balance and producing a wealth of
important papers on the topic.

The parallel interests continued in that early on, both Randall [3] and SCW [4-7] each
recognized the importance of interrogating the cerebrospinal fluid (CSF) to understand brain
mechanisms underlying ingestive behavior, and similarly, that both understood the value of
administering biologically active compounds directly into the CSF and assessing behavior
[8-11]. This research strategy continued throughout both of their research careers.

Randall completed a post-doc with Bruce McEwen at the Rockefeller University where he
conducted his seminal work on corticoid receptors and stress behavior, and where he began
his work on social stressors utilizing the visible burrow system. When Alan Epstein died,
Randall joined the faculty at the University of Pennsylvania and we later recruited him to
Cincinnati where he further expanded his work on stress and social hierarchies. With his
graduate students and post-doctoral fellows, he also branched out into several other fields
including a return to the basics of salt and water balance and behavior. In recent years, SCW
and Randall in fact each collaborated with their trainees in this area [12-15], including
accessing the brain via the CSF [16].

Based on the parallel histories, and the joint emphasis upon the CSF and ingestive behavior,
we thought it appropriate to commemorate Randall by briefly reviewing where our latest
efforts in utilizing the CSF to understand ingestive behavior have progressed. While several
techniques have been used historically to obtain clean (i.e., free of blood cells) CSF samples
from small rodents, we recently improved and then standardized the procedure for rats [17]
and then modified it for mice [18]. Several features of the technique are noteworthy. First,
the animal need not be sacrificed, and can continue to participate in experiments and even
have the CSF resampled after an appropriate interval. Second, we devised a method to be
absolutely certain that there is no blood contamination; i.e., we are able to assess the CSF
sample for the presence of apolipoprotein B, a plasma protein that is never found in the CSF
physiologically [17]. More recently, we developed a more rapid method using a microplate
to precisely determine the level of blood contamination in CSF samples
spectrophotometrically in <10 min using only a 2-uL volume of CSF [19]. This approach
uses a blood standard curve to assess the absorbance resulting from hemoglobin
contamination, which is not detectable in pure CSF samples from healthy rodents [19], and
is much faster than traditional hemocytometric counting and which has greater precision.
Samples with >0.001% blood contamination are excluded from data analysis. Typically,
>95% of samples have no detectable contamination once the technique is mastered. Finally,
and perhaps most importantly, the collection technique is easy to use and provides ample
CSF for most purposes within a few minutes.
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2. Insulin and the CSF

Our lab has a long history of investigating insulin and the brain using the CSF as a
convenient interface. In an early series of experiments using dogs we found that when
plasma insulin is experimentally increased, CSF insulin also increases after a short lag; but
perhaps more importantly, we also observed that insulin was present in the CSF at all times,
even in fasting conditions when basal plasma insulin is low [20], a finding that was also
made for humans [21]. Unlike other tissues, the brain was not considered to utilize insulin
for glucose metabolism [22], and further, it was a common thought at the time that peptides
such as insulin should not be able to cross the blood-brain barrier. For these reasons, we
pondered the question as to why insulin is present in the CNS. One possibility that we
proposed and pursued was that since insulin is secreted by the pancreas into the blood in
direct proportion to the amount of stored body fat, perhaps the level of insulin entering the
brain functions as a key afferent signal informing the brain as to how much stored energy is
available, thereby influencing food intake. Support for this concept was first demonstrated
by our lab using baboons [10] and later using rodents [23,24]. The weight-suppressing
effects of intranasal insulin (which specifically targets the CSF and hence the central
nervous system) were later demonstrated clinically in humans [25]. These discoveries
established a new paradigm for our understanding of energy homeostasis [26,27], one which
has been rigorously investigated in the past several decades and which easily accommodated
other blood-borne signals secreted in the periphery in proportion to body fat content and
entering the brain to influence food intake, including leptin and amylin [28,29]. Many
reviews have been written about the catabolic actions of insulin in the brain [28,30-32].

