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    Stress can pose serious problems for experimental animals, 
depending on the type, intensity, and duration of the stressor 
and the capacity of the animals to adapt. Chronic or severe stres-
sors can result in distress, which can induce pathologic changes 
and eventually death if an animal cannot respond adequately to 
the alteration in its homeostasis. Even stressors to which animals 
readily adapt can produce responses that seriously confound 
experimental results if the stressor is not recognized and control-
led for or eliminated by the experimental design. 

 Responses produced by stressors in animals include: (a) 
enhanced secretion of hormones of the hypothalamic–pituitary–
adrenal axis,  15,24,55,59   (b) increased or suppressed secretion 
of other hypothalamic or pituitary hormones (for example, 
oxytocin,  34   prolactin,  21,22,27,29,30,43,48,62   growth hormone  14,29,48 ),  
(c) enhanced activity of the autonomic nervous system,  39,45,66   
(d) alterations in systems controlled by the autonomic nerv-
ous system (for example, cardiovascular,  17,18,33,36,39,42,49,51,53,54,60   
gastrointestinal,  44,46,64   thermoregulatory  19,26  ), (e) suppressed 
immune function,  3,56   and (f) modifi ed behavior.  8,17,60   These 
responses vary with the nature, magnitude, duration, and fre-
quency of exposure of the stressor but also with the sex, strain, 
and physiologic state of the animal.  4,6,9,16,20,30,31,35,38,42,61,63   For 
example, some strains are more responsive to stressors than 
are other strains,  16,32,44   and female rats generally have greater 
stress responses than do male rats,  2,4,12,20,31,41,61,63   except dur-
ing lactation or with aging, when some stress responses are 
blunted.  27,30,62   

 Numerous experimental manipulations produce stress 
responses in experimental rodents and include physical 
restraint,  22,25,40,42,43   foot or tail shock,  1,19   forced swimming,  5,28,34,47   
adverse social interactions with conspecifi cs,  1,7,8,50   and exposure 

to noxious agents.  23,62   In addition, even routine husbandry and 
experimental manipulations, some of which are considered 
benign from a human perspective (for example, transfer to a 
clean cage, gentle handling), increase blood pressure and heart 
rate in rats.  4,51,53,54   

 Because stress potentially can degrade the health and 
wellbeing of research animals and compromise the quality of 
experimental data, many procedures to reduce or eliminate 
this variable have been and are being studied. For rodents, 
these efforts include group housing in standard caging  51   ,   53   or 
in colonies,  10   inclusion of enrichment devices in the animal’s 
cage,  49   ,   37   and increasing cage size.  52   Extending the dark phase 
of the photocycle has recently been shown to decrease the blood 
pressure and heart rate of rats.  65   Likewise, decreasing ambient 
illumination may mimic the lighting conditions of the rat’s 
natural burrow environment. 

 The primary objectives of the present study were to (1) test the 
hypothesis that housing rats in a dimly illuminated environment 
would result in decreased heart rate under basal conditions 
and decreased heart rate responses after various manipula-
tions and (2) confi rm and extend previous fi ndings indicating 
that long nights reduce heart rate. A secondary objective was 
to determine whether strain or sex infl uence the effects of the 
2 lighting schemes. 

 Materials and Methods 
 Adult male and female Holtzman Sprague–Dawley (SD) 

and spontaneously hypertensive (SHR) rats were purchased 
from Harlan Sprague-Dawley (Indianapolis, IN) at 175 to 250 
g body weight. All rats were obtained from colonies reported 
to be free from adventitious viruses,  Mycoplasma , respiratory 
and enteric bacteria (except several strains of  Helicobacter ), and 
ecto- and endoparasites (except a nonpathogenic commensal 
protozoa) by the vendor. Potential animal room exposure to 
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(approximately 1 to 2 h after surgery), at which point they were 
placed on telemetry receiver pads on the cage rack. 

 Postsurgical recovery was monitored by daily visual examina-
tion of the incisions and overall condition of the rats, including 
monitoring signs of pain. Water intake (measured daily), body 
weight gain (determined every other day), and blood pressure, 
heart rate, and movement in the cage (measured every 5 min by 
telemetry beginning about 2 h postsurgery) were used also to 
assess recovery. Water intake and body weight gain returned to 
presurgical values by 3 to 5 d after surgery whereas HR, systolic 
blood pressure, and activity were stable by 7 d. 

