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Abstract

In rodents, parenteral administration of monosodium glutamate (M SG) induces marked degeneration of the retina and arcuate nucleus
(AN) and disrupts daily rhythms of food intake. We quantified the effects of neonatal MSG (2 mg /g SC, postnatal days 1, 3, 5, 7, 9) on
the expression of feeding and activity rhythms in adult rats under schedules of light—dark (LD), constant dark (DD), restricted daily
feeding and total food deprivation. AN lesions were confirmed by neuropeptide Y (NPY) immunocytochemistry and Nissl stain.
Compared to age-matched control rats, the amplitude (quantified as LD ratios) of daily food intake and food-bin activity rhythms was
significantly attenuated in MSG rats in LD 12:12 and on the first day of DD. Control rats, but not MSG rats, showed lower amplitude
rhythms in DD compared to LD. The phase angle of feeding and activity rhythms did not differ between groups in either condition. In a
short LD cycle (2:2), control rats, but not MSG rats, showed significant inhibition (masking) of activity during the 2 h light periods.
When food access was restricted to a 4 h daily meal, MSG rats showed enhanced expression and persistence of food-entrained
anticipatory activity rhythms by comparison with control rats. These results indicate that attenuation of daily feeding rhythmsin MSG rats
isduein part to loss of direct inhibitory effects of light on behavior, and that the AN likely modulates, but does not mediate entrainment
of feeding-related rhythms to daily cycles of LD or food access. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction lating ingestive behavior and metabolism are not yet well
delineated, but likely involve direct and indirect interac-
tions with a distributed network of hypothaamic and
extrahypothalamic areas and peripheral glands[29,32]. The
present study utilized neonatal monosodium glutamate
(MSG) treatment as an ablation tool to examine the role of
the arcuate nucleus (AN) in the expression of daily rhythms
of food intake and FAA in the rat.

Parenteral administration of MSG during the first week
of life induces substantial and irreversible loss of neurons
intheretinaand AN in rats, hamsters and mice[9,34,46,48].
Destruction of AN neuropeptide cells, including neurons
immunoreactive for neuropeptide Y (NPY), is extensive or
complete [37]. MSG lesions are associated with a syn-
drome characterized by stunted growth, increased adipos-
ity, hypophagia and reduced function of several hormone
systems [30]. Neonatal MSG treatment is also reported to
disrupt daily rhythms of food intake and activity; studies
" Corresponding author. Fax: + 1-604-291-3427; E-mail: consistently show an attenuation of the day—night rhythm
mistlber@sfu.ca of food intake [10,11,33,56,57]. Similar effects have been

Feeding behavior in mammals is organized in the tem-
poral domain by a circadian system consisting of at least
two pacemakers that generate endogenous circadian timing
signals, associated input pathways that entrain these sig-
nals to local time cues and output pathways that confer
circadian rhythmicity to effector systems for behavior and
physiology. The circadian pacemaker mediating entrain-
ment of feeding rhythms to daily light—dark (LD) cyclesis
located in the hypothalamic suprachiasmatic nuclei (SCN)
[31]. A second circadian pacemaker is located at an un-
known site outside of the SCN and is responsible for
generating daily rhythms of food anticipatory activity
(FAA) that emerge in many species when food access is
restricted to a fixed time of day [41,44]. Coupling mecha
nisms that link these pacemakers to effector systems regu-
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reported in rats sustaining electrolytic lesions of the AN
[38], and complete loss of circadian organization of activ-
ity has been reported in voles following AN lesions that
spare the SCN [20]. These results suggest that the AN may
be a conduit through which the circadian system imposes
daily rhythms on ingestive behaviors and metabolism.

Consistent with this idea, the AN has direct and indirect
anatomical links with the SCN circadian pacemaker [24,29].
AN-NPY cdlls project to sites in the hypothalamus that
regulate feeding and metabolism [29] and AN-NPY re-
lease exhibits a daily rhythm that peaks early in the night,
when spontaneous feeding activity is also maximal [1,25].
Exogenous NPY is the most potent orexigen yet discov-
ered, and maximally stimulates food intake early in the
night [55]. Attenuation of daily variations in hypothalamic
NPY by continuous intraventricular NPY infusion damp-
ens the daily rhythm of food intake [4].