3. Energy balance and the blood-brain barrier (BBB)

According to the World Health Organization, obesity now affects over 600 million adults
worldwide [33], implying that a major shift in energy balance has occurred over the last few
decades, one that favors greater energy intake relative to energy expenditure. Under
conditions of stable body weight, energy balance is maintained by finely-tuned regulatory
systems that are orchestrated as the brain integrates sensory information concerning body
fat, food that is being consumed and processed in the gut, circulating nutrients, tissue needs,
and so on. Much of the requisite information emanates from outside the brain, with signals
being conveyed via nerves, such as the afferent vagus from the digestive tract and related
viscera, or else as circulating signals including many hormones and nutrients [34].

To be efficacious at influencing the brain, peripherally-originating signals must either
stimulate peripheral afferent nerves proceeding to the brain or else negotiate the BBB. One
example of the former is cholecystokinin (CCK), which is secreted from I-cells in the
duodenum in response to nutrients in the intestinal lumen [35]. While some of the released
CCK enters the blood as a hormone acting on distant organs (e.g., eliciting bile flow from
the liver), CCK also is thought to act locally on CCK receptors located on sensory nerve
endings in the wall of the intestine [36,37]. Another example is glucagon-like peptide-1
(GLP-1), which in addition to being a hormonal incretin for pancreatic insulin secretion, is
also considered a satiation signal that contributes to limiting meal size [38]. It is secreted
from L-cells in the intestinal wall in response to nutrients and other signals in the intestinal
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lumen, and it is thought to act on local sensory nerve endings [38] and also to enter the
hepatic portal circulation, where before entering the general circulation, it stimulates GLP-1
receptors on afferent vagal branches located in the wall of the hepatic portal vein [39].

Apolipoprotein A-1V (apo A-1V) is another important satiating signal. Apo A-1V is
synthesized by intestinal enterocytes during the absorption of lipids, and as triglycerides are
packaged into chylomicrons, apo A-1V attaches to the chylomicrons as they enter the lymph
on their way to the circulation [40-42]. Once within the blood, apo A-1V is released into the
plasma where it interacts with the pancreas, liver, and other target organs to improve
glycemia by increasing insulin secretion [43] and decreasing gluconeogenesis [44]. It also
contributes to limiting food intake [45-47], in part by enhancing the vagally-mediated CCK
signal to the brain [48-50]. Although apo A-1V does not cross the BBB [51], we have found
that apo A-1V is synthesized in areas of the hypothalamus that influence food intake and
metabolism [52-54]. Thus, administration of apo A-1V either systemically (acting via the
vagus nerves) or directly into the CSF reduces food intake [45-47].

Many metabolically important signals are able to stimulate the brain via the blood. In order
to be influential, circulating signals reaching the brain via the arterial system must either be
lipid soluble and pass relatively freely through the BBB (e.g., steroid hormones such as
estrogen and corticosterone), interact with receptors in the brain’s circumventricular organs
which have a relaxed BBB (e.g., amylin acting in the area postrema to influence food intake
and body weight [55]), or else be transported through the BBB into the brain’s interstitial
fluid to gain access to receptors on neurons and glial cells. The latter is the method by which
many nutrients (e.g., glucose, amino acids) and peptide hormones (e.g., insulin, leptin,
urocortin, cytokines) that influence energy homeostasis enter the brain [56-58]. For most of
these molecules, there are specific receptors on the luminal surface of the endothelial cells
that comprise part of the BBB [58,59]. As an example, BBB endothelial cells express insulin
receptors and a commonly accepted model is that when circulating insulin binds to the
receptor on the endothelial cell, the combination is taken into the cell and transported across
it to the abluminal side where the insulin is subsequently released into the interstitial fluid
[19,30,32].

As discussed above, when insulin is administered into the CSF of awake, behaving animals
and humans, they act as if they are carrying more fat than actually exists in the body and
they consequently eat less food and lose weight. Conversely, when the normal insulin signal
within the brain is experimentally reduced, whether by genetically knocking out or silencing
brain insulin receptors [60,61] or else pharmacologically disrupting insulin signaling locally
in the hypothalamus [62], animals behave as if they are underweight and increase their food
intake. Thus, insulin provides a catabolic tone within the brain, and when that tone is
experimentally manipulated higher or lower, energy intake and body fat are changed.

