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We examined reflected light as a measure of neural activity 
from a 2 mm* area of dorsal hippocampus and surrounding 
neocortex in nine freely behaving cats during sleep and wak- 
ing states. Light reflectance at 660 or 700 nm was measured 
by a coherent fiber optic probe attached to a charge-coupled 
device video camera that allowed acquisition of images from 
subcortical structures. In the dorsal hippocampus, rapid eye 
movement sleep (REMS) and active waking (AW) resulted 
in a significant decline (-0.9% f 0.3 and -2.0% & 0.5, 
respectively) in overall reflected light from the dorsal hip- 
pocampus relative to quiet sleep (OS), while quiet waking 
(OW) resulted in an overall increase (+2.0% * 0.4). In the 
neocortical probe placement group, reflectance also de- 
creased during AW (- 1.6% f 0.5) and increased during QW 
(+1.7 + 0.6) as compared to QS. In contrast to the hippo- 
campus, however, overall reflectance increased, rather than 
decreased, in the neocortex during REMS (+2.7% f 1.3). 
We interpret a decline in reflectance as representing in- 
creased activation of underlying neural tissue. Thus, the cat 
dorsal hippocampus increased overall activity during REMS 
as compared to QS, while neocortical structures decreased 
overall activity during the same state. These results concur 
with expected activity changes based on electrophysiologic 
and autoradiographic studies. The imaging procedure pro- 
vided a continuous assessment of spatially organized neural 
activity changes in the freely behaving animal. 

[Key words: hippocampus, optical imaging, state, sleep, 
extracellular volume fraction, cell swelling, neocortex] 

Hippocampal neurons exhibit specific activity patterns across 
sleep-waking states. Understanding the nature of these changes 
is important for assessment of state-related phenomena, in- 
cluding seizure threshold changes in limbic structures (Leib et 
al., 1980; Kellaway, 1985) state-dependent movement control 
(Vanderwolf, 1969, 1988) and alterations in respiratory and 
cardiac patterning (Komisaruk, 1970). We studied the simul- 
taneous activity of a large number of neurons in the dorsal 
hippocampus of freely behaving animals to determine overall 
levels of state-mediated neural activity. 
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The study of neuronal activity has classically been accom- 
plished using single neuron and gross electrical recordings. Elec- 
trophysiological studies of the dorsal hippocampus show in- 
creased overall neuronal activity during rapid eye movement 
sleep (REMS) and active waking (AW) compared to quiet sleep 
(QS) (Harper, 1971; Ranck, 1975; Suzuki and Smith, 1985; 
Bland and Colom, 1988; Mushiake et al., 1988; Kodama et al., 
1989). However, simultaneous recording of multiple neurons 
for the examination of neuronal pattern interactions is arduous, 
and measures relationships only between relatively few neurons 
(typically, fewer than 10). Thus, clusters of neural discharge 
patterns are difficult to ascertain with electrophysiological meth- 
ods. 

Visualization of cell activity has been accomplished with au- 
toradiographic and positron emission tomography (PET) stud- 
ies. Glucose utilization in the hippocampus increases during 
REMS and waking as compared to QS (Ramