RAT MODEL OF SLEEP DURING SURGICAL RECOVERY

Sleep and EEG Spectra in Rats Recorded via Telemetry during Surgical Recovery
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Study Objective: To determine sleep and EEG spectra in rats during sur-
gical recovery.

Design: Sleep, activity, and EEG spectral power were examined in rats
via telemetry on days 1, 2, 3, 7, 14, and 15 after implantation surgery.
Results: NREM sleep and total sleep were increased on days 1 and 2
compared to later days. REM sleep was decreased on days 2 and 3 com-
pared to days 14 and 15, and activity was decreased on days 1 and 2
compared to later days. EEG power (0.5-5 Hz for NREM and wakefulness,
and 5.5-10 Hz for REM and wakefulness) was increased on days 1-3 com-

pared to days 7, 14, and 15.

Conclusion: The results are discussed in terms of their implications for
post-surgery stabilization of sleep and potential relevance for sleep after
injury.
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INTRODUCTION

RESEARCH INVOLVING INVASIVE SURVIVAL SURGI-
CAL PROCEDURES IN ANIMALS TYPICALLY ALLOWS A
PERIOD OF TIME FOR RECOVERY PRIOR TO BEGINNING
experiments. However, the actual impact of surgical stress on
sleep, how sleep varies with recovery, and the approximate time
required for sleep to stabilize in the post-surgery period remains
unclear.

Chronic surgical implantation of transmitters into the bodies
of animals is often used for telemetrically recording a variety of
physiological parameters including electroencephalogram (EEG),
electromyogram (EMGQG), electrocardiograph, activity, tempera-
ture, and blood pressure.'? These implantation procedures and the
possibility for immediate and continuous monitoring via telemetry
thus provide an opportunity to examine the influence of surgical
trauma and recovery from surgery on sleep in rodents. Therefore,
we examined post-surgery sleep architecture and EEG spectra af-
ter implantation of a telemetry transmitter in rats. This work may
also provide information regarding the influence of general acute
injury on sleep patterns in rats.

METHODS
Subjects

Eight 90-day-old male Wistar rats (Harlan, Indianapolis, IN)
served as subjects. They were singly housed (cage size 45 cm
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[length] x 24 cm [width] x 20 cm [height]) and given ad libitum
access to food and water upon arrival and throughout the experi-
ment. The same room was used for housing the rats and recording
sleep. The room was kept on a 12:12 h light:dark cycle with lights
on from 07:00 to 19:00, and ambient temperature was maintained
at 24.5+0.5° C. Light intensity was 90-110 lux in the room, about
60 lux in the cage during light period, and less than 1 lux during
dark period.

Surgery

Each rat was implanted with a transmitter (DataSciences
ETA10F20) for recording EEG and activity via telemetry as de-
scribed previously.! The body of the transmitter was implanted
subcutaneously off midline and posterior to the scapula, and it
was attached to the skin with 3 sutures for stabilization. Leads
from the transmitter were led subcutaneously to the skull and the
bare ends placed in contact with the dura through holes in the
skull (A: 2.0 [Bregma], L: 1.5; P: 7.0 [Bregma], L: 1.5 contralat-
eral). The electrodes were anchored to the skull with screws and
dental cement. All surgical procedures were performed stereotax-
ically under aseptic conditions. Surgical anesthesia was achieved
with isoflurane (5% induction; 2% maintenance). Three days be-
fore and after surgery, water containing ibuprofen (0.1 mg/ml)
was provided to alleviate potential postoperative pain. All proce-
dures were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Experimental Animals
and were approved by Eastern Virginia Medical School’s Animal
Care and Use Committee (Protocol # 04-006).

Data Collection

Telemetric recording of EEG and activity was conducted us-
ing procedures similar to those we have used in mice? and rats.'
For the EEG signal, the gain of transmitters was set at -0.5/+0.5
volts per/units X 2 and raw signals generated from the transmitter
were in the range of 0.5-200 Hz. The signals were processed by
a DataSciences analog converter and routed to an AD converter
(Eagle PC30) housed in a PC class computer. The AD converter
digitized the EEG and activity signals at 128 Hz. The digitized
data were transferred to the computer and displayed graphically

Surgery and Sleep—Tang et al



Table 1—Number and average length of NREM and REM episodes during 12-h dark and light periods and during total 24-h period on days 1-3,
7, 14, and 15 after surgery. Values are means (SEM). Different letters within the columns indicate significant differences across days (Tukey test,
P <0.05).
NREM REM
12-h Dark 12-h Light 24-h Total 12-h Dark 12-h Light 24-h Total