Although these observations converge on a hypothesis
that AN—NPY cells may be an integral component of one
pathway through which the circadian pacemaker regulates
the timing of feeding behavior, studies to date have pre-
sented a relatively limited analysis of the nature of dis-
rupted ingestive rhythms following neonatal MSG expo-
sure. Daily rhythms can be characterized by their period,
phase and amplitude. In nocturnal animals, environmental
light regulates these parameters in two ways, first, by
entraining the pacemaker generating the rhythms (i.e,
period and phase control), and, second, by directly inhibit-
ing activity, a process known as photic masking [3,44].
Direct inhibition of activity by light (negative masking),
and stimulation of activity by dark (positive masking),
functions to accentuate daily rest—activity rhythms driven
by the circadian pacemaker (direct effects of light and dark
on arousal are reversed in diurna animals) [7,8,19]. These
effects can be revealed by a comparison of rhythm ampli-
tude in standard LD cycles (e.g., a 12 h photoperiod) with
amplitude in non-standard * skeleton’ photoperiods (e.g., 30
min of light twice a day, simulating dawn and dusk) or in
constant dark (DD). Rhythm phase and waveform may
also be influenced by characteristics of the LD cycle,
including the light intensity and waveform of the LD cycle
(in laboratory settings, typicaly a square wave).

Although MSG Kkills retinal ganglion cells and greatly
reduces the size of the optic nerves in rats, hamsters and
mice, sufficient retina circuitry is retained to mediate
entrainment of circadian rhythms to standard LD cycles
[9,14,45,48,49]. However, it is conceivable that photic
pathways necessary for the direct masking affects of light
are functionally impaired, and that attenuation of LD-en-
trained rhythms of food intake in MSG-treated rats is due
to reduced photic masking of behavior. Therefore, in the
first part of this study, to evaluate the contribution of direct
and indirect effects of light to daily feeding rhythms in
MSG-treated rats, we measured circadian parameters of
food intake and feeding-related activity in LD (standard
12:12 and ultradian 2:2 schedules) and DD.

In the second part of this study, we evaluated the effects
of MSG treatment on entrainment of circadian FAA
rhythms. Endogenous NPY release is enhanced during
food deprivation and increases prior to a scheduled daily
meal, and exogenous NPY induces a true motivation to
feed (i.e., operant responses to acquire food) [27,28,58].
These functiona correlates of AN NPY activation may be
taken to suggest that the AN, in addition to interfacing
with the light-entrainable SCN pacemaker, may also play a
role in regulating daily rhythms of FAA that emerge
during restricted feeding schedules. Previous studies have
shown that adaptation to a 4 h diurnal feeding schedule,
measured in terms of daily mea size, correlates with
entrainment of FAA [6] and is impaired in MSG-treated
mice [35]. In addition, food-entrained behavioral rhythms
(expressed as anticipatory activity directed at a food bin)
are significantly enhanced in the Zucker fatty rat [43], a
genetic model of obesity in which the AN-NPY system is
up-regulated [13]. We have previously observed that some
rats sustaining very large media hypothalamic lesions that
destroy the AN, among other structures, fail to exhibit an
entrained pattern of FAA to a scheduled daily mealtime
[2]. Therefore, in the present study, we also evaluated
whether MSG lesions ater entrainment of anticipatory
activity rhythms to daily feeding schedules.

2. Materials and methods
2.1. Subjects, drug treatment and apparatus

Six male Wistar rats received subcutaneous injections
of MSG (2 mg/g, 100 g/ml) on postnatal days 1, 3, 5, 7
and 9. The animals were housed in a colony room until 6
weeks age when they, along with six age-matched, vehi-
cle-injected control rats (one female), were transferred to
individual polypropylene cages in ventilated isolation cabi-
nets. Cages were equipped with wire floors and internal
food bins designed to monitor feeding-related activity.
Contact with the feeder closed a circuit, producing a 5 V
pulse counted by a PC-based data collection system that
saved counts to disc at 10 min intervals (Activity Counting
System, Simon Fraser University). During the restricted
feeding schedule, food was available in a bin mounted on
the outside of the cage, accessible through a 7 cm sguare
window. A photocell was positioned across the food-bin to
detect feeding-related activity.