 Animal procedures.   Beginning 11 to 14 d after surgery (25 to 
28 d after being placed in the respective lighting conditions), 
heart rate and blood pressure were monitored at times when no 
humans were present in the room (for example, 0800 to 0900) 
and during and for 3 h after exposure to each of several acute 
procedures. These procedures were selected to be representative 
of the following functional categories: (1) husbandry procedures 
(cage change, handling, introduction of a conspecifi c intruder, 
removal of a familiar conspecifi c cage mate); (2) experimental 
procedures (SC injection, transport and SC injection, IP injec-
tion, tail vein injection); and (3) stressful procedures (odors 
of urine and feces from stressed male or female rats, odor of 
dried rat blood, prolonged restraint). Six singly housed rats of 
each strain were subjected to each of the acute procedures at 
1000 h on alternate days (Monday, Wednesday, and Friday). 
The schedule was established to reduce any carryover effects 
that may exist from one procedure to the next. There were no 
indications that the rats became conditioned to procedures being 
conducted on this schedule (that is, no changes in HR at 1000 h 
on intervening nonexperimental days in the current study, and 
no differences in HR responses to the same procedure applied 
on the Monday to Wednesday to Friday schedule for 2 consecu-
tive weeks in a separate study). Over the course of the current 
study, each rat was subjected to every procedure. Because of 
the large number of comparisons, only HR data are presented 
in the Results section. 

 All procedures were approved by the Wayne State University 
Institutional Animal Care and Use Committee. 

 Collection of radiotelemetry data.   Output from telemetry 
transmitters was collected by using hardware and software from 
Data Sciences International Corporation (St Paul, MN). Data 
were sampled for 10 s at 1- or 5-min intervals after the various 
acute procedures and during undisturbed periods, respectively. 
These data were saved to the hard drive of a desktop computer 
and subsequently transferred as spreadsheet fi les by using Excel 
(Microsoft Corporation, Redmond, WA) to other computers for 
summarization and statistical analyses. 

 Statistical analysis.   The HR data collected during undisturbed 
periods are expressed as mean  ±  SEM calculated across the 
respective time periods (morning, afternoon, and night). The 
HR responses to the various acute procedures are expressed as 
the mean  ±  SEM of the area under the response curve. These 
data were computed as the sum of changes in HR, relative to 
the mean value obtained during the 0800 to 0900 undisturbed 
control period, from the onset of the procedure to the point 
when the response returned to the mean value obtained from 
0800 to 0900. Three-factor analysis of variance followed by the 
Tukey post hoc test was done (SigmaStat statistical software, 
Systat Corporation, Point Richmond, CA) to determine whether 
signifi cant main effects of lighting treatments, strain, or sex and 
signifi cant interactions between the lighting treatments, strain, 
and sex ( Table 1  ) were present. This evaluation was followed by 
comparisons of the lighting treatments within each strain and 

infectious agents during the study was evaluated by standard 
serology screening of blood samples collected at the end of the 
study from sentinel rats housed in the same room. The results 
of these assessments showed no differences from the screening 
results provided by the vendor. 

 Husbandry during experiment.   The rats were allowed to ac-
climate to the animal room lighting conditions and husbandry 
procedures for 2 wk prior to surgical implantation of a radio-
telemetry transmitter. Environmental conditions in the animal 
room were: temperature, 22 to 26  ° C; relative humidity, 30% to 
60%; lighting, 200 lx at cage level with lights on from 0700 to 
1900 (control group) or 10 lx at cage level with lights on 0700 to 
1900 (dim light group) or 200 lx at cage level with lights on 0700 
to 1500 (long nights group). Temperature, relative humidity, 
and light level data were recorded at 10-min intervals using an 
environmental data logging device (HOBO model U12, Onset 
Computer Corporation, Bourne, MA). Animals were housed 
individually in conventional solid-bottom polycarbonate cages 
(nominal fl oor area, 930 cm 2 ) with standard stainless-steel lids 
and hardwood chip bedding (depth, 4 to 5 cm; Sanichip, PJ 
Murphy Forest Products, Montville, NJ). Cages were changed 
once weekly (Mondays). Pelleted rat chow (Purina 5001, Purina 
Mills International, Richmond, IN) was provided ad libitum, 
and tap water was provided in a water bottle with a sipper tube. 
Rats of both strains were housed in the animal room at the same 
time, but male and female rats were studied separately. 

 Surgical procedures.   In preparation for the abdominal and 
femoral incisions necessary for implantation of the radiotelem-
etry transmitter, these areas were clipped free of hair, scrubbed 
with a 7.5% povidone–iodine solution (Betadine Surgical 
Scrub, Purdue-Frederick Company, Norwalk, CT), and rinsed 
with sterile 0.9% NaCl. Each transmitter (model TA11PA-C40; 
Data Sciences International Corporation, St Paul, MN) was 
implanted aseptically in the abdominal cavity of each rat via a 
5- to 6-cm ventral midline incision while the animal was under 
ketamine (Ketaset, Fort Dodge Animal Health, Fort Dodge, IA) 
and xylazine (Rompun, Bayer Corporation, Shawnee Mission, 
KS) anesthesia (80 mg/kg and 7 mg/kg, IP respectively). The 
catheter attached to the telemetry transmitter was tunneled 
through abdominal muscle and then subcutaneously to the 
skin incision in the left femoral triangle and inserted centrally 
into the femoral artery to a depth of 3.0 cm. The catheter was 
secured in the artery with sutures and the femoral incision 
closed. Just prior to closure of the abdominal incision, 20 ml of 
sterile saline containing 20 mg cefazolin (West-Ward Pharma-
ceutical, Eatontown, NJ) was fl ushed into the peritoneal cavity 
for fl uid replacement and to prevent postsurgical infection. We 
have found that this procedure also eliminates intraabdominal 
adhesions, which were common before introduction of this 
peritoneal fl ush. The telemetry implantation procedure was 
completed in 30 to 45 min. 

 The male rats also were given 5 cc of sterile 5% dextrose 
containing ketoprofen (Ketofen, Fort Dodge Animal Health, 
Fort Dodge, IA) at 16 mg/kg SC immediately after surgery for 
analgesia and to provide a short-term glucose supplement. Rats 
gave no indications that additional doses of ketoprofen were 
needed. Two groups of female rats were given ketoprofen 30 
to 45 min preoperatively at the same dose as male rats, and 1 
group was given meloxicam (2 mg/kg SC, Metacam, Vetmedica, 
St Joseph, MO) preoperatively. The various analgesic protocols 
were part of a separate study on analgesics and recovery. Rats 
were placed on clean paper toweling in their home cages im-
mediately after surgery, and the cages were placed on circulating 
warm water pads until the animals were moving in the cage 
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and SHR strains (within sex and lighting treatments) were made 
by using 1-factor analysis. Means were declared statistically 
signifi cant at a  P  value of less than or equal to 0.05. 

sex by using 1-actor analysis of variance followed by the Dun-
nett post hoc test. In addition, comparisons of males and females 
(within strains and lighting treatments) and comparisons of SD 

  Table 1.  Results of 3-factor analysis of variance and Tukey post-hoc testing for heart rate of undisturbed SD and SHR rats and their heart rate 
responses to acute procedures 

Main effects Interactions

Parameter Procedure light strain sex light  ×  strain light  ×  sex strain  ×  sex

light 
  ×  strain 

 ×  sex

Heart rate
Undisturbed (morn-
ing)

L  <  C 
 D  <  C 
 D = L

SD  >  SHR F  >  M SHR: L  <  C 
  D  <  C 
  D = L 

 SD:  L = D 
= C

F: L  <  C 
  D  <  C 
  D = L 
 M: L  <  C 
  D = C 
  D = L

Undisturbed (after-
noon)

L  <  C 
 D  <  C 
 D = L

SD  >  SHR F  >  M SHR: L  <  C 
  D  <  C 
  D = L 

 SD:  L  <  C 
  D  <  C 
  D = L

F: L  <  C 
  D  <  C 
  D  <  L 
 M: L  <  C 
  D  <  C 
  L  <  D

Undisturbed (night) H SD  >  SHR F  >  M F: L  <  C 
  D  <  C 
  L = D 
 M: L  <  C 
  D  <  C 
  L  <  D

H

Heart rate responses
Cage change L = C 

 D = C 
 D  >  L

SD  >  SHR SD: M  >  F 
 SHR: M = F

Handling H H H
Insert cagemate L = C 

 D  <  C 
 D  >  L

SD  >  SHR M  >  F

Remove cagemate L = C 
 D  <  C 
 D = L

SD  >  SHR F  >  M F: L  <  C 
  D  <  C 
  D = L 

 M: L = D = C
SC injection L  <  C 

 D = C 
 D  >  L

SD  >  SHR SD: M  >  F  
 SHR: M = F

Transport and SC 
 injection

H H H H H H

Tail vein injection
IP injection SD  >  SHR
Odors of male urine 
 and feces

H SD  >  SHR F  >  M H

Odors of female urine 
 and feces

L  <  C 
 D = C 
 D = L

SD  >  SHR F  >  M F: L  <  C 
  D  <  C 
  D = L 

 M: L = D = C
Odor of dried blood SD  >  SHR F  >  M F: L  <  C 

  D = C 
  D = L 

 M: L = D = C
60 min restraint L  >  C 

 D = C 
 D  <  L

SD  >  SHR M  >  F F: L = D = C 
 M: L  >  C 
  D = C 
  D  <  L

C, control (12:12-h light:dark photoperiod with 200 lx illumination); D, dim (10 lx) light; F, female; H, a signifi cant light x strain x sex interaction 
prevented an unambiguous conclusion about indicated main effects and interactions; L, long nights (8:16-h light:dark photoperiod); M, male
Blank cells indicate nonsignifi cant effects.
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rats were signifi cantly ( P   <  0.05) greater when they were housed 
in dim light or long nights ( Figure 3 A  ). The HR response of SD 
female rats was signifi cantly ( P   <  0.05) reduced by long night but 
not affected by dim light, and neither lighting scheme altered 

 Results 
 Heart rate under undisturbed conditions.    Figure 1   shows 

that the HR of undisturbed SHR male rats housed under dim 
lights or long nights were signifi cantly ( P   <  0.05) lower in the 
morning (panel A), afternoon (panel B), and night (panel C) 
compared with those rats   housed under control lighting (12:12 
h light:dark, 200 lx). The HR of SD male rats during the noc-
turnal period also was lower during both dim light and long 
nights, but only long nights reduced HR during the morning 
and afternoon periods. 

 The HR of undisturbed SD female rats was not signifi cantly 
affected by housing in dim light or long nights at any of the time 
periods examined ( Figure 1 ). However, the HR of undisturbed 
SHR female rats housed in dim light or long nights were signifi -
cantly ( P   <  0.05) lower during the afternoon and night compared 
with those housed under control lighting conditions. The HR 
of undisturbed SHR female rats housed in dim light, but not in 
long nights, also were signifi cantly ( P   <  0.05) lower during the 
morning compared with that of controls. 

 Within each lighting treatment, SHR male and female rats 
had signifi cantly lower HR in the morning and at night than 
did SD rats ( Figure 1 ). This difference also was observed in the 
afternoon in the experimental lighting groups but not in the 
control group. In the morning and afternoon periods, female 
rats of each strain had signifi cantly higher HR than did their 
respective male counterparts. This difference also was observed 
at night in 3 of the 6 groups. 

 Heart rate responses to acute husbandry procedures.   When 
SD and SHR male and female rats were exposed to 2 common 
husbandry procedures (cage change and handling;  Figure 2 A, B  ) 
their HR responses were either unaffected or signifi cantly ( P   <  
0.05) reduced by housing in dim light or long nights, depending 
on sex and strain. For example, the HR responses of SHR female 
rats to routine cage change ( Figure 2 A ) were signifi cantly ( P  
 <  0.05) lower under both dim light and long night conditions, 
compared with controls. However, HR responses of SD female 
and SD and SHR male rats were not signifi cantly affected by 
lighting treatments. 

 Gentle handling ( Figure 2 B ) was associated with signifi cantly 
( P   <  0.05) lower HR responses in SD males and SHR females 
housed under dim light, but gentle handling of rats housed 
under long nights had no effect. In addition, neither dim light 
nor long nights had any signifi cant effects on the HR responses 
of SHR males or SD females. 

 Within all lighting treatments, the HR responses of SHR male 
rats to cage change were signifi cantly ( P   <  0.05) less than those of 
SD males. HR responses of SHR females housed under dim light 
or long nights were also less than those of SD females. Similar 
differences between SHR and SD strains were noted in the HR 
responses to handling. In addition, HR responses of SD female 
rats to handling were signifi cantly ( P   <  0.05) greater than those 
of SD males when rats were housed under long night conditions; 
whereas, HR responses of SHR female rats to handling were 
signifi cantly ( P   <  0.05) smaller than those of SHR males. 

 When rats were subjected to husbandry procedures that were 
potentially more stressful than a routine cage change or gentle 
handling (for example, insertion of a conspecifi c intruder and 
removal of an established conspecifi c cage mate), HR responses 
were signifi cantly ( P   <  0.05) reduced, not signifi cantly ( P   <  
0.05) affected, or signifi cantly ( P   <  0.05) enhanced by dim light 
or long nights, depending on the sex and strain. For example, 
the HR increases of SD males induced by the introduction of 
an intruder rat were not affected by altering the ambient light 
intensity or schedule, whereas the HR responses of SHR male 

