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Circadian rhythms in mammals are regulated by a
system of cell-autonomous circadian oscillators, dis-
tributed across many brain regions and peripheral

organ systems (Abe et al., 2002; Cermakian and
Sassone-Corsi, 2002; Granados-Fuentes et al., 2004;
Lamont et al 2005; Reick et al., 2001; Schibler et al.,
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Abstract Restricted daytime feeding generates food-anticipatory activity
(FAA) by entrainment of a circadian pacemaker separate from the light-entrain-
able pacemaker located in the SCN. The dorsomedial hypothalamic nucleus
(DMH) has been proposed as the site of food-entrainable oscillators critical for
the expression of FAA, but another study found no effects of complete DMH
ablation on FAA. To account for these different results, the authors examined
methodological factors, including (1) cage configuration and feeding method
and (2) use of social cues. Intact and DMH-ablated rats were maintained on one
4-h daily meal in the middle of the light period, using caging and feeding meth-
ods matching those of Gooley et al. (2006). Rats with partial or complete DMH
ablation were less nocturnal during ad lib food access but exhibited normal
FAA during restricted feeding, as quantified by FAA magnitude, ratios, latency
to appearance, duration, and precision. To evaluate the use of social cues, intact
rats naive to restricted-feeding schedules were food deprived for 72 h on 4 tests.
Daytime activity increased during food deprivation, but the magnitude and
waveform of this activity was not influenced by the presence of food-entrained
rats exhibiting robust FAA in adjacent cages. Thus, hungry intact rats do not
use social cues to anticipate a daily mealtime, suggesting that DMH-ablated
rats do not anticipate meals by reacting to sounds from food-entrained intact
rats in adjacent cabinets. These results confirm our previous finding that the
DMH is not critical for normal expression of FAA in rats, and this observation
is extended to food restriction methodologies used by other labs. The method-
ological differences that do underlie discrepant results remain unresolved, as
does the location of food-entrainable oscillators, input pathways, and output
pathways critical for FAA.
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2003). Oscillators at most of these sites are presumed to
regulate cellular or organ functions particular to the
tissues in which they reside. One population of neu-
ronal oscillators in the hypothalamic SCN has a special
status as a pacemaker that directly or indirectly regu-
lates the phase and period of oscillators elsewhere and
that mediates entrainment of the entire system to daily
LD cycles (Klein et al., 1991). A second set of oscillators,
located outside of the SCN, is believed to function as a
food-entrainable timing system coordinating behavior
and physiology with daily feeding schedules. This
food-entrainable circadian system is a construct
invoked to explain the circadian properties of food-
anticipatory rhythms of activity (FAA), body tempera-
ture, and other variables that emerge in intact and
SCN-ablated animals fed at a predictable time of day or
at regular circadian intervals in otherwise constant
conditions (Boulos and Terman, 1980; Mistlberger,
1994; Stephan, 2002). By contrast with the light-
entrainable pacemaker, the food-entrainable circadian
system lacks specification at both the anatomical and
molecular levels. It may be a single “pacemaker”
located at an anatomically discrete site, driving all
food-entrainable rhythms, comparable to the SCN, or it
may be a network of oscillators distributed across
many brain regions, with different oscillator subgroups
driving different food-entrained rhythms, with either
some or no overlap in output. The distributed network
concept is indirectly supported by (1) persistence of
food-anticipatory rhythms following ablations in
many brain regions (Mistlberger, 1994; Landry et al.,
2006; Davidson, 2006) and (2) evidence that circadian
clock genes defined by analysis of SCN neurons are
also expressed in other brain regions and organs and
exhibit rhythms that, unlike the SCN, are readily
rephased by daily feeding schedules in the presence of
competing LD cycles (Angeles-Castellanos et al., 2007;
Schibler et al., 2003; Verwey et al., 2007; Lamont et al.,
2007; Wakamatsu et al., 2001). FAA rhythms in mice
have now been shown to be disrupted by knockout 
of the mPer2 clock gene (Feillet et al., 2006), but site-
specific knockouts or conventional lesions will be nec-
essary to determine which, if any, sites of mPer2
expression outside of the SCN are specialized to act as
a pacemaker.

Two studies have drawn attention to the hypo-
thalamic dorsomedial nucleus (DMH) as a potential
candidate site for a food-entrainable pacemaker. In
mice, the DMH exhibits little or no mPer1 or mPer2
expression when food is freely available but strong

circadian expression when food is restricted to a lim-
ited time of day (Mieda et al., 2006). A critical role for
the DMH in food-anticipatory circadian rhythms in
rats has been proposed based on the observation 
that neurotoxic lesions destroying 75% to 90% of
DMH neurons strongly attenuate food-anticipatory
rhythms of locomotion and EEG-defined waking, as
well as eliminate the premeal rise in core body tem-
perature evident in intact rats (Gooley et al., 2006).
While apparently all DMH-damaged rats exhibited
at least some FAA in that study, a significant correla-
tion between lesion size and FAA magnitude sug-
gests that residual anticipatory behavioral rhythms
may be explained by surviving DMH neurons.