2.2. Procedures

Food-bin activity was recorded for 10 days in LD
(14:10, i.e.,, 14 h light, 10 h dark) and then 22 daysin LD
12:12, with food (Purina lab chow 5001) and water avail-
able ad libitum. Food intake was then measured every 3 h
for 24 h, by weighing the food bins and underlying
spillage. Five days later, the lights were turned off for 48 h
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of DD, beginning at the usual time of dark onset. Food
intake was measured every 3 h for 24 h, beginning at the
usual time of lights-on. Following 3 days of re-entrainment
to LD, the 48 h DD test was repeated. After another 4 days
of re-entrainment to LD, the LD cycle was shortened to
2:2 (2 h light, 2 h dark), with the first 2 h dark period
beginning at the usua time of dark-onset. LD 2:2 was
maintained for 24 h, after which LD 12:12 was reinstated
for the balance of the study. Five days later the rats were
food deprived for 42 h beginning at dark-onset. For the
next 30 days, food was provided for 4 h each day in the
middle of the light period, beginning 7 h before dark onset.
The animals were then food deprived for 72 h, provided
with food ad libitum for 5 days, and then food deprived for
afinal 72 h, after which they were sacrificed for histologi-
cal analysis to confirm MSG neurotoxicity.

2.3. Histology

The rats were anesthetized with sodium pentobarbital
(65 mg/kg) and received an intra-lateral ventricular injec-
tion of colchicine (75 wg in 25 wl phosphate buffered
saline, PBS) using stereotaxic procedures. After 24 h, the
rats were overdosed with pentobarbitol and perfused tran-
scardially with 100 ml cold PBS, followed by 100 ml 4%
paraformaldehyde. The brains were removed and soaked
overnight in 4% paraformaldehyde, after which they were
transferred for 24 h to a 20% sucrose solution for cryopro-
tection. The brains were then sectioned at 50 wm intervals
using a freezing stage microtome, and alternate sections
were saved for NPY immunocytochemistry.

Slices were washed in a 0.3% H,O, bath to inactivate
endogenous peroxidase. Thiswas followed by three 10-min
baths in PBS and 0.2% Triton X-100 (PBSx). Sections
were incubated for 90 min in 10% normal goat serum
(Vector Laboratories) and then for 48 h a 4°C in a
polyclonal rabbit anti-NPY antibody (1:15,000; Peninsula
Laboratories). The tissue was then rinsed in PBSx (3 X 10
min) and incubated in secondary goat anti-rabbit antibody
(Vector Laboratories; Vectastain Elite ABC Kit) for 1 h at
room temperature. Following another three 10-min washes
in PBSX, the tissue was incubated in avidin—biotin—per-
oxidase complex and was visualized using 3% H,0,, 0.05
M diaminobenzidine (DAB), and 1% NiCl, in Tris buffer
(pH = 7.2). The DAB reaction was terminated by washing
after 5 min. The tissue was then mounted on gelatin-coated
dlides, dried and coverdlipped. After an initial evaluation
of NPY immunoreactivity (IR) by light microscope, the
tissue was counterstained with Neutral Red Nisdl stain.

2.4. Data analysis

Activity data were transferred to a Macintosh computer
for display and analysis. Group mean average waveforms
of food-bin activity and food intake were constructed for
MSG and sdline-treated rats in LD 12:12 and on the first

day of DD. The waveforms revealed that the phase of the
daily rhythms of food intake and food-bin activity did not
differ between these days. Therefore, rhythm amplitude
was quantified by calculating 12:12 ratios in both LD and
on the first full day of DD (the first DD test was used for
food intake data, and the second DD test for food-bin
activity). Ratios were also calculated for total food-bin
activity in the 2 h light and 2 h dark periods during the LD
2:2 cycle. Ratios were also expressed as ‘nocturnality’
scores (percentage of total food intake occurring in the
dark).