  Figure 1.  Effect of dim light (10 lx) or long nights (8:16-h light:dark) 
on the heart rate (beats/min; bpm) of male Sprague–Dawley (SD) and 
spontaneously hypertensive rats (SHR) during undisturbed periods 
in the morning (0800 to 0900, panel A), the afternoon (1300 lights off, 
panel B), and at night (0700 lights off, panel C). *, Signifi cantly ( P   <  
0.05) different from value for 12:12-h light:dark, 200 lx;  # , SHR signifi -
cantly ( P   <  0.05) different from SD;   +  ,   females signifi cantly ( P   <  0.05) 
different from males. Each group contained 6 rats.   
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  Figure 4 B  shows that altered lighting signifi cantly ( P   <  0.05) 
affected HR responses to hand restraint and SC injection of 
saline when the manipulation was performed in a procedure 
room after transport in the home cage on a cart approximately 
100 ft from the animal room and transport back to the animal 
room. Dim light enhanced the HR responses of SHR male rats 
but had no signifi cant effect on the responses of SD males. In 
contrast, dim light enhanced the HR responses of SD female rats 
but had no effect in SHR females. Long nights signifi cantly ( P   <  
0.05) reduced the HR response of SD male rats but signifi cantly 
( P   <  0.05) enhanced the response in SD females. In contrast, long 
nights had no signifi cant ( P   <  0.05) effects on the HR responses of 
SHR male or female rats. A signifi cant ( P   <  0.05) strain effect was 
present in males (SHR  <  SD) but not in females, and signifi cant 
(P  <  0.05) male–female differences were present only for SD rats 
housed under control conditions and SHR rats housed under 
long night conditions. 

 HR responses to hand restraint and tail vein injection of 
saline performed in the animal room were not signifi cantly 
( P   <  0.05) affected by altered lighting ( Figure 5 A  ), and only 
long nights signifi cantly ( P   <  0.05) reduced the HR response of 
SHR male rats to IP injection of saline performed in the animal 
room ( Figure 5 B ). In general, SHR male and female rats had 
signifi cantly ( P   <  0.05) lower responses to both procedures than 
did SD males and females. There were no signifi cant effects of 

the HR response of SHR females compared with controls. The 
HR responses of SHR male and female rats to an intruder were 
signifi cantly ( P   <  0.05) less than those of SD rats of the same 
sex, and female rats of both strains had signifi cantly ( P   <  0.05) 
smaller HR responses than did male rats. 

 The removal of an established cage mate induced HR re-
sponses in SD male rats that were enhanced by long nights 
but not affected by dim light ( Figure 3 B ). In contrast, the HR 
responses of SHR male rats were not affected by either altera-
tion in lighting. In contrast, the HR responses of both SD and 
SHR female rats were signifi cantly ( P   <  0.05) reduced by both 
dim light and long nights. The HR responses of SHR male and 
female rats were generally lower than those of SD males and 
females, respectively. 

 Heart rate responses to acute experimental procedures.    Fig-
ure 4 A   shows that neither dim light nor long nights affected 
the HR responses to hand restraint and SC injection of saline 
performed in the animal room in any of the rats studied. SHR 
male rats had signifi cantly ( P   <  0.05) smaller responses than did 
SD male rats, but this strain effect was not observed in female 
rats. Male–female differences existed only for SD rats housed in 
dim light, where female rats had signifi cantly ( P   <  0.05) smaller 
responses than did males. 

  Figure 2.  Effect of dim light (10 lx) or long nights (8:16-h light:dark) 
on heart rate responses (area under response curve; AURC) of male 
and female Sprague–Dawley (SD) and spontaneously hypertensive 
rats (SHR) after routine cage change (panel A) or gentle handling for 1 
min (panel B). *, Signifi cantly ( P   <  0.05) different from value for 12:12-h 
light:dark, 200 lx;  # , SHR signifi cantly ( P   <  0.05) different from SD;   + , 
 females signifi cantly ( P   <  0.05) different from males. Each group con-
tained 6 rats.   

  Figure 3.  Effect of dim light (10 lx) or long nights (8:16-h light:dark) 
on heart rate responses (area under response curve; AURC) of male 
and female Sprague–Dawley (SD) and spontaneously hypertensive 
rats (SHR) after insertion of a conspecifi c intruder rat for 1 h (panel A) 
or removal of an established conspecifi c cagemate (panel B). *, Signifi -
cantly ( P   <  0.05) different from value for 12:12-h light:dark, 200 lx;  # , 
SHR signifi cantly ( P   <  0.05) different from SD;   + ,  females signifi cantly 
( P   <  0.05) different from males. Each group contained 6 rats.   
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and SHR rats showed similar HR responses, but those of SHR 
females were signifi cantly ( P   <  0.05) greater than those of SHR 
males housed under control and long night conditions. Sex-
associated differences occurred in the SD strain, with female rats 
housed in control and long night conditions having greater HR 
responses than males. Female SHR rats also had signifi cantly 
( P   <  0.05) greater HR responses than did males when housed 
in dim light conditions. 