These results could be interpreted as evidence that
the DMH contains food-entrainable circadian oscillators
that function collectively as a master food-entrainable
pacemaker driving anticipatory rhythms of behavior
and physiology. However, we found that rats sustain-
ing unambiguously complete ablation of the DMH
were capable of essentially normal FAA rhythms
(Landry et al., 2006). Also, dissociations between food
anticipation and DMH PER2 expression have now
been reported; rats with ad lib food access can antici-
pate a daily palatable meal but exhibit no rhythm of
PER2 expression in the DMH (Verwey et al., 2007). We
therefore conclude that the DMH is neither a master
pacemaker nor a critical input pathway for food-
entrainable behavioral rhythms. The DMH may be crit-
ical for food-entrained temperature rhythms, but this
effect of DMH ablation requires confirmation and is
not unique, as lesions in other brain regions can also
eliminate the food-anticipatory rise in body tempera-
ture in rats (Davidson and Stephan, 1999; Recabarren 
et al., 2005).

Why DMH lesions affected anticipatory activity so
severely in Gooley et al. (2006) but not at all in Landry
et al. (2006) remains to be clarified. The 2 studies differ
in lesion method, food type, food location, activity
measure, cage isolation, and cage configuration. We
speculate that the configuration of the cage may be a
crucial variable. Both studies used polypropylene
cages of the same dimensions, but our cages had wire
floors, an opaque tube for sleeping, and a small side
window through which a food cup could be accessed,
whereas the Gooley cages had solid floors with 
bedding, and food was accessed through the metal
bars of the cage tops. We previously found that some
rats with lesions of the paraventricular hypothalamic
nucleus (PVN) failed to exhibit anticipatory activity
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measured by a tilt floor, yet showed robust anticipation
in activity directed at a food cup accessed via a win-
dow in the cage (Mistlberger and Rusak, 1988). The
lesions evidently increased the probability that rats
would remain sedentary but awake at a feeding loca-
tion, rather than move about the cage in anticipation of
mealtime (floor tilts register gross body movements
across a fulcrum under the middle of the cage floor). In
Landry et al. (2006), the availability of a tube for sleep-
ing and light avoidance in the day, coupled with a fixed
feeding location at the opposite end of the cage from
the tube exit, may promote food site “sampling”
behavior, requiring excursions across the length of the
cage. This configuration may increase the probability
that rats with hypothalamic lesions will express antici-
patory activity, as detected by an overhead motion sen-
sor. Such activity could, in turn, increase and
consolidate premeal waking (e.g., Welsh et al., 1988).

If cage configuration is crucial, then we should be
able to replicate the strong attenuation of FAA reported
by Gooley et al. (2006) by housing rats with DMH
lesions in similar cages with bedding but no sleeping
tube or food access window. Surprisingly, we report
here another failure to detect any effect of complete
DMH ablation on FAA in rats, despite using cages,
feeding methods, and food as in Gooley et al. (2006).
We also evaluated whether acutely food-deprived rats
naive to feeding schedules might use auditory cues
from food-entrained neighboring rats to anticipate a
forthcoming midday meal, and we found that they do
not. Thus, it is unlikely that our DMH-ablated rats
anticipate feeding time by responding to the sounds of
intact rats in adjacent cabinets.

MATERIALS AND METHODS

Animals and Apparatus

Young adult male Sprague-Dawley rats (N = 35,
Charles Rivers, PQ) were housed individually in
polypropylene cages (45 × 24 × 20 cm) in 2 adjacent cab-
inets, each with 3 shelves, incandescent lighting (LD
12:12, ~200 lux), and open front doors. To examine
effects of DMH lesions on FAA using the procedures of
Gooley et al. (2006), the cages had solid floors, corncob
bedding, and standard stainless steel tops with bars.
The bars on one half of the top angled down toward
the center of the cage, to serve as a hopper for Purina
5001 chow pellets and as a water bottle holder. To

examine effects of social auditory cues on anticipatory
activity in intact rats, the cages had wire floors, a PVC
tube (15 × 8 cm) for sleeping, and a 4 × 4-cm window in
the wall at one end of the cage, providing access to a
manually operated carousel holding a food cup.
Activity within both types of cages was detected by a
passive infrared motion sensor (Quorum RR-150) posi-
tioned 25 cm above the center of the cage. Sensors were
monitored continuously using an interface and data
acquisition system of our own design. Counts were
summed and stored to disk at 10-min intervals.