FAA was quantified by dividing the 30 days of re-
stricted feeding into six blocks of 5 days. For each rat, an
anticipation ratio (cumulative activity during the 3 h before
mealtime divided by total daily activity, excluding the 4 h
mealtime) was calculated for each block of days. The
duration of anticipation was quantified by defining activity
onset as the first of three consecutive 10 min bins within 3

Fig. 1. Photomicrographs of NPY-IR in the AN of a representative
control (A) and MSG-treated rat (B). In the control brain, the AN exhibits
a uniform NPY-IR fiber plexus, the borders of which are denoted by the
dashed line. NPY-IR cell bodies are labeled black, and cluster in the
medial region of the AN. In the MSG-treated animal, the NPY-IR fiber
plexus is absent, and only a few labeled cells are apparent close to 3rd
ventricle (3V), and scattered in the median eminence (ME). The scale bar
denotes 100 pm.
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Fig. 2. Average food intake in the 12 h light and 12 h dark periodsin LD,
and for the same 12 h intervals in DD, in control (C) and MSG-treated
(M) rats. ** Denote significant difference between groups ( p < 0.001).
ab Denote significant difference within groups ( p < 0.05).

h of feeding time that exceeded the 24 h mean level of
activity for that block of days. The peak level of anticipa
tory activity was defined as the maximal value observed in
any 10 min bin following the onset of anticipation as
defined. The persistence of the FAA rhythm during the
food deprivation tests was evaluated by averaging the
deprivation days within each 72 h test and calculating the
mean level of activity during the 3 h corresponding to
prior mealtime and the 3 h time-blocks that immediately
preceded and followed prior mealtime. These three means
were then expressed as ratios with respect to total daily
activity. For comparative purposes, the same calculations
were made for the 5 days of ad libitum feeding between
deprivation tests.

Within and between group differences were evaluated
by ANOVA and t-tests. Results for the single femalerat in
the control group were not distinguishable from those of
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the male rats, thus the data were combined. Means are
reported + S.D.

3. Results
3.1. Histology

Visual inspection of Niss stained sections revesled a
striking reduction in the size of the optic nerves, optic
chiasm and optic tracts in al MSG-treated rats. The AN
exhibited a paucity of Nissl-stained neurons by comparison
with control rats. Cell counts revealed a marked reduction
of NPY-IR cells and fibers in the mediobasal region of the
hypothalamus, caudal to the SCN (60% decrease, by com-
parison with control rats). In control rats, AN-NPY cells
were clustered in the ventromedial, periventricular region
of the AN, and these cells were virtually absent in MSG
treated rats (e.g., Fig. 1a,b). The distribution and density of
NPY-IR in the SCN appeared normal in al MSG rats.

3.2. Daily rhythms of food intake

Food intake was measured at 3 h intervals for 1 day in
LD and 1 day in DD. There was a trend for lower food
intake in MSG rats, compared to control rats, in both LD
(—13.4%, p=0.06) and DD (—13.6%, p=0.1; Fig. 2).
Both groups exhibited significant daily rhythms of food
intake in LD, with food consumption greater in the dark
than in the light ( p < 0.001 for both groups; Fig. 2). The
shape of the waveform was similar between groups, and
there was no apparent difference in phase (i.e., timing with
respect to the LD cycle; Fig. 3a). However, MSG rats ate
280% more than control ratsin the light period ( p < 0.001)
and 36% less in the dark period (p < 0.001) and conse-
quently had a significantly lower LD ratio (LD ratios=
0.07 + 0.04 vs. 45+ 0.13, in control and MSG groups,
respectively, which correspond to nocturnality scores of
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Fig. 3. Group mean waveforms of food intake in MSG (filled squares) and control (open diamonds) rats measured at 3 hintervalsin LD 12:12 (A) and DD
(B). Differences between groups significant at p < 0.05 (*) or p < 0.005 (**).
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93% and 69%, respectively; p < 0.001). In DD, the shape
and phase of the circadian waveforms of food intake were
again quite similar in the two groups (Fig. 3b). However,
control rats showed a significant reduction in the 12:12
ratio of food intake compared to the ratio in LD (DD
ratio = 0.26 + 0.06, ‘nocturnality’ = 80%; p < 0.001),
whereas MSG rats did not show a significant change in
this ratio (DD ratio= 0.54 + 0.16, ‘nocturnality’ = 66%;