While approaches such as these are important for uncovering how insulin acts once within
the brain, the findings may have little to do with actual physiology. We have therefore been
focusing our attention on the normal pathway by which insulin enters the brain; i.e., its
insulin receptor-mediated transport through the BBB. Many years ago we found that the
amount of insulin that appears in the CSF is only a small fraction of what is found in the
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blood, and further that the percentage of blood insulin present in the CSF is reduced in
obesity [7,63], and similar findings were reported for humans [21,64]. This is important
because it means that the insulin resistance that characterizes most peripheral tissues in the
obese state includes the BBB transport system as well. We also found that the brain itself is
relatively insulin resistant in the obese state; i.e., relative to lean controls, neither genetically
[11] nor dietary-induced obese rats [65] reduce their food intake when administered insulin
directly into the 3rd ventricle of the brain. We more recently found that the reduced insulin
transport through the BBB that occurs in dietary-obese animals can be reversed by weight
loss; i.e., the percentage of plasma insulin in the CSF is higher and the brain itself is also
more sensitive to insulin [66].

4. Insulin detemir

Insulin promotes the uptake of glucose and nutrients into most tissues throughout the body;,
including muscle and adipose tissue and is an important anabolic hormone. Diabetic patients
who self-administer exogenous insulin to manage their blood glucose levels therefore often
experience weight gain as an undesirable side-effect as their adipose tissue mass increases
[67]. Conversely, within the brain and as discussed above, insulin is catabolic. Thus, an
improved treatment strategy for diabetes would be to develop a formulation of insulin that
lowers circulating glucose appropriately while at the same time increasing insulin’s
penetration into the brain, thereby potentially compensating for any peripheral anabolic
action. Glargine and detemir are both long-acting formulations of insulin designed to have a
relatively long functional half-life in the blood and thereby help improve the maintenance of
glycemia. While both cause comparable reductions and maintenance of blood glucose,
interestingly, diabetics who use the detemir formulation are able to effectively manage blood
glucose without experiencing undesired weight gain relative to normal human insulin or
insulin glargine [67,68]. We and others have also observed this in rodent models [69,70].
More recently we found that insulin detemir prevents weight gain due in part to an enhanced
anorectic action in the CNS relative to other insulin formulations. Specifically, we found that
whereas insulin detemir is transported into the brain to the same capacity of regular human
insulin, it has a more prolonged anorectic action [69], suggesting that the prevention of
weight gain observed clinically in diabetic patients taking insulin detemir is likely a result of
an enhanced CNS suppression of food intake brought about by detemir’s longer functional
half-life in the brain.

5. CCK and insulin transport into the CNS

Whereas detemir insulin is effective at prolonging the insulin signal in the brain, we more
recently asked whether there are ways to increase the normal passage of insulin through the
BBB. Many years ago we found that when animals are fasted, less insulin enters the CSF
than when they are fed [6]. This was consistent with the concept that a fasted individual,
who needs to consume more food than normal when it becomes available, would benefit
from having a reduced ‘brake’ in the brain in the form of insulin. The important point,
however, is that the findings suggest that some factor associated with feeding might enhance
the transport of insulin into the brain. Several years ago Cano and colleagues [71,72]
reported that the transport of the adiposity hormone leptin into the brain is enhanced by
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CCK. Since insulin and leptin both reduce food intake when administered into the CSF [73—
75], we asked whether CCK might influence insulin transport as well.

We first found that brain capillary endothelial cells that comprise the BBB express both
insulin and CCK receptors, suggesting that an interaction could occur [19,76]. When we
administered insulin peripherally to rats in the presence or absence of the administration of
CCK, twice as much insulin appeared in the CSF in the presence of CCK in spite of no
change of plasma insulin [76]. These findings indicate that CCK may partly exert its
satiating effects by increasing the transport of insulin into the CNS. Thus, when CCK levels
are increased during meals, insulin is anticipated to enter the CSF in greater amounts. This is
consistent with our previous findings that the transport of insulin into the CNS occurs most
rapidly following meals [6]. We also expect that situations in which the circulating levels of
gut hormones such as CCK are elevated, such as after some successful bariatric surgeries
[77,78], will lead to weight loss, in part, by enhancing insulin transport into the CNS.