Surgery and Histology

Rats were anesthesized for stereotaxic surgery with
isofluorane gas (Aerrane, Baxter, Deerfield, IL) and a
cocktail of xylazine (ip, 9 mg/kg Rompun, Bayer,
Toronto, ON, Canada) and ketamine (90 mg/kg
Ketalean, Bimeda-MTC Animal Health, Inc., Cambridge,
ON, Canada). Rats received bilateral radiofrequency
lesions directed at the DMH (n = 6) using stainless steel
insect pins, insulated to within 0.5 mm of the flattened
tips, and a Grass LM3 lesion maker. Stereotaxic coordi-
nates were ±1.5 mm lateral to the sagittal sinus, 3.45 mm
posterior to bregma, and 8.6 mm ventral to the dura,
with the electrode arm angled 10 degrees.

Upon completion of behavioral testing, the rats
were administered an overdose of sodium pentobar-
bital (Euthanyl; Bimeda-MTC Animal Health, Inc.)
and were perfused transcardially with saline fol-
lowed by 10% formalin. Brains were removed, cry-
oprotected for 48 h in a formalin-sucrose mixture,
and sliced at 50-µm intervals using a cryostat. The
sections were mounted on glass slides, stained with
cresyl violet, dehydrated, cleared, and coverslipped
with Permount. Brain sections through the entire
DMH were digitized using a standard light micro-
scope (Nikon Eclipse 80i) connected to a digital cam-
era (Retiga 2000R, QImaging Corporation, Burnaby,
BC, Canada). To calculate the percentage of DMH
damage, the Paxinos and Watson (1986) rat brain
atlas, supplemented by published photomicrographs
(Chou et al., 2003; Thompson et al., 1996; Thompson
and Swanson, 1998), was used to create templates of
the DMH on which the lesion boundaries were
drawn. The DMH area was divided into quadrants,
with each box representing 12.5% of total DMH area
per section (Fig. 1), and the amount of DMH tissue in
each box was estimated as a percentage of volume.
This method may underestimate the size of partial
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lesions, as no attempt was made to discriminate
between normal and abnormal cells.

Procedures

DMH lesion experiment. After 10 to 15 days of recov-
ery from surgery, DMH-ablated rats were placed in
the recording cages and maintained with ad lib
access to water and rat chow pellets for 21 days.
These rats, along with 6 intact rats, were then food
deprived for 20 h, fed 4 h/day beginning 6 h after
lights-on for 31 days, food deprived for 50 h, fed ad
lib for 5 days, and food deprived for 72 h.

Social cues experiment. Rats housed in isolation cabinets
may hear food-anticipatory activity or vocalizations
(e.g., ultrasonic) from rats in adjacent shelves or cabi-
nets. Ad lib–fed rats ignore such cues, as they do not
show increased activity prior to scheduled midday
meals delivered to nearby food-entrained rats (unpub-
lished observations). However, hungry rats may be
more sensitive to such cues and, without prior experi-
ence of restricted daytime feeding, may nonetheless
“anticipate” a midday meal by responding to sounds
from food-entrained rats. To test this hypothesis, 12 rats
were housed in cages, 2/shelf on each of 3 shelves in 2
cabinets. The rats were divided into 2 groups, 1 serving
as the food-entrained group (n = 4) and 1 as the naive
group (n = 8). The middle shelf of each cabinet housed
2 food-entrained rats, with 2 naive rats on each shelf
above and below. All rats were fed ad lib for 1 week and
were then food deprived beginning at dark onset. The
food-entrained group was deprived for 66 h and then
received food (powdered 5001, mixed in corn oil) for 3
h each day beginning 6 h after lights-on for the next 19
days. The naive group was deprived for 72 h and then
provided food ad lib for the next 11 days. On days 12 to
15 of the restricted-feeding schedule, by which time all
food-entrained rats were exhibiting robust FAA, the
naive group was food deprived a second time for 72 h,
beginning at dark onset. After day 19 of food restriction,
both groups were food deprived for 75 h, beginning 3 h
before dark onset (the end of the last mealtime). Food
was then provided ad lib to both groups for 4 days and
removed for a final 72-h deprivation.

