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NPY presynaptic actions are reduced in the hypothalamic mpPVN

of obese (fa/fa), but not lean, Zucker rats in vitro

Nina Pronchuk & *'William F. Colmers

"Department of Pharmacology, University of Alberta, 9-36 MSB, Edmonton, AB, Canada T6G 2H7

1 Neuropeptide Y (NPY) profoundly enhances feeding when injected intracerebroventricularly, or
directly into hypothalamic nuclei, such as the paraventricular nucleus (PVN). Paradoxically, NPY has
a reduced action on feeding in obese Zucker rats relative to lean Zucker rats, although the obese rats
have much higher levels of hypothalamic NPY expression. GABAergic inputs to a subpopulation of
medial parvocellular PVN (mpPVN) neurons are sensitive to NPY. Here, we tested the hypothesis that
the blunted eating response to NPY observed in obese Zucker rats will be reflected in a reduced NPY
action at mpPVN GABAergic synapses.

2 ‘Blind” whole-cell patch-clamp recordings made from mpPVN neurons in acute brain slices of lean
and obese Zucker rats revealed GABAergic inhibitory postsynaptic currents (IPSC) responses which
were inhibited by NPY. While the maximum response in the obese Zucker rats was significantly less
than in lean Zucker or Sprague—Dawley rats, there was no difference in the ECs.

3 Experiments using blocking concentrations of Y- or Ys-receptor antagonists revealed no
differences between lean and obese Zucker rats in the contributions of either of these receptors to the
total NPY response in mpPVN.

4 NPY is less effective at the mpPVN GABA synapse in obese than in lean Zucker rats. This is not
associated with a change in the proportion of Y; or Y5 receptors mediating the NPY response, and is
consistent with the downregulation of NPY receptors or a reduction in receptor—effector coupling,

and with the reduced sensitivity of obese rats to NPY.
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Introduction

Neuropeptide Y (NPY) is one of the most potent orexigens
known, and may be a physiological regulator of food intake
(Clark et al., 1984; Levine & Morley, 1984; Stanley &
Leibowitz, 1985). The paraventricular nucleus (PVN) is one
of several NPY-sensitive hypothalamic nuclei involved in the
regulation of energy balance and food intake (Stanley &
Leibowitz, 1985). Although the mechanisms by which NPY
regulates energy balance remain unknown, we have recently
demonstrated specific actions of NPY in the PVN, using
whole-cell patch-clamp recordings in brain slices. Specifically,
we have shown that NPY suppresses GABAergic synaptic
input to neurons in the medial parvocellular aspect of the
paraventricular nucleus (mpPVN) (Cowley et al., 1999;
Pronchuk ef al., 2002); these synapses are potentiated by the
anorectic peptide «-MSH (Cowley et al., 1999). Animals with
deficient leptin signaling, such as the obese (fa/fa) Zucker rat,
have a marked elevation in hypothalamic NPY levels (Beck
et al., 1990), and up to 50% of the obesity phenotype is
ameliorated in the leptin-deficient, ob/ob mouse when the NPY
gene is deleted (Erickson et al., 1996); however, the obese
Zucker rats have a reduced sensitivity to the orexigenic actions
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of intrahypothalamic injections of NPY compared with
their lean counterparts (McCarthy et al, 1991, Brief
et al., 1992). Here, we tested the hypothesis that the reduced
feeding response to NPY in Zucker rats was correlated
with a difference in the electrophysiological responsiveness
to NPY in the mpPVN of lean vs obese (fa/fa) female
Zucker rats.