6. Estrogen and insulin transport into the CNS

Estrogen has a complex role when it comes to influencing body weight and potentially
interacting with insulin in this regard. It is well established that females of many mammalian
species weigh less than males, and that if they are ovariectomized, greatly reducing estrogen
levels, they overeat and gain weight; and that administering estrogen to them in a manner
that simulates normal secretory patterns, causes body weight to return to normal [79]. Based
on this, estrogen would be classified as a catabolic hormone. However, we have found that
central insulin is far more efficacious at reducing food intake and body weight of male rats
than of female rats, and that estrogen is responsible for blunting insulin’s central catabolic
action [24,80]. This sexual dimorphism has also been reported for humans receiving insulin
into the CSF via the intranasal route [25]. Based on this interaction, estrogen would seem to
be anabolic in the brain, or at least to oppose insulin’s catabolic action. We therefore
hypothesized that estrogen must have a complex interaction with insulin in terms of
influencing energy balance, and we asked whether estrogen might alter insulin passage
through the BBB.

It is well-known that estrogen strengthens the effects of other signals that reduce food intake
and body weight, including CCK [81-83], apolipoprotein A4 [84], and leptin [24], among
many others. Further, E2 increases systemic insulin sensitivity in human and rodent models
[85-87] and plays functional roles at the BBB by promoting the integrity of the BBB in
response to ischemia [88,89] and inflammation [90]. We therefore isolated microvessels of
the BBB and found that endothelial cells, besides co-expressing both insulin and CCK
receptors, also co-express estrogen receptor a (ERa). We next asked whether estrogen
enhances insulin transport into the CNS of rats [76]. Surprisingly, although chronic estrogen
treatment significantly improved peripheral insulin sensitivity and prevented body weight
gain during the prevention of dietary obesity, it did not increase the appearance of insulin in
the CSF. If anything, estrogen administration was associated with reduced insulin transport
into the CNS relative to weight-matched controls, which had effective insulin transport [19].
Estrogen also had no effect on insulin transport in chow-fed controls [19].

Physiol Behav. Author manuscript; available in PMC 2018 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woods et al.

Page 7

While these findings were unexpected, estrogen may still increase the activation of insulin
signaling pathways within the brain via mechanisms that are independent of insulin
transport, or are even perhaps completely independent of insulin action. We therefore asked
whether E2-treatment increases hypothalamic insulin signaling in rats that underwent
prevention of HFD-DIO (Fig. 1). Although E2 substantially improved insulin sensitivity and
reduced body weight (as reported [19]), it did not improve the activation of proximal or
distal insulin signaling pathways in the mediobasal hypothalamus (MBH) (Fig. 1).
Consistently, pair-fed rats that were weight-matched to the body weight of the E2-treated
group did not exhibit improved hypothalamic insulin signaling. In summary, these findings
indicate that although E2 is effective at preventing the metabolic syndrome during
maintenance on a HFD, it does not exert its effects by increasing insulin signaling in the
MBH.

7. Effect of E2 on BBB-expression of genes relevant to metabolism

Although we have not found evidence that E2 enhances the transport of insulin or leptin into
the brain, we recently observed that E2 increases the expression of the CCK-1R mRNA at
the BBB of OVX rats by approximately 3 times that of vehicle-injected controls (Fig. 2A).

In comparison, the level of insulin receptor MRNA was unaffected by E2 treatment under the
same conditions (Fig. 2B). This finding is intriguing, because it has been previously
demonstrated that E2 increases the satiating potency of CCK [83,91,92]. Therefore, an
interaction of E2 with CCK signaling at the BBB may partly underlie this effect.