Data Analysis

Actograms and average waveforms were generated
using Circadia (Behavioral Cybernetics) and Prism
(Graphpad Software, Inc.). Activity data were quanti-
fied by calculating nocturnality scores (percentage of

total daily activity occurring during lights-off), FAA
counts (total number of activity counts during the 3 h
prior to mealtime, i.e., hours 4-6 of lights-on), FAA
ratios (FAA counts as a percentage of daily activity,
excluding hours 4-12 of lights-on), FAA duration (in
minutes from FAA onset to mealtime, with onset
defined as the time bin when FAA exceeded 50% of the
FAA peak value for that day), and FAA precision (stan-
dard deviation of FAA duration; all FAA bouts ended
at mealtime, and thus this is equivalent to precision
of FAA onset). Statistical comparisons within and
between groups were made using mixed-design analy-
sis of variance (ANOVA), with Greenhouse-Geisser-
adjusted degrees of freedom and Bonferroni t tests as
appropriate (SPSS). Means in the text are reported ±
standard error.

RESULTS

DMH Histology

The DMH is estimated to extend up to 1.6 mm cau-
dally from the PVN, 1 mm dorsally from the ventro-
medial hypothalamus (VMH), and 1 mm lateral from
the third ventricle to within 100 to 200 mm of the fornix
(Paxinos and Watson, 1986; Chou et al., 2003) (Fig. 1A).
All 6 rats with DMH lesions exhibited large lesion cav-
ities over this region. In 3 cases, the cavities spanned
2.45 to 2.66 mm rostrocaudally, 1.6 to 3.5 mm dorsally
from the VMH (damaging the VMH dorsally), and 0.8
to 1.4 mm laterally from the midline to the fornix (e.g.,
Fig. 1C). These lesions completely encompassed the
DMH and dorsomedial area and produced substantial
damage to the PVN, nucleus reunions, zona incerta,
periventricular area, anterior hypothalamic area, tuber
cinereum area, arcuate nucleus, and dorsal tubero-
mammilary nucleus (TMN, E4 subgroup). In the other
3 cases, the compact subregion of the DMH was absent,
but some portions of the diffuse subregion were pre-
sent ventrally and laterally. These lesions were esti-
mated to be 79%, 70%, and 68% (Fig. 1E) complete.

DMH Ablation Attenuates Nocturnality 
during Ad Lib Food Access

Inspection of activity waveforms and actograms
(Fig. 2) revealed no differences in nocturnality or
FAA between rats with total and partial DMH
lesions, and thus data from all 6 lesion rats were com-
bined for statistical comparisons. Activity data were
averaged in blocks of 5 days during ad lib food access
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(1 block immediately prior to restricted feeding, 1
after restricted feeding) and restricted feeding (6
blocks), as well as in 1 block of 2 days and 1 block of
3 days during the first and second food deprivation
tests, respectively. Mean daily activity levels did not
differ by group during ad lib feeding, food restric-
tion, or food deprivation (Fig. 3A). However, during
ad lib food access prior to and following food restric-
tion, the DMH lesion rats exhibited more activity
during the daily light period, resulting in signifi-
cantly decreased nocturnality ratios by comparison
with intact rats (group means prior to food restriction =
.59 ± .02% vs. .76 ± .02% nocturnal, respectively; t(10) =
5.38, p < 0.001; Figs. 3B, 4A). We previously observed
both less total activity and attenuated nocturnality in
DMH-ablated rats (Landry et al., 2006). The difference
in total daily activity between our 2 studies is presum-
ably related to the different cage configuration (no
light-avoidance sleeping tube in the present study).

DMH Ablation Has No Effect on 
Food-Anticipatory Activity

All rats began to exhibit activity in anticipation of
mealtime within the first week of food restriction

(Fig. 2). By days 6 to 15 (blocks 2-3) of restricted feed-
ing, FAA in both groups was significantly elevated
relative to the same hours during ad lib food access
(Fig. 3C). The DMH lesion group exhibited more
FAA counts than did the intact group, but this was
consistent with the higher levels of daytime activity
in these rats during ad lib food access and was statis-
tically significant only for the first block of restricted
feeding, after adjusting for multiple comparisons.
FAA counts and ratios increased monotonically over
the first 20 days of restricted feeding, reaching an
apparent asymptote by days 21 to 25 (block 5; Fig. 3C,
D). FAA ratios were significantly elevated relative to
ad lib food access by block 1 of restricted feeding in
the DMH lesion group and by block 2 in the intact
group. Mean FAA duration over the entire 31 days of
restricted feeding tended to be greater in the DMH
lesion group (109 ± 10 min vs. 83 ± 9 min, t(10) = 2.06,
p = 0.068). However, by the last 5-day block of
restricted feeding, the duration (118 ± 12 min vs. 101 ±
7 min, t(10) = 1.25, p = 0.24), slope, and peak level of
FAA were virtually identical in the lesion and intact
groups (Fig. 4B). The precision of FAA onset, as rep-
resented by the standard deviation of FAA duration,
also did not differ between groups (mean standard
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Figure 1. Brain sections and circadian distribution of activity during food restriction of an intact rat (A, B) and rats sustaining com-
plete (C, D) or partial (E, F) ablation of the dorsomedial hypothalamic nucleus (DM). Dashed lines in panel A indicate the borders of
the DM, based on the Paxino and Watson (1986) rat atlas and Chou et al. (2003, Fig. 1). The inner circle of dashes represents the DM, pars
compacta. The same dashes, as well as a straight line representing the third ventricle in panel A, are reproduced in panel C. The arrows
in panel E indicate small portions of ventral and lateral DM judged to escape ablation. The activity waveforms represent averages of
the last 20 days of restricted daytime feeding (solid lines) and of ad lib food access prior to food restriction (dashed gray line). To facil-
itate comparisons, the data were subjected to a 3-point running average with the center point weighted 4 times. Mealtime is denoted by
the vertical gray bar and lights-off by the heavy bar along the x-axis. AR, arcuate nucleus; F, fornix; mt, mammilothalamic tract; VM,
ventromedial hypothalamic nucleus; RF, restricted food.