  Figure 7 A   shows HR responses to the odor of dried rat 
blood (a paper towel covered with rat blood placed on the 
cage lid for 15 min). Lighting conditions did not alter the 
HR responses of SD or SHR male rats, but dim light signifi -
cantly ( P   <  0.05) reduced the HR responses of SD, but not 
SHR, female rats. The responses of SHR male rats housed in 
dim light and long nights were signifi cantly ( P   <  0.05) less 
than those of SD males housed similarly, but there were no 
signifi cant strain-associated differences in the responses of 
female rats. No sex-associated differences were present in 
SD rats, but SHR females housed under control or long night 
conditions had signifi cantly ( P   <  0.05) greater HR responses 
than did SHR males. 

sex on the responses to tail vein injection (Figure 5A) and the 
only signifi cant sex effect for responses to i.p. injection was for 
SHR rats housed under dim light conditions where females had 
signifi cantly higher HR than males (Figure 5 B). 

 Heart rate responses to acute stressful procedures.   When 
rats were exposed to the odors of urine and feces from male or 
female rats stressed by being subjected to a novel environment 
for 5 minutes   (a paper towel covered with dried urine and feces 
placed on the cage lid for 15 min), the HR responses of SD and 
SHR male rats were not altered by dim light or long nights. 
In contrast, the HR responses of SD, but not SHR, female rats 
were signifi cantly ( P   <  0.05) reduced by both dim light and long 
nights ( Figure 6 A, B  ). In response to male urine and feces, SHR 
male rats had signifi cantly ( P   <  0.05) lower responses than did 
SD males. A similar strain difference was noted among female 
rats. Female SD rats housed under control lighting conditions 
showed a greater response to the odors of male urine and feces 
than did SD males housed under similar lighting conditions. 
When exposed to the odors of female urine and feces, male SD 

  Figure 4.  Effect of dim light (10 lx) or long nights (8:16-h light:dark) 
on heart rate responses (area under response curve; AURC) of male 
and female Sprague–Dawley (SD) and spontaneously hypertensive 
rats (SHR) after hand restraint and SC injection of saline (panel A) or 
transport in the home cage 100 ft on a cart between the animal hous-
ing room and a procedure room plus hand restraint and SC injection 
of saline (panel B). *, Signifi cantly ( P   <  0.05) different from value for 
12:12-h light:dark, 200 lx;  # , SHR signifi cantly ( P   <  0.05) different from 
SD;   + ,  females signifi cantly ( P   <  0.05) different from males. Each group 
contained 6 rats.   

  Figure 5.  Effect of dim light (10 lx) or long nights (8:16-h light:dark) on 
heart rate responses (area under response curve; AURC) of male and 
female Sprague–Dawley (SD) and spontaneously hypertensive rats 
(SHR) after hand restraint and tail vein injection of saline (panel A) or 
hand restraint and IP injection of saline (panel B). *, Signifi cantly ( P   <  
0.05) different from value for 12:12-h light:dark, 200 lx;  # , SHR signifi -
cantly ( P   <  0.05) different from SD;   + ,  females signifi cantly ( P   <  0.05) 
different from males. Each group contained 6 rats.   
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( P   <  0.05) reduced HR of SD male and SHR male and female 
rats during the day and at night when they were undisturbed, 
compared with rats housed under 12:12-h light:dark, 200 lx 
conditions. In contrast, HR of undisturbed SD female rats was 
not affected by these altered lighting schemes. The current re-
sults also show that when rats housed under dim light or long 
nights were acutely subjected to husbandry, experimental, or 
stressful procedures, HR responses to only some of these pro-
cedures were reduced. Responses to other procedures were not 
affected by alterations in ambient lighting, and the responses 
to still others were signifi cantly ( P   <  0.05) enhanced. Both HR 
during undisturbed conditions and HR responses after acute 
procedures varied with the strain and sex of the rats. Male rats 
had lower HR than did females, and SHR rats had lower HR 
than did SD rats when animals were undisturbed. Male and fe-
male rats of both strains generally had equivalent HR responses 
to acute procedures—the exceptions being the introduction of 
an intruder and restraint, after which males had greater HR 
responses than did females, and odors of female rat urine and 
feces and odor of rat blood, after which female rats had greater 