Number of Episode (Number)

D1 38.1(4.1) 79.6(3.9)b 117.8(7.3)b 23.1(2.0) 30.4 (2.6) 53.5(2.6)

D2 47.3(5.3) 93.5(6.0) ab 140.8 (7.7) ab 17.9 (0.9) 28.6 (1.4) 46.5(1.2)

D3 34.4(3.5) 99.4(6.4)a 133.8(8.2) ab 17.9 (1.7) 31.3(2.5) 49.1 (3.0)

D7 50.3 (6.8) 1009 (5.1)a 151.1(11.) a 18.6 (2.2) 33.4(1.6) 52.0 (3.6)

D14 49.5(3.1) 90.0 (5.0) ab 139.5 (6.6) ab 17.6 (1.4) 34.5(2.3) 52.1(2.0)

D15 49.1 (3.6) 93.6(5.3) ab 142.8 (6.1)a 16.5 (1.8) 36.3(2.3) 52.8(2.6)

F (5,35 = 2.8 4.6 3.8

P< 0.028 0.003 0.008 NS NS NS
Average Length of Episode (Min)

D1 44(0.19)a 53(0.32)a 5.0(0.24) a 1.9(0.10)a 1.8 (0.08) ab 1.9 (0.08) ab

D2 3.6(0.27) ab 4.5(0.25) ab 4.1(0.21) ab 1.6 (0.09) b 1.8 (0.10) ab 1.7 (0.08) ab

D3 3.4(0.20) be 3.8(0.27)c 3.7(0.20) c 1.7(0.10) b 1.6 (0.07) b 1.7 (0.08) b

D7 2.7(0.24)c 3.9(0.20) be 3.5(0.21) be 1.5(0.05)b 2.0(0.11) ab 1.8 (0.09) ab

D14 2.8(0.19)c 4.2 (0.24) be 3.7(0.19) be 1.7 (0.09) b 22(0.15)a 2.0(0.11) a

D15 2.6(0.18) c 4.2 (0.29) be 3.6(0.19) be 1.6 (0.10) b 2.0(0.17) ab 1.9(0.13) ab

F (5,35 = 11.6 6.9 12.0 3.7 3.7 2.8

P< 0.001 0.001 0.001 0.008 0.008 0.03

by the program on the computer monitor. An on-line fast Fou-
rier transformation (FFT) was performed on EEG data in every
2 sec of data (256 samples) after a Hanning window treatment.
The FFT analyses generated the power density values from 0.0 to
63.5 Hzat a resolution of 0.5 Hz. The FFT data were further aver-
aged in the range of 0 to 40 Hz for every 10 sec. The sleep data
and FFT results were saved to the hard disk every 10 seconds for
additional off-line analyses. Movement of the animal in relation to
the telemetry receiver generated transistor-transistor logic (TTL)
pulses that were collected and counted as a measure of activity.

Implant surgeries were conducted between 10:00 to 16:00 over
2 days (4 rats for each day). Recording began at the onset of the
dark period of the day that the animal received surgery and 24-h
EEG and activity were recorded on days 1, 2, 3, 7, 14, and 15 after
surgery in all 8 rats.

Determination of Behavioral States and Analysis in EEG Power

Trained observers visually scored the EEG and activity re-
cords in 10-s epochs to determine wakefulness, NREM sleep
and REM sleep. Wakefulness was scored based on the presence
of low-voltage, fast EEG and irregularly spaced and clustered
TTL pulses on the activity channel. NREM was scored based
on the presence of spindles interspersed with slow waves in the
EEG. During REM, the EEG was characterized by a regular,
higher-amplitude theta rhythm. NREM and REM were charac-
terized by the absence of TTL pulses on the activity channel,
though infrequent sporadic pulses occurred. Compared to quiet
wakefulness, EEG power during REM is significantly reduced
in lower frequencies (0.5- 4 Hz) and increased in the range of
theta activity (6.5-9 Hz, peak at 7.5 Hz). A concurrent display
of EEG power spectra for each epoch thus was used to aid in
discriminating REM from wakefulness. The EEG power density
data were sorted according to behavioral states. In each state,
absolute EEG power density was calculated.
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Data Analysis

The time spent (min) in NREM, REM, and total sleep time
(NREM+REM)), as well as activity counts, were processed to ob-
tain total 24-h, and 12-h light and 12-h dark period totals for each
day. The numbers of NREM and REM episodes and the average
duration of NREM and REM episodes were also analyzed for the
total 24-h and the 12-h light and dark periods. The absolute EEG
power during wakefulness, NREM, and REM were calculated in
0.5 Hz bins from 0.5 to 30 Hz for the entire 24-h records of each
recording day. Afterwards, the EEG power in selected frequency
bands was analyzed.