deviations for the DMH lesion and intact groups,
respectively = .75 ± .05 h vs. .77 ± .04 h, t(10) = .63, 
p = 0.61).

Similar results were obtained for the total food
deprivation tests. Both groups exhibited elevated
activity prior to and during the usual mealtimes. This
was particularly robust during the 2 days of food
deprivation immediately following the daily feeding
schedule (Fig. 4C) but was also evident during 3 days
of deprivation after a 72-h refeeding interval (Fig.
4D). FAA counts during food deprivation did not dif-
fer between groups, although the ratios were signifi-
cantly higher in the lesion rats during the 72-h food
deprivation test (Fig. 3C,D).

During food restriction, the DMH lesion rats ate on
average 22.6 ± 3.6 g of chow pellets, compared to 17 ± 3
g by intact rats (t(10) = 4.18, p = 0.0019). Group differences
in spillage are possible, but the DMH lesion rats also
lost less weight during food restriction (8.9 ± 12.2 g vs.
41 ± 7.9 g, t(10) = 2.19, p = 0.053), suggesting that appar-
ent differences in meal size were real. Larger meals
could result from collateral PVN or VMH damage.

Effects of Data Transformation Procedures 
on FAA Ratios

The individual and group average waveforms of
locomotor activity in intact and DMH-ablated rats
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Figure 2. Actograms representing locomotor activity of intact rats (A-F) and dorsomedial hypothalamic nucleus (DMH)–ablated rats
(G-L) subjected to restricted daytime feeding and total food deprivation. On each panel, each line represents 1 day, plotted in 10-min
bins from left to right. Time bins during which activity exceeded 5 counts are denoted by a heavy black bar. Days of total food depri-
vation are indicated by the heavy black bars to the left of each panel. “V” indicates start of total food deprivation and inverted “V” the
end of food deprivation. Meal onset and end during the restricted-feeding schedule (food available hours 6-10 of lights-on) are denoted
by vertical opaque white bars. The data for these plots were subjected to a 3-point running average with the center point weighted 4
times, for the purpose of identifying the onset of daily food-anticipatory activity. Panels G, I, and K are from rats with complete DMH
lesions. I and J correspond to the histology of panels E-G and I-K, respectively.



are strikingly similar, providing no evidence for an
effect of DMH ablation on the generation and persis-
tence of FAA during daytime feeding and subsequent
food deprivation tests, respectively. By contrast,
Gooley et al. (2006) reported a 73% reduction of FAA
in rats sustaining DMH damage estimated to be 75%
to 90% complete. In that study, FAA ratios were cal-
culated and represented differently. First, activity
during the 3 h before mealtime was divided by total
daily activity (including FAA and mealtime activity
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Figure 3. Group mean activity data in dorsomedial hypothalamic
nucleus (DMH) lesion rats (solid lines) and intact rats (dashed lines)
averaged in 5-day blocks for ad lib food access (AdLib) and daytime
restricted food access (RF1-6), as well as in 2- or 3-day blocks of total
food deprivation (FD1 and FD2, respectively). For each panel, statis-
tically significant within-group differences relative to the first block
of ad lib feeding days (effect of feeding condition) are denoted by
“a” (p << 0.025 for FD comparisons and p << 0.008 for RF comparisons).
Significant between-group differences for each block (effect of
lesion condition) are denoted by “b” (p << 0.025 for FD and AdLib
comparisons and p << 0.008 for RF comparisons). F test results for
each activity metric are as follows. (A) Total daily activity, within-
group F(2.63, 26.33) == 45.35, p << 0.001; between-group F(1, 10) == 0.17, p == 0.69.
(B) Nocturnality ratios (percentage of total daily activity occurring
during lights-off), within-group F(3.85, 38.53) == 63.25, p ≤≤ 0.001; between-
group F(1, 10) == 5.28, p == 0.04. (C) Food-anticipatory activity (FAA)
counts (number of activity counts during the 3 h prior to mealtime),
within-group F(2.33, 23.29) == 32.83, p << 0.001; between-group F(1, 10) == 3.62, 
p == 0.09. (D) FAA ratios (number of FAA counts divided by activity
occurring during lights-off and the first 3 h of lights-on), within-
group F(3.22, 32.16) == 31, p << 0.001; between-group F(1, 10) == 5.74, p == 0.04. (E)
FAA ratios expressed as percent changes from baseline, using the
procedure of Gooley et al. (2006; see text), within-group F(2.85, 28.47) ==
24.79, p << 0.001; between-group F(1, 10) == 3.814, p == 0.08.