 The HR responses to 1 h of physical restraint are shown 
in  Figure 7 B . Male SD rats housed in dim light, but not long 
nights, had signifi cantly ( P   <  0.05) lower HR responses than 
did those housed under control lighting conditions. In contrast, 
the HR responses of SHR male rats were not changed by dim 
light but were enhanced by long night conditions, relative to 
control values. This same pattern was present in SHR female 
rats. The HR responses of SD female rats were not affected by 
dim light or long nights. Minimal strain effects were observed 
with restraint; SHR male rats housed under control conditions 
and SHR female rats housed in dim light had signifi cantly ( P   <  
0.05) lower HR responses than did SD rats housed in compara-
ble lighting conditions. Female rats had signifi cantly ( P   <  0.05) 
lower HR responses compared with those of male rats when 
animals were housed under control, dim light (SD), or long 
night (SHR) conditions. 

 Discussion 
 As summarized in  Table 2  , the current results show that hous-

ing rats under dim light or long night conditions signifi cantly 

  Figure 6.  Effect of dim light (10 lx) or long nights (8:16-h light:dark) 
on heart rate responses (area under response curve; AURC) of male 
and female Sprague–Dawley (SD) and spontaneously hypertensive 
rats (SHR) after exposure to a paper towel coated with dried urine 
and feces from stressed male rats (panel A) or female rats (panel B) 
that was placed on the cage lid for 15 min. *, Signifi cantly ( P   <  0.05) 
different from value for 12:12-h light:dark, 200 lx;  # , SHR signifi cantly 
( P   <  0.05) different from SD;   + ,  females signifi cantly ( P   <  0.05) different 
from males. Each group contained 6 rats.   

  Figure 7.  Effect of dim light (10 lx) or long nights (8:16-h light:dark) on 
heart rate responses (area under response curve; AURC) of male and 
female Sprague–Dawley (SD) and spontaneously hypertensive rats 
(SHR) after exposure to a paper towel coated with dried rat blood that 
was placed on the cage lid for 15 min (panel A) or 1 h of confi nement 
in a clear acrylic rat restrainer placed in the home cage (panel B). *, Sig-
nifi cantly ( P   <  0.05) different from value for 12:12-h light:dark, 200 lx;  # , 
SHR signifi cantly ( P   <  0.05) different from SD;   + ,  females signifi cantly 
( P   <  0.05) different from males. Each group contained 6 rats.   
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than are SD rats or that SHR rats increase parasympathetic tone 
or reduce sympathetic tone to the heart to a greater degree than 
do SD rats. Although these possibilities were not tested directly 
in the current study, others  11   have shown that after acute exer-
cise, HR in male and female SHR rats is reduced, with exercise 
reducing both sympathetic and parasympathetic tone to the 
heart but having a greater effect on sympathetic tone. 

 The current results clearly indicate that alterations in envi-
ronmental lighting did not universally reduce HR responses 
( Figures 2 through 7 ,  Table 2 ). Instead, the effects appeared to 
be related to the type of procedure to which rats were exposed 
as well as to the strain and sex of the rats. 

 The variable effects of altered lighting across procedures 
may have been due in part to differences in the sensory inputs 
initiated by the different procedures. For example, responses 
to odors of urine and feces from stressed rats and the odor of 
dried rat blood, all of which activate the olfactory system, were 
decreased by altered light, but only in SD female rats. In con-
trast, the injection procedures, which activate somatosensory 
pathways, were minimally affected by altered lighting, but 
when effects were present they were enhanced. Responses to 
some of the husbandry procedures (cage change and handling) 
that involved novelty or somatic sensory stimuli were reduced, 
but primarily in SHR female rats. Responses to procedures that 
involve social stimuli (introduction of conspecifi c intruder and 
removal of an established conspecifi c cagemate) were increased 
in male rats but decreased or ineffective in female rats’ HR re-
sponses to prolonged physical restraint and were affected very 
little by the altered lighting schemes, but in the few instances 

responses than did males. SHR rats generally had lower HR 
responses than did SD rats. 

 That long nights reduced HR in both SD and SHR males and 
SHR females during periods of the day and night when they 
were undisturbed is in agreement with a previous report.  63   
However, the current data are the fi rst to our knowledge that 
demonstrate that low-level illumination suppresses HR, al-
though anxiety scores after elevated plus-maze testing were 
reduced by housing rats in dim light.  13   

 The decreasing effect of altered lighting on HR in undisturbed 
animals is consistent with the possibility that rats housed in 
12:12-h light:dark at 200 lx are stressed to some degree. The HR 
effect of altered lighting in undisturbed animals is consistent 
with altered lighting causing an increase in parasympathetic 
and/or a decrease in sympathetic tonus to the heart. However, 
these possibilities were not directly tested in the current study. 
The pharmacologic determination of parasympathetic and sym-
pathetic tonus to the heart of rats housed in 12-h light:dark at 
200 lx, dim light or 8:16-h light:dark as described previously  11   
would help resolve these questions. 