8. Summary

Randall Sakai made substantial contributions in his lifetime and he has bestowed a powerful
scientific vision onto his trainees and colleagues, including the use of CSF to study
behavioral endocrinology in general and ingestive behavior in particular. This approach has
resulted in many important findings by Randall’s and our labs. Findings highlighted in this
report stem from the mutual interests of Randall’s and our approaches and offer novel
perspectives about how energy balance and food intake behavior is integrated at the levels of
the BBB and brain. The finding that the insulin analog, detemir has prolonged action may
offer beneficial effects not only to obese diabetics, but also to for individuals with
neurological disorders in which brain insulin signaling is impaired, such as Alzheimer’s
disease [93,94]. Another interesting avenue will be to better understand the mechanism by
which CCK and other satiation signals enhance the transport of signals such as insulin into
the CNS, a mechanism that could be used to improve the delivery of drugs through the BBB.
Our finding that estrogen ameliorates symptoms of the metabolic syndrome independently
of improving insulin transport into the CNS reveals the complexity of central insulin
signaling; under some conditions, insulin may be ineffective at entering the brain despite
appearing insulin sensitive in peripheral tissues. As we continue to understand how the
transport of molecules through the BBB is influenced by hormones under normal conditions
and in metabolic diseases, this will open the door to new therapeutics that can safely
ameliorate obesity and its co-morbidities. Studying the transport of molecules into the CNS
via their appearance in the CSF will continue to be an invaluable approach towards this end.
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HIGHLIGHTS

Transport of molecules into the brain can be readily assessed using
cerebrospinal fluid.

Insulin can be structurally modified to increase its anorectic action in the
brain.

Insulin transport into the CNS is affected by hormones.

The blood-brain barrier may be an important target for ameliorating metabolic
diseases.

Physiol Behav. Author manuscript; available in PMC 2018 May 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Woods et al.

Page 15
A pIR-B B pIRS-1/2 C PCREB
2.5 2.0 1.5+
° ° =
E 201 % 1.5 g
2 1.5 = s
g 2
o 1.04 ° o
= = 2 0.5
S 051 & 0.5 &
14 14 ['4
0.0- 0.0- 0.0
& < & & <& & & < &
PR O . PRS2 pcRER TN S .
R ks cres I B

Actin | —— Actin: SE——— Actin M S —

Fig. 1.

Esq[radiol does not increase the activation of insulin signaling in the mediobasal
hypothalamus of DIO rats. Male long-evans rats underwent a 1-month prevention of HFD-
DIO via cyclic E2 treatment. The MBH were then micropunched, as described [19]. Protein
expression and phosphorylation were assessed via Western blotting for phosphorylated (p)
and total insulin receptor (IR) (A), insulin receptor substrates 1 and 2 (IRS-1/2) (B), and
cyclic AMP response-element binding protein (C) (a distal protein in the insulin signaling
cascade). Upper panels display the levels of phosphorylated proteins as quantified by Image
J, while lower panels display representative Western blots. No significant differences were
observed among groups for any proteins, as assessed with one-way ANOVA, 1= 6-7, mean
+ SEM.
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Fig. 2.

Es%radiol increases the expression of CCK-1 receptor mRNA (Cckar) in brain microvessels
of OV X rats. Female Long-Evans rats were ovariectomized (OVX) and allowed to recover
for 2 weeks. OV X rats were then injected subcutaneously with estradiol-3-benzoate (E2, 10
ug/kg, 2 uL, Sigma) or vehicle (sesame oil, 2 L, Sigma), for two consecutive days.
Throughout this time, food was removed in order to prevent the impact of differential food
intake following E2 treatment. Rats were then sacrificed and brain microvessels were
isolated and analyzed via gPCR for expression of CCK-1R mRNA (A) and Insulin receptor
mRNA (Insr, B). Data are presented as mean £ SEM and were analyzed with the Student’s #
test, =8, £<0.05 vs vehicle controls. All procedures were approved by the Institutional
Animal Care and Use Committee and were conducted in an AALAC-accredited facility.
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