Hours
0 12

IIII!II]IIII'I

77
p > 0.05; Fig. 2). Group differences in food intake were
evident at only two time points in DD, rather than at all
eight time points asin LD (Fig. 3b).

3.3. Daily rhythms of food-bin activity

Food-bin activity records from representative control
and MSG-treated rats are presented in Fig. 4. Activity
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Fig. 4. Actograms depicting food-bin activity in representative M SG-treated (A) and control (B) rats. Each line represents 1 day, with time in 10 min bins
plotted from left to right and consecutive days aligned vertically. Vertical deflections on the lines indicate time bins when food-bin counts were recorded.
Shading represents lights-off. The vertical column beginning on day 31 represents the 4 h mealtime during restricted feeding. Inverted triangles represent
the beginning of food deprivation tests, and upright triangles the end of these tests. Abbreviations: DD (constant dark), LD 2:2 (2 h light—2 h dark cycle),
DEP (no food available), RF (restricted feeding schedule).



78 RE. Mistlberger, M.C. Antle / Brain Research 842 (1999) 73-83

.

'
1
'
1
]

Z-scores

Food —TF—

Bin
Food ---@--
Intake
-15 T T T T
0O 3 6 9 12 15 18 21

Time (3 h bins)

Fig. 5. Normalized scores for food intake (dotted line) and food-bin
activity (solid line) accumulated in 3 h intervals in LD 12:12 (N=12
rats, both groups combined).

counts during ad libitum food access were registered
whenever rats touched the feeder and thus all counts do
not necessarily represent feeding bouts. To evaluate the
extent to which food-bin activity mirrored feeding activity,
food-bin and food intake data were converted to Z-scores
and plotted in 3 h bins. The two curves are highly corre-
lated (Pearson bivariate correlation r=0.93 for both
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Fig. 7. Group mean average waveforms of food-bin activity in control
and MSG-treated rats in LD 2:2. Activity data were averaged at a folding
period of 4 h (2 h light, 2 h dark).

groups combined, p < 0.001; Fig. 5), indicating that daily
rhythms of food-bin counts do accurately reflect variations
in feeding activity.

Food-bin activity in each rat was averaged over 5 days
of LD prior to the DD tests. The MSG rats had a signifi-
cantly lower LD ratio of activity (0.50 + 0.19 vs. 20 + 0.12,
respectively, p < 0.05), whereas in DD, the ratios did not
differ significantly between groups (0.48 + 0.34 vs. 37 +
0.15, respectively, p> 0.05; Fig. 6ab). The 12:12 ratios
did not differ between LD and DD in the MSG group, but
were significantly lower in DD than in LD in the control
group ( p < 0.05).

3.4. Food-bin activity in LD 2:2
During LD 2:2, control rats showed significantly less

food-bin activity during the 2 h light periods compared to
the 2 h dark periods (LD ratio = 0.21 + 0.27, p < 0.001).
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Fig. 8. Group mean average waveforms of food-bin activity during the
last 6 days of restricted feeding in control (dashed line) and M SG-treated
(solid line) rats. Mealtime is denoted by the opague box and lights-off by
the heavy bar along the abscissa.
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Fig. 9. Parameters of FAA and its persistence during food deprivation in control (dashed lines) and MSG-treated (solid lines) rats. (A) Group mean
anticipation ratios during ad libitum feeding (AD-LIB) and six consecutive 5-day blocks of restricted feeding (RF1-RF6). (B) Mean duration of
anticipatory activity. (C) Peak level of anticipatory activity per 10 min bin. (D) Persistence ratios during the first (Depl) and second (Dep2) 3 day blocks
of food deprivation after restricted feeding, and the intervening 5 day block of ad libitum feeding (Ad-lib). Within each of these blocks of days, the ratios
of activity as a percentage of total daily activity were calculated for hours 2—4 (1), 5-8 (2) and 9-11 (3) of the light period. Mealtime during restricted
feeding corresponded to hours 5-8. Significance of group mean differences: * p < 0.03, **p < 0.01.