 The signifi cant interactions between the light treatments and 
strain during undisturbed periods ( Table 1 ) indicate that the HR 
of SHR rats was reduced more by altered light than was that 
of SD rats. This difference is interesting in view of the fact that 
SHR rats had signifi cantly lower HR than did SD in the morning 
and at night when animals were housed under control lighting 
conditions ( Figure 1 A and C ). That altered lighting reduced HR 
in rats with an already decreased HR suggests that SHR rats 
may be more sensitive to alterations in light intensity or schedule 

  Table 2.  Summary of effects of dim light (10 lx) or long nights (8:16-h light:dark photoperiod) on undisturbed heart rate during the morning, 
afternoon, and night and on heart rate responses to husbandry, experimental, and stressful procedures performed in the morning 

Dim light Long nights

SD male SD female SHR male SHR female SD male SD female SHR male SHR female

Heart rate

 Undisturbed, morning

 Undisturbed, afternoon

 Undisturbed, night

Heart rate responses
 Husbandry
  Cage change

  Gentle handling

  Insert intruder

  Remove cagemate

 Experimental
  SC injection
  Transport and SC 
   injection
  Tail-vein injection
  IP injection

 Stressful
  Odors of male urine and 
   feces
  Odors of female urine 
   and feces
  Odor of blood

  Prolonged restraint

, signifi cant decrease compared with value for 12:12-h light:dark photoperiod at 200 lx; , signifi cant increase compared with value for 12:12-h 
light:dark photoperiod at 200 lx
Blank cells indicate no signifi cant difference compared with value for 12:12-h light:dark photoperiod at 200 lx.
See Figures 2 through 7 for actual data.
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when responses was altered, they usually were enhanced. This 
pattern suggests 2 possibilities: (1) responses to defi nitive stres-
sors are not reduced by dim light or long nights and (2) the HR 
responses to prolonged restraint are so robust that they cannot 
be easily reduced by environmental changes. 

 The signifi cant interaction between lighting treatments and 
sex with regard to HR responses to acute procedures ( Table 1 ) 
suggests that female rats were affected more by altered light 
than were male rats. Further, reduction of HR responses by 
the lighting schemes occurred more often in female rats than 
in males, whereas light-related enhancements occurred more 
frequently in male rats than in females ( Table 2 ). The mecha-
nisms involved in these sex-related differences are unknown, 
but one can speculate that gonadal hormones play a role. Ad-
ditional studies using gonadectomized and gonadectomized, 
steroid-replaced rats are needed to appropriately address the 
sex-associated differences in HR response. 

 Despite differences in the nature of the 2 ambient lighting 
schemes, the effects of dim light and long nights were simi-
lar. The pattern of effects ( Table 2)  indicates that long nights 
produced a few more changes than did dim light but that the 
effects, when present, were generally in the same direction. At 
the onset of the study, we hypothesized that both lighting treat-
ments would reduce HR and HR responses because these light 
levels mimic the natural burrow environment of the species in 
the wild or because they are light conditions that a nocturnal 
species might prefer over the typical animal room conditions 
of a 12:12-h light:dark schedule with 200 lx illumination. This 
hypothesis is supported by other work,  13,63   which shows that 
similar alterations in light reduced HR and blood pressure or 
anxiety scores. Although the dim light treatment (12 h of late 
dusk or early dawn and 12 h of total darkness) may mimic the 
lighting condition of a rat burrow, the animals may perceive a 
8:16-h light:dark schedule with 200 lx illumination as a seasonal 
change because this light condition mimics a bright day in the 
middle of winter but without the cold temperatures. Although 
the current results generally support our original hypothesis, 
additional studies are required to examine the effects of different 
light intensities and of other, more natural, lighting schedules on 
HR responses. In addition, the effects of light should be studied 
at different ambient temperatures, because recent studies have 
shown that ambient temperature has a signifi cant effect on HR 
and blood pressure in rats  58   and on the balance of parasympa-
thetic and sympathetic nerve activity in mice.  57   

 Finally, cardiovascular or other responses to experimental 
manipulations may be affected by reduced lighting or altered 
photocycle in other rat strains or in other rodent species, and 
these possibilities should be investigated. 
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