Methods

Coronal brain slices containing mpPVN were prepared from
the brains of lean or obese female Zucker rats (5-7 weeks old),
and from female Sprague—Dawley rats (4—7 weeks old), as
described previously (Pronchuk et al., 2002). Animals were
handled according to a protocol approved by the Health
Sciences Animal Welfare Committee at the University of
Alberta. Briefly, animals were decapitated and brains were
rapidly removed and transferred into ice-cold artificial
cerebrospinal fluid (aCSF) (<4°C), containing (in mM) NaCl
124, KCl 3, MgSO, 1.3, NaH,PO, 10, kynurenic acid 1, which
was continuously bubbled with 95% O,, 5% CO, (carbogen),
blocked and sectioned (400 um thick) with a slicer (Slicer
HR2, Sigmann Elektronik, Hiiffenhardt, Germany), and were
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allowed to equilibrate for at least 1 h at 32°C in aCSF without
kynurenic acid. A single slice was then submerged, suspended
on a mesh ring, in a constant flow of carbogenated saline (2.5—
3ml min~', 3540.5°C), in a recording chamber (volume
<1ml). Recordings were made using the blind whole-cell
patch-clamp technique (Blanton et al., 1989; Pronchuk et al.,
2002). Glass patch pipettes (5-6 MQ) were filled with a K*
gluconate-based pipette solution containing (in mm), K*-
gluconate 135, KCl 2, HEPES 5, MgATP 5, NaGTP 0.3,
BAPTA-K, 1.1, pH 7.25, 295 mOsm). Pipettes were connected
to the headstage of an Axoclamp 2A amplifier (Axon
Instruments, Burlingame, CA, U.S.A.) used either in the
bridge current clamp or continuous single-electrode voltage-
clamp mode.

Medial parvocellular neurons (mpPVN neurons) were
identified by their position in the slice and by their electro-
physiological properties, as described previously (Cowley et al.,
1999; Pronchuk et al., 2002). In total, we recorded from 108
mpPVN neurons in brain slices of control female Sprague—
Dawley rats, 145 mpPVN neurons of female lean Zucker rats
and 61 mpPVN neurons of female obese Zucker rats. As has
been described elsewhere (Pronchuk er al., 2002), these
neurons normally rested at between —45 and —55mV, and
had no spontaneous bursting behavior. Neurons were routi-
nely held in voltage clamp at —60 mV, and were only studied
further if their holding current and access resistance remained
stable in voltage clamp for 10-15min prior to any other
manipulations.

Synaptic potentials were recorded upon electrical stimula-
tion with a fine, monopolar tungsten electrode, which was
positioned in the PVN after the neuron was acquired, and
repositioned within this region as necessary to elicit optimal
synaptic responses. Pairs of stimuli (10-20V, 100-200 us,
80 ms interstimulus interval) generally elicited both inward and
outward synaptic currents at a holding potential of around
—40mV. Outward currents were sensitive to bicuculline
(10 uM), or picrotoxin (50 uM), thus clearly mediated by
GABA, receptors (Pronchuk ez al., 2002). At least three
control records (each the digital average of three successive
responses at 10s intervals) were taken at 5-min intervals to
ensure the stability of synaptic responses prior to drug
application. Comparison of control IPSC amplitudes in
neurons from lean and obese Zucker rats indicated no
significant difference in synaptic responses between strains
(178.5+8.44 vs 184.7+9.91pA, respectively, n=43 for each
strain, P>0.63). In addition, voltage ramps (swept from —90
to —50mV over 2s) applied just prior to drug application and
during the peak effect were used to control for alterations in
postsynaptic membrane properties caused by the treatment. In
some cases, a hyperpolarizing voltage step (—20mV, 20 ms)
was applied after the synaptic response had subsided, for
comparison of access resistance in control and in the presence
of NPY.

All agonists and antagonists were dissolved in warmed,
carbogenated saline just prior to use and applied via the bath.
Peptides and antagonists were stored at —20°C as concentrated
aliquots until immediately prior to use. Porcine NPY (pNPY)
was purchased from Dr S. St.-Pierre (Peptidec Technologies,
Pierrefonds, Québec, Canada). The Y, receptor-selective
antagonist BIBP3226 (Rudolf et al., 1994) was purchased
from Peninsula Laboratories (Belmont, CA, U.S.A.). The Y5
antagonist Novartis 1 (frans-2-nitrobenzene-2-sulfonic acid

(4-(2-naphthylmethylamino) methyl) cyclohexyl methyl)amide
was a gift of Dr P. Hipskind, Lilly Research Laboratories. All
chemicals for solutions were obtained from BDH (Toronto,
ON, Canada) and all other chemicals were obtained from
Sigma (St Louis).

The effects of NPY on the IPSC are expressed as percent
inhibition of the control responses taken immediately prior to
each drug application. Data were taken only from cells
demonstrating measurable (>10%) NPY effect, with sub-
stantial (>50%) reversal upon washout. Data are expressed as
means+s.e. Paired #-test statistical comparisons were per-
formed, both for the significance of an NPY effect, and to
compare the effect of NPY in the absence and in the presence
of an antagonist, while unpaired r-tests were used to compare
effects in the different strains of rat.