MSG rats did not show a significant difference in mean
activity levels in the light and dark periods (LD ratio =
0.99 + 0.24; Fig. 7).

3.5. Food-bin activity during 42 h food deprivation

During the 42 h food deprivation that preceded the daily
feeding schedule, food-bin activity was decreased, on aver-
age, by 45% in control rats (p < 0.05) and by 23% in
MSG rats ( p > 0.05), by comparison with average activity
levels during the preceding 3 days of free food access.
Activity levels did not differ significantly between groups
during deprivation.

3.6. FAA during restricted daily feeding

Inspection of actograms of food-bin activity revealed
that all MSG and control rats exhibited FAA by the third
week of restricted daytime feeding and that this rhythm
persisted for the three circadian cycles (72 h) of food
deprivation (Fig. 4a,b and 8). FAA was typicaly evident
within the first 7—10 days of restricted feeding and ap-

peared to stabilize in duration by about the third week.
Quantitative comparisons between groups revealed that
both the ratio of FAA to total daily activity (anticipation
ratio, excluding medtime; Fig. 9a) and the duration of
FAA (b) were significantly greater in the MSG rats during
most of the time points. Peak levels of activity /10 min
during FAA were greater in MSG rats, but this was
stetistically only a trend (Fig. 9c). Persistence of the
mealtime associated activity in the two groups was equiva-
lent during the 72 h bouts of food deprivation, but was
more robust in the MSG rats during the 5 days of ad
libitum food access separating the deprivation tests (Fig.
9d).

4. Discussion
4.1. MSG eliminates photic masking of feeding activity

Neonatal treatment with MSG has been shown to re-
duce the amplitude of L D-entrained rhythms of food intake
in rats and mice [10,11,33,56,57]. However, the contribu-
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tion of direct and indirect effects of light on feeding
rhythms in MSG-treated rats has not previously been
assessed. In the present study, we calculated 12:12 ratios
of food intake in LD and during the first full day of DD,
and found that about 14% of the amplitude of LD-en-
trained feeding rhythms in intact Wistar rats was at-
tributable to a direct ‘masking’ effect of light on behavior
(food intake was 93% nocturnal in LD and 80% * noctur-
nal’ in DD). All of the MSG rats entrained to LD 12:12,
but the direct effects of light and dark on food intake and
activity were absent, as revealed by a comparison of 12:12
ratios of food intake in LD and DD (69% vs. 66%
‘nocturnality’, respectively). In addition, feeding related
activity was significantly attenuated during the light por-
tion of a4 h LD cycle in the control rats but not in the
MSG rats, which showed LD 2:2 ratios not significantly
different from 1.0. These analyses indicate that much of
the effect of MSG on feeding rhythms is a result of
reduced photic masking of behavior.

Reduced photic masking likely results, at least in part,
from MSG-induced loss of retinal ganglion cells and a
consequent reduction in total photic efference to effector
systems regulating feeding activity. This may be com-
pounded by MSG-induced loss of cells downstream from
the retina that mediate the direct masking effects of light
on behavior. Two components of the circadian system, the
SCN and the intergenicul ate leaflet, are retinorecipient and
essential for photic entrainment, but neither are necessary
for photic masking of behavior [e.g., Refs. [15,26,40]].
Recent work has implicated two other retinorecipient ar-
eas, the superior colliculus and pretectum (SC-PT), as
mediators of the direct masking effects of light on behav-
ioral state in rats [39]. MSG treatment greatly reduces
retinal input to the SC and has been reported to damage its
superficia layers [48,53]. Our finding that neonatal MSG
eliminates photic masking of feeding activity is consistent
with a primary role for the SC—PT in this behavioral effect
of light.