Figure 4. Group-average waveforms of locomotor activity in
intact (dashed lines) and dorsomedial hypothalamic nucleus
(DMH) lesion (solid lines) rats during (A) the last 5 days of ad
lib food access prior to restricted feeding, (B) the last 5 days of
restricted daytime feeding, (C) 2 days of total food deprivation
immediately following daytime feeding, and (D) 3 days of total
food deprivation after 5 days of recovery ad lib food access.
Plotting conventions as in Figure 1, except that raw data were not
smoothed by running averages.



evoked by delivery and removal of food each day,
excluded in our ratios). The resulting ratio for days 8
to 21 of restricted feeding was then represented as a
percent change from the same ratio calculated for 2
weeks of ad lib food access prior to restricted feeding.
By this formula, our DMH-ablated rats also appear to
have a markedly reduced anticipatory response to
restricted feeding (Fig. 3E). Calculations based on
days 8 to 21 of restricted feeding reveal a 131% ± 28%
increase of the FAA ratio in the intact rats but only a
77% ± 21% change over baseline in the DMH-ablated
rats (independent t(10) = 2.98, p = 0.014). However, this
difference between groups is entirely accounted for
by the increased daytime activity exhibited by DMH-
ablated rats prior to restricted feeding (quantified 
by nocturnality ratios and by activity counts during
hours 4-6 of lights-on). Assuming a ceiling in the
expression of premeal daytime activity (defined as
the peak level expressed by intact rats), DMH-
ablated rats start food restriction closer to the ceiling,
creating the appearance of attenuated FAA when
ratios are reported as a percent change from baseline
(as in Fig. 3E). This data transformation as applied to
our data has the effect of obscuring the striking simi-
larity of FAA in intact and DMH-ablated rats evident
by inspection of average waveforms.

Social Cues Do Not Stimulate FAA in 
Naive Food-Deprived Rats

In the DMH ablation experiment, lesion and intact
rats were housed in separate cabinets, 6 per cabinet,
2 per shelf. To examine whether rats might exhibit
increased activity prior to mealtime by responding to
social cues from neighboring food-entrained rats, 12
intact rats were housed in 2 cabinets. In each cabinet,
2 rats were food entrained, and 4 were naive to feed-
ing schedules. The 2 groups exhibited typical noctur-
nal activity during ad lib food access (Fig. 5A) and
comparable increases of daytime activity during the
first 72-h food deprivation, when all rats were naive
to scheduled feeding (Fig. 5B). During the food
restriction schedule, the food-entrained group exhib-
ited robust FAA (Fig. 5C) that persisted during food
deprivation (Fig. 5D) and reappeared during a final
72-h deprivation after 4 days of recovery feeding
(Fig. 5E). The naive rats during each of the 4 food
deprivation tests exhibited increased daytime activ-
ity that was indistinguishable from the response to
the first food deprivation test (Fig. 5F), when no rats
were food entrained. FAA counts and ratios calcu-
lated for the naive rats were much lower than for

food-entrained rats and showed no significant differ-
ences across food deprivation tests (FAA counts F(3, 31) =
0.53, p = 0.61; ratios F(3, 31) = 0.49, p = 0.4; Fig. 6).
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Figure 5. Group mean activity data in rats naive to daytime
restricted feeding (solid lines) and rats entrained to a daytime
meal (dashed lines). Data were averaged into 5-day blocks for ad
lib food access (AdLib) and daytime restricted food access (RF1-
4), as well as in 3-day blocks of total food deprivation (FD1-4).
For each panel, there are 2 rows of labels for the x-axis indicating
group feeding condition. The upper row refers to the restricted-
feeding naive group and the lower row to the food-entrained
group. Statistically significant within-group differences relative
to the first block of ad lib feeding days (effect of feeding condi-
tion) are denoted by “a” (p << 0.0125), and significant between-
group differences for each block (effect of lesion condition) are
denoted by “b” (p << 0.0125). F test results for each activity metric
are as follows. (A) Nocturnality ratios (percentage of total daily
activity occurring during lights-off), within-group F(8, 80) == 21.31,
p << 0.001; between-group F(1, 10) == 18.13, p == 0.002. (B) Food antici-
patory activity (FAA) counts (number of activity counts during
the 3 h prior to mealtime), within-group F(2.44, 24.4) == 12.93, p << 0.001;
between-group F(1, 10) == 5.84, p == .036. (C) FAA ratios (number of
FAA counts divided by activity occurring during lights-off and
the first 3 h of lights-on), within-group F(3.31, 33.17) == 20.97, p << 0.001;
between-group F(1, 10) == 68.64, p << 0.001.