Results

Earlier work from our laboratory showed that NPY sup-
presses a GABAergic response evoked synaptically in a
subpopulation of neurons in mpPVN of Sprague—Dawley rats
(Cowley et al., 1999; Pronchuk ez al., 2002). In brain slices
from Zucker rats, we identified mpPVN neurons exhibiting a
similar GABAergic response. Application of NPY (10-500 nm)
resulted in a reversible reduction in amplitude of the IPSC
evoked in these neurons (Figure 1, left panel), as described
previously (Pronchuk ef al., 2002). At the same time, there
were no accompanying changes in the response to either
voltage steps or slow voltage ramps with NPY application,
again as seen earlier (Pronchuk et al., 2002). Comparison of
neurons from lean and obese Zucker rats revealed that the
IPSC of obese animals was inhibited less strongly by a
maximal concentration (500nM) of NPY (Figure 1, right
panel). No changes in postsynaptic properties with NPY
application were observed.

A concentration—response relationship to NPY was estab-
lished in preparations from lean and obese animals (Figure 2).
While the concentration—response relationship to NPY deter-
mined in lean Zucker rats did not significantly differ in its
maximum from that in Sprague—Dawley rats, the maximum
response to NPY was significantly reduced in obese Zucker
rats (Figure 2). Thus, the inhibitory response to 500 nM NPY
in lean Zucker rats was 42.3+2.6% (n=31), the response in
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Figure 1 The IPSC in mpPVN neurons is inhibited more by NPY
in lean (left panel) than in obese (right panel) female Zucker rats.

British Journal of Pharmacology vol 141 (6)



1034 N. Pronchuk & W.F. Colmers

Reduced NPY effects in mpPVN of fatty Zucker rats

50
40 +
8
g
= 30+
=
=
=
Q 20
& A Zucker lean
10 4 ® Zucker obese
B Sprague Dawley
0 T T T 1
-9 -8 -7 -6 -5

NPY (Log M)

Figure 2 NPY has a lower maximum effect on the IPSC in obese
Zucker rats than either in lean Zucker or Sprague—Dawley rats.
Data are expressed as the average percent inhibition of the IPSC in
response to NPY, which was applied at concentrations between 30
and 500 nM. Each data point represents data from between 7 and 35
neurons. Significance level: **P <0.0008.

the obese rats was 30.6+3.9% (n=31, P<0.003). Although
the maximum response to NPY was diminished in obese
Zucker rats, the ECs, for NPY (log ECso=—8.07+0.39) was
not significantly different from that seen in the lean Zucker
rats (logECso=—-7.85+0.12) or in the control Sprague—
Dawley animals (logECsy, =—7.66+0.14). Thus, while the
maximal response to NPY is reduced in mpPVN of obese
Zucker rats, the apparent affinity of the receptors is not
diminished.

We hypothesized that this reduction in the response to NPY
may be due to a reduction in the relative contribution of one or
more subtypes of NPY receptors. We tested this by comparing
the effects of NPY antagonists against NPY itself in mpPVN
of lean and obese Zucker rats. For Y, receptors, we first
evaluated the response in a neuron to 500 nM NPY, pretreated
the neuron with a blocking concentration (500nM) of the
selective Y, receptor antagonist BIBP3226, then reapplied
NPY to the same neuron in the presence of the antagonist
(Pronchuk et al., 2002). BIBP3226 reduced the effect of NPY
in mpPVN neurons both in lean and obese Zucker rats to
41.534+8.31 (n=28) and to 39.69+8.78 (n=135), respectively
(Figure 3). In similar experiments, we tested the effect of a
blocking concentration (500 nM) of the Y selective antagonist
Novartis 1 (Pronchuk ez al., 2002). Novartis 1 suppressed the
effect of NPY on the IPSC by about the same amount in lean
Zucker rats (to 47.58 +12.02 of the control effect) as in the
obese rats (to 53.69+10.66 of the control effect; Figure 3).