Our results differ from one previous study that evalu-
ated the contribution of masking to daily rhythms of
feeding in rats [51]. In that study, the amplitude of the
daily feeding rhythm, assessed by spectral analysis and
visual inspection of waveforms, did not differ across three
lighting conditions, including a full photoperiod (12 h
light), a skeleton photoperiod (two daily 30 min light
pulses simulating dawn and dusk), and DD. The conclu-
sion, therefore, was that direct masking effects of light do
not contribute to the amplitude of daily feeding rhythmsin
rats. However, other studies, including the present, have
shown that direct effects of light can modulate the ampli-
tude of some rhythmic variables, including feeding, body
temperature, deep and activity [e.g., Refs. [7,50]]. Differ-
ences across rat studies may be related to the light intensi-
ties used (e.g., 10 Ix of light in Ref. [51], 40 Ix in our
study), the measure of food intake (e.g., lever pressing in
Ref. [51], food weights and food-bin activity in our study)

and the strain of rat (pigmented Long—Evans in Ref. [51],
albino Wistars in our study). Additional work will be
necessary to evaluate the significance of these methodol og-
ical factors within and between species.

4.2. MSG attenuates feeding rhythms independent of its
effects on photic masking

Although elimination of masking effects of light by
MSG treatment can explain much of the difference be-
tween feeding rhythms in MSG-treated and control rats in
LD, it cannot explain the persisting, abeit attenuated,
group difference in the amplitude of the feeding rhythm in
DD. By comparison with control rats, MSG-treated rats
exhibited a significantly lower 12:12 activity ratio in DD,
indicating that MSG treatment can compromise the expres-
sion of feeding rhythms independent of its effect on photic
inhibition of behavior. This could be due to damage to
SCN clock cells driving these rhythms or to cells down-
stream from the clock that regulate food intake and are
modulated by circadian pacemaker output. SCN volume in
rodents is reported to be either apparently normal [9,49] or
slightly reduced [45] following neonatal MSG treatment.
However, degenerating cells have not been detected and
volume changes may largely reflect the reported 30%
reduction of retinohypothalamic neuropil in the SCN [9].
Moreover, partial SCN lesions generaly have little effect
on overt rhythms unless most of the nucleus is destroyed
[e.g., Ref. [22]]. These results suggest that the attenuated
amplitude of the feeding rhythm in DD is caused by
damage to structures downstream from the SCN.

MSG toxicity is far more severe in the AN, where the
entire cell population is greatly reduced. NPY neurons in
particular are heavily depleted or eliminated [Ref. [37],
present study]. Given the wide range of evidence that
AN-NPY cells regulate feeding and exhibit daily rhythms
of neural activity, it seems reasonable to infer that damage
to these cells is responsible for attenuated feeding rhythms
in MSG-treated rats in DD. Taken together, these data
support a hypothesis that the AN may normally contribute
to the circadian organization of ingestive behavior. How-
ever, given that significant daily rhythms of feeding and
food-bin activity do persist in MSG-treated rats in both LD
and for at least 2 days in DD, the role of the AN is likely
one of modulation and not mediation. The circadian sys-
tem may well employ redundant pathways to regulate the
timing of vital behavioral functions such as feeding and

foraging.

4.3. The AN may modulate but does not mediate FAA
rhythms

We have previoudly noted that very large media hy-
pothalamic lesions can eliminate food-entrained anticipa-
tory activity rhythms in rats [2]. The survival rate from
lesions this large is low, but rats that did survive exhibited
extensive damage to the AN. Other structures damaged,
including the SCN, PVN, POA, AH and VMH, have
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previously been shown to be unnecessary for the expres-
sion of food-entrained rhythms, suggesting that the AN
might be the critical locus for the effect of these lesions on
FAA [41]. However, not only was FAA present in al
MSG-treated rats, it was in some respects more robust by
comparison with control rats. MSG rats displayed higher
amplitude FAA (anticipation ratios) during restricted feed-
ing and a stronger persistence of FAA rhythms during the
5 days of ad libitum food access that separated the two 72
h food deprivation tests (persistence ratios). The duration
of FAA was aso significantly greater in MSG rats, al-
though that may be more reasonably conceptualized as a
measure of the phase angle of FAA entrainment rather
than of FAA ‘robustness'.

In a previous study, we found a very similar accentua
tion of FAA parameters in obese Zucker rats compared to
their lean littermates [43]. AN-NPY activity is up-regu-
lated in obese Zucker rats, due to a mutation in the
receptor for the adipocyte protein hormone leptin, which is
secreted in proportion to body fat levels, and which regu-
lates feeding and metabolism at least in part by actions on
AN-NPY cells[12,13,28]. It appears from our two studies
that rats with either genetically up-regulated NPY or neu-
rotoxin down-regulated NPY exhibit the same accentuated
FAA phenotype. In both models leptin signaling is dis-
rupted, and FAA is enhanced. In dietary-induced obesity,
leptin signaling is intact, and FAA is strongly attenuated
[47]. These results together suggest that the generation and
entrainment of FAA rhythmsis not dependent on AN—NPY
cells, but that the amplitude of these rhythms is modul ated
by leptin feedback to the AN, i.e, leptin signaling at the
AN likely mediates the inhibitory effect of body fat on
FAA.

Food seeking behavior is enhanced by both food depri-
vation and by hypothalamic NPY microinjections, and
food deprivation is associated with an increase in AN—NPY
release [27,28]. Conceivably, AN—NPY cells may mediate
the hyperactivity induced by food deprivation. M SG-treated
rodents have typically been reported to be hypoactive, and
may fail to increase food intake following a bout of food
deprivation [10,35]. However, by our measure of food-bin
activity, hypoactivity in MSG rats was evident only as a
statistical trend. In addition, we saw a general decrease of
activity, rather than an increase, in both groups during
food deprivation. The effects of deprivation on activity in
rodents may depend on the behavior measured; wheel
running activity typically increases substantially during
deprivation, but general cage activity is less affected [6,41].
The lack of group difference in this measure of activity
during food deprivation may therefore be considered in-
conclusive regarding a role for AN—NPY in the induction
of hyperactivity by food deprivation.

4.4. MSG-induced obesity and circadian rhythms

In rodents, neonatal exposure to MSG produces obese
adult animals. Thisis due in large part to loss of AN cells

that mediate negative feedback regulation of body weight
provided by leptin. [12,28]. Another factor that may under-
lie obesity in MSG-treated rodents is disrupted circadian
rhythmicity of food intake. Attenuation of daily rhythms of
food intake appears to be a common feature in animal
models of obesity [e.g., Refs. [16,17,21,23,42]], while in
humans obesity has been associated with attenuated diur-
nal rhythms of plasma leptin and increased food consump-
tion late in the day [5,18,36,52,54]. One study of obese
Zucker rats showed that if excessive daytime feeding is
prevented without significantly reducing total daily food
intake, weight gain is attenuated by about 20% [42].
Similar effects were not obtained in rats made obese by
VMH lesions[21], and it remains to be determined whether
altered circadian timing plays arole in the development of
obesity following neonatal MSG exposure.

4.5. Conclusions

The present study demonstrates that daily rhythms of
food intake and feeding-related activity reflect direct be-
havioral responses to light and dark added to drive from
light- and food-entrainable circadian pacemakers. These
influences are presumably integrated with homeostatic and
other non-homeostatic factors to regulate the expression of
daily cycles of hunger and satiety. Our study illustrates
that some interventions that attenuate circadian organiza-
tion of feeding may do so at least in part by interfering
with direct photic regulation of behavior, a factor that has
often been overlooked in research on neuroendocrine
mechanisms of feeding rhythmicity. The present study also
provides evidence that the AN may be one pathway through
which light-entrainable and food-entrainable pacemakers
modulate feeding-related activities. The AN may have an
essential role in mediating the effects of body fat on the
expression of food anticipatory rhythms, but in other as-
pects of circadian regulation of feeding the AN likely
plays a modulating rather than mediating role.
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