DISCUSSION

In this study, we tested a hypothesis that small dif-
ferences in the configuration of the test apparatus
might account for the lack of consistency across labo-
ratories in the reported effects of DMH ablation on
FAA rhythms (Landry et al., 2006; Gooley et al.,
2006). Although we attempted to closely duplicate
the caging and feeding methods used by Gooley et al.
(2006), we again found that rats with complete abla-
tion of the DMH exhibited essentially normal FAA.
Thus, in our hands, the DMH-ablated rat retains nor-
mal competency in the generation and persistence 
of food-anticipatory behavioral rhythms. DMH neu-
rons are responsive to restricted-feeding schedules,
exhibiting c-Fos expression prior to mealtime in rats
(Gooley et al., 2006; Verwey et al., 2007) and daily
rhythms of mPer1 and mPer2 gene expression, with
peak expression at mealtime, in mice (Mieda et al.,
2006). Whatever the functional significance of this
responsivity, our results rule out an interpretation
that the DMH serves as a critical input pathway,
pacemaker, or output pathway for food-entrainable
behavioral rhythms. The DMH may play such a role
for other food-shifted rhythms that were not mea-
sured in this study, such as body temperature, but

additional studies will be needed to determine if an
apparent role is also conditional on methodological
factors.

We cannot yet explain the different results
obtained by Gooley et al. (2006) and our laboratory,
but we do believe the answer is methodological.
Differences in data analysis (e.g., emphasis on ratios
vs. percent change of ratios) and data display (e.g.,
actogram formatting) likely accentuate but do not
fully explain the differences. Differences in motion
sensors (overhead motion sensors vs. intraperitoneal
transponders) might also contribute, but it is difficult
to see how a large increase in premeal locomotor
activity detected by 1 method would not also be
detected by the other.

In addition to cage configuration and feeding
method, we also explored a possible role for social cues
as a means by which rats might “cheat” to anticipate a
daily meal. In our studies, lesion and intact rats were
housed in separate cabinets, but rats may nonetheless
be able to hear movements and vocalizations, includ-
ing ultrasonic, from neighboring rats. If so, then hun-
gry rats that have never been exposed to a restricted
daytime feeding schedule (“naïve” rats) might express
food-anticipatory behavior by responding to sounds
from food-entrained rats. If daytime activity did

Landry et al. / NORMAL FOOD ANTICIPATION IN DMH-ABLATED RATS 475

Figure 6. Group-average waveforms of locomotor activity in food-entrained rats (dashed lines) and in “naive” rats that were food
deprived but not subjected to daytime restricted feeding (solid lines). (A) Ad lib food access prior to the restricted-feeding schedule; (B)
72-h total food deprivation prior to restricted feeding (FD1); (C) naive group 72-h deprivation, entrained group days 12 to 15 of daytime
restricted feeding; (D) concurrent 72-h food deprivation in both groups, immediately after the restricted-feeding schedule; (E) final 72-
h food deprivation in both groups, after 4 days of recovery feeding; and (F) first 3 food deprivation tests in the naive group (FD test 1 ==
gray fill, FD test 2 == fine line, FD test 3 == heavy line). For this panel only, the waveforms were subject to a 3-point running average to
facilitate visual comparisons. Other plotting conventions as in Figure 3.



increase in hungry naive rats exposed to food-entrained
rats, with a positive slope culminating in a peak 
at mealtime, then “cheating” (via “positive masking”
effects of social stimuli) would have support as a viable
hypothesis to explain FAA in our DMH-ablated rats.
However, we found no evidence to support this
hypothesis. Naive hungry rats did exhibit increased
daytime activity, but the form and the magnitude of this
increase were unrelated to the presence of food-
entrained rats exhibiting robust FAA. Indeed, previous
studies have shown that external cues (lights or tones)
predictive of mealtime suppress rather than stimulate
anticipatory activities in rats (Terman et al., 1984).
Differential exposure to social cues predicting mealtime
does not appear to be a viable explanation for inconsis-
tencies across studies.