All statistical analyses were conducted using SigmaStat soft-
ware (SPSS, Inc.). One-way repeated measures of analysis of
variance (ANOVA) procedures were used in the data analyses
across days. After significant ANOVAs, post hoc comparisons of
means were conducted with Tukey tests.

RESULTS

As shown in the upper panels of Figure 1, the rats exhibited
increased 24-h NREM and total sleep time for the first 2 post-
surgery days compared to later days. Increases in NREM during
day 1 and day 2 were similar for both light and dark periods, with
significant increases compared to later days, the exception being a
slightly elevated amount of NREM during the light period of day
7 that did not significantly differ from any of the other recording
days. Total sleep was elevated during the dark period of day 1 and
day 2 compared to all other days, whereas during the light period
day 1 and day 2 were elevated only compared to day 3.

Twenty-four-hour REM amounts were significantly decreased
on days 2-3 compared to days 14-15, but no other comparisons
reached significance. Dark period REM was significantly in-
creased during day 1 but did not otherwise differ across days. By
comparison, light period REM was decreased on days 1-3. REM
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Figure 1—Time spent (min) in NREM, REM, and total sleep during 12-h dark and light periods and during total 24-h period (Upper Panels), and
absolute EEG power during NREM, REM, and wakefulness in 3 selected frequency bands (Lower Panels) on days 1-3, 7, 14, and 15 after surgery.
Values are means = SEM. Different letters above the bars indicate significant differences across days (Tukey test, P <0.05). F and P values for the
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Figure 2—Total activity and average activity counts per waking min during 12-h dark and light periods and during total 24-h period on days 1-3,
7, 14, and 15 after surgery. Values are means £ SEM. Different letters above the bars indicate significant differences across days (Tukey test, P
<0.05). F and P values for the overall ANOVA are presented above each plot.
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on day 7 was intermediate to that on days 2-3 and days 14-15 and
did not significantly differ from earlier or later days.

Table 1 contains the number and average length of NREM and
REM episodes for the 12-h light and dark periods and total 24-
h period for each recording day. In general, the time course for
post-surgery stabilization of these parameters paralleled those for
amounts of both states. For both numbers of episodes and average
lengths, there were no significant differences for NREM episodes
among days 3, 7, 14, and 15, and no significant differences ob-
tained for REM episodes among days 7, 14, and 15.

The lower panels of Figure 1 present absolute EEG power in 3
selected frequency bands across days for wakefulness, NREM, and
REM. Overall, during wakefulness and REM, the rats appeared to
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have greater EEG power in all 3 selected frequency bands during
days 1 through 3 compared to the other recording days. Signifi-
cant differences were found across days in the 5.5-10 Hz frequen-
cy band (days 1-3>7=14=15) during both wakefulness and REM.
During wakefulness, significant differences were also observed
in the 0.5-5 Hz frequency band (days 1=2=3>14=15) and differ-
ences in the 10.5-30 Hz frequency band (days 1=3>7=14=15).
During REM, significant differences across days were seen in the
10.5-30 Hz frequency band (days 2=3>14=15). During NREM,
significant differences across days were in the 0.5-5 Hz frequency
band (days 1-3>14=15).

Figure 2 presents total activity count and average activity
count per waking min across days. Significant differences were
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found for total activity across days for the dark and total 24-h
periods (day 1=2<7=14=15) and for the light period (day 1<2<3
and day 1<7=14=15). Significant differences in average activity
per waking min were found for the light and total 24-h periods
(day 1<3=7=14=15). No significant differences across days were
found for average activity per waking min in the dark period.

DISCUSSION

The results revealed that, compared to days 14 and 15, the rats
exhibited increased NREM and total sleep time on days 1 and
2 after surgery. In contrast, similar comparisons showed that the
rats displayed decreased REM time during days 1-3, except for an
increase during the dark period of day 1 (surgical day). REM time
was still somewhat decreased during day 7 compared to days 14
and 15, though the difference was not significant. These results
suggest that stabilization of REM time after this type of surgery
required a longer recovery period (>7 days) than required for sta-
bilization of NREM time (<3 days).