Discussion and conclusions

Previous work from our laboratory has suggested that NPY
alters the GABA, receptor-mediated inhibiton of mpPVN
neurons via a presynaptic mechanism (Cowley et al., 1999;
Pronchuk ez al., 2002), similar to the presynaptic actions of
NPY reported on glutamatergic inputs in the hippocampus
(McQuiston & Colmers, 1992; 1996). Our results indicate that
NPY has the same actions, with the same potency, within the
mpPVN of lean female rats, of either Sprague-Dawley or
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Figure 3 The inhibitory action of 500nM NPY is reduced equally
in lean and obese Zucker rats by the Y, receptor antagonist
BIBP3226 (500nM) and by the Ys receptor antagonist Novartis 1
(500 nM). Antagonist effects were not significantly different in lean
and obese animals (P>0.9 for BIBP3226, P>0.6 for Novartis 1).

Zucker strains. These results are the same as those obtained
earlier with male Sprague—Dawley rats (Pronchuk et al., 2002),
suggesting little or no difference in the mechanisms by which
NPY acts in the PVN of normally leptin-sensitive animals. In
obese Zucker rats, by contrast, the maximal actions of NPY
are significantly reduced, compared with those seen in their
lean littermates. However, there is no evidence that the
proportion of the NPY effect mediated by either Y; or Ys
receptors is altered in the obese rats. Coupled with the
observation that the ECs, for the actions of NPY is essentially
unchanged in the obese rats compared with the lean rats, the
present evidence is consistent with a reduction in NPY efficacy
in the obese rats.

Normally, leptin suppresses NPY expression in the arcuate
nucleus (Schwartz et al., 1996; Wang et al., 1997) and NPY
release in the PVN (Wang et al., 1997). Thus, in the obese
Zucker rats whose leptin receptor is functionally impaired
(Phillips et al., 1996) reducing their sensitivity to leptin (Cusin
et al., 1996), NPY synthesis is elevated in their arcuate nucleus
(Beck et al., 1990; 1993; Pesonen et al., 1992) and the content
and release of NPY in their paraventricular nuclei is
significantly increased (McKibbin et al., 1991; Dryden et al.,
1995; Stricker-Krongrad et al., 1997). Despite this, the feeding
response of obese Zucker rats to NPY injection was either not
seen at all (Brief ef al., 1992) or had a much higher threshold
compared with lean ones (McCarty et al., 1991; Stricker-
Krongrad et al., 1994).

If the response to NPY we observed in mpPVN is indeed
related to the feeding response induced by NPY injection into
the PVN, then our present data are consistent with a reduction
in sensitivity to exogenous application of NPY. An explana-
tion consistent with the available data is that, in obese Zucker
rats, there is a reduction in the number of receptors mediating
the presynaptic actions of NPY.

The total number of hypothalamic NPY receptors in obese
Zucker rats is reduced (McCarty et al., 1991; Widdowson,
1997). There is evidence for a contribution of both Y, and Y
receptors in the feeding response to NPY (Kanatani et al.,
1996; Cabrele et al., 2000), and we provide evidence both here
and earlier (Pronchuk ez al., 2002) that both these receptors
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mediate in part the presynaptic actions of NPY in the mpPVN.
By contrast, Y, receptors are most likely autoreceptors,
suppressing the release of NPY from arcuate nucleus neurons,
and conditional knockout of Y, receptors in the hypothalamus
results in weight gain (Sainsbury ez al., 2002); indeed, there is
evidence in vitro that Y, receptor activation suppresses arcuate
nucleus NPY neuron activity in vitro and suppresses food
intake in vivo (Batterham et al., 2002); thus, it appears most
unlikely that Y, receptors mediate the increases in food intake
caused by NPY. By using previously-established blocking
concentrations of the Y, and Y5 antagonists, we were here
unable to demonstrate significant differences in the proportion
of the receptor subtypes contributing to the NPY response in
the obese and lean Zucker rats. Although the relative
contributions of Y, and Y receptors do not appear to change,
it is conceivable that they might be equally affected by
prolonged exposure to the elevated levels of NPY seen in the
obese animals as these receptors are known to especially
desensitize, and thus potentially downregulate (Berglund et al.,
2003). However, the present experiments do not rule out the
possibility of an alteration in receptor—effector coupling in the
obese animals, in addition to a change in receptor number.
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