Another methodological factor that has not received
attention in studies of circadian FAA is the effect of
ambient temperature and thermoregulation on activity
levels. We have noted anecdotally that wheel running
and FAA are attenuated when room temperature is
increased. Rats and mice subjected to caloric restriction
(e.g., 66% of baseline caloric intake) exhibit increased
daytime activity, but this effect is absent if room tem-
perature is raised to thermoneutral (Gutierrez et al.,
2002; Williams et al., 2002). It is conceivable that 
DMH damage alters thermoregulation (Dimicco and
Zaretsky, 2007), thereby affecting the expression of
FAA during restricted daytime feeding, depending on
cage temperature. According to this hypothesis, differ-
ences between intact and lesion rats in the expression
of FAA would disappear at certain cage temperatures.
Small differences between studies in the site of the
lesion or the ambient cabinet temperature might
thereby account for large differences in FAA expres-
sion. Increased temperature during lights-on has been
suggested to explain housing effects on FAA in
C57BL6J mice, which exhibit robust food-anticipatory
wheel running when housed on open racks but almost
none when housed in light-tight isolation boxes (de
Groot and Rusak, 2004). Conceivably, increased cage
temperature during lights-on in light-tight boxes, com-
bined with lesion-induced changes in thermoregula-
tion, may have contributed to the attenuation of FAA
reported by Gooley et al. (2006). While speculative, this
hypothesis merits attention in interpreting effects of
conventional lesions and gene manipulations on FAA.

A third factor to consider as an explanation for dif-
ferences across studies is the method and extent of the
hypothalamic ablations. In the study of Gooley et al.
(2006), intracerebral injection of the cell-specific neuro-
toxin ibotenic acid was used to kill neurons in the

DMH region. This method has the advantage of spar-
ing fibers of passage and thus improving the anatomi-
cal specificity of the lesion. The disadvantage of this
method is that lesions are often incomplete, in part due
to differential sensitivity of different neuronal popula-
tions to excitatory amino acid toxicity. Also, there may
be diffusion of toxin outside of the target area, as well
as selective loss of neurons not readily detectable with-
out cell phenotyping by immunolabeling. In our stud-
ies, radiofrequency current was used to produce large
nonspecific lesions. As we did not detect an effect of
these lesions on FAA, the considerable damage sus-
tained by other structures does not represent an inter-
pretive issue. The advantage of the technique is that the
lesion produces a large cavity, with very clear bound-
aries relative to easily identifiable landmarks (e.g., the
fornix and mammilothalamic tracts laterally and dor-
sally, the VMH ventrally, the PVN rostrally, and mam-
millary nuclei caudally). These landmarks provided
considerable confidence in our assessments of com-
plete ablations. We did note that our lesions spared on
at least 1 side some or all of the perifornical area lateral
and dorsal to the fornix. This area contains many
hypocretin neurons, ablation of which is associated
with fragmented waking and, in mice, loss of hyperac-
tivity in response to total food deprivation (Yamanaka
et al., 2003). Ablation of hypocretin neurons does not
block the generation of FAA but may attenuate its
expression depending on the behavioral measure of
anticipation (Akiyama et al., 2004; Mieda et al., 2004;
Mistlberger et al., 2003). It is conceivable that ibotenic
acid infusions directed at the DMH might kill a suffi-
cient number of hypocretin neurons in the DMH and
perifornical region to reproduce this known attenuating
effect of hypocretin deficiency on behavioral activation
during food restriction. Differences in the expression of
FAA following lesions directed at the DMH may thus be
due to differential impact of the lesion methods on the
hypocretin cell population.

Damage to histaminergic neurons in the TMN is
also possible following neurotoxic lesions directed at
the DMH. There is intriguing correlational evidence
linking food anticipation with activation of histamin-
ergic neurons in the dorsal E4 and ventrolateral E2
subregions (Inzunza et al., 2000; Valdes et al., 2005;
Meynard et al., 2005). However, FAA was not
affected by substantial destruction of E4 collateral to
DMH ablation (Landry et al., 2006, and present
study) or by selective lesions of E2 (unpublished
observations). Thus, it is unlikely that differences
between studies are due to the differential impact of
DMH ablations on the TMN.
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The results of this study confirm for the DMH a
place on the list of hypothalamic structures that
appear to be dispensable for the generation and per-
sistence of food-anticipatory circadian behavioral
rhythms in rats. Knockout of the mPer2 gene is asso-
ciated with loss of FAA in mice (Feillet et al., 2006),
and mismatches between FAA and clock gene
rhythms in peripheral organs suggest that circadian
oscillators driving FAA are in the brain (Davidson 
et al., 2003). Additional clock gene mapping and
lesion studies are needed to elucidate the neural basis
of the food-entrainable circadian system.
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