The increase in REM during the dark period on the surgical
day may have been associated with a number of contributing fac-
tors. In addition to surgical trauma, the rats experienced a period
of sleep interruption and novel handling procedures as well as
isoflurane anesthesia during the surgery itself. Thus, it was not
possible to determine if the alterations in sleep were due to iso-
flurane anesthesia in this study. However, it is worth mentioning
that rats anesthetized via intravenously administered propofol for
12 h during their normal sleep period did not sleep more in the
subsequent 8 h than did control rats that were allowed to sleep
spontaneously.’ Indeed, after propofol, post-anesthesia NREM
and REM were significantly reduced compared to controls during
the first 4 h, but only slightly reduced during the second 4 h, of
the recording period.’ This suggests the possibility that post-an-
esthesia sleep may vary with anesthetic agent and/or time under
anesthesia.

Decreases in spontaneous behaviors, e.g. locomotor activity,
feeding, and grooming have been observed in rats and mice after
surgery.*> Consistent with those observations, we found decreases
in activity for 2 days after surgery compared to later days. Simi-
larly, NREM and total sleep were significantly increased during
the first 2 days after surgery. In addition to the influences from
possible endogenous inflammatory factors induced by injury, the
potential for pain may affect spontaneous activity. However, sta-
bilized levels of total sleep, total NREM, and spontaneous activity
(compared to 14 and 15 days post surgery) were reached within
similar periods after surgery (<3 days), suggesting an alleviation
of the possible effects of pain over that period.

Although compared to later days, NREM and total sleep
amounts were significantly elevated only on post-surgery days
1 and 2, increases in EEG power in different frequency bands
(0.5-5 Hz for NREM and wakefulness and 5.5-10 Hz for REM
and wakefulness) were also found on post-surgery day 3. This
suggests that other surgery-induced changes in sleep architecture
may persist even after amounts have stabilized. It should be noted
that long-term trends in sleep including decreased REM were re-
ported in mice recorded over 60 days post surgery.'* Thus, while
we used sleep at 14-15 days as our index of stability, it is possible
sleep may continue to change over time with longer recordings
than we performed.

Compared to implantation of electrodes for cable recording,
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the surgical implantation of telemetry transmitters may result in
greater surgical trauma.'? For example, an implant for cable re-
cording may require only one incision site over the skull, whereas
implantation of the transmitter requires a surgical site to affix
electrodes into the skull and a separate site for the transmitter
itself. This site can be intraperitoneal® or subcutaneous, e.g., off
midline and posterior to the scapula as in the current study. Thus,
there is the possibility that the extent of surgery-related changes
in sleep may vary with type and extent of surgery and amount of
discomfort of the implant site itself.

Reports in the literature are consistent that various painful stim-
uli decrease both NREM and REM, and thus increase wakeful-
ness.®’ In our study, ibuprofen was provided in the drinking water
3 days before and after surgery. This regimen could have been a
factor as ibuprofen appears to be an effective analgesic as indicated
by increased post-surgery locomotor activity in rodents.** In ad-
dition, the fact that the rats did not display typical pain-induced
decreases in NREM and REM after surgery suggests that sleep
may be strongly influenced by the inflammatory reactions result-
ing from surgical trauma. Indeed, the increases in NREM and de-
creases in REM (after the increase during the first dark period) we
observed after surgical trauma appear similar to those associated
with host defense responses to viral and bacterial inoculations.®
Host defense systems produce increases in NREM and decreases in
REM in response to various viral and bacterial infections.®'® Host
defense responses similar to those seen after infection also may be
evoked by somatic injury from trauma or surgery. For example,
mediators released by injured tissues, neural and nociceptive in-
put originating from the site of injury, and baroreceptor stimula-
tion from intravascular volume depletion activate stress reactions
in endocrine, metabolic, and immunologic systems.!" Increases in
many cytokines, e.g., tumor necrosis factor-o and interleukin-1,
which play critical roles in promoting NREM after infection, are
also seen in host responses to injury.*'” The mode and time course
of changes in hormone and immune systems in host responses to
infection may differ compared to those after injury, however, the
same cytokines may be activated by inflammatory reactions in both
infection and injury."

In conclusion, the results demonstrate that sleep, activity, and
EEG spectra stabilize at different rates after implantation surgery,
with REM taking the longest period to reach stability. The exact
time course until sleep stabilizes could vary with type of surgery,
strain, or species, and with other factors that influence recovery
of individual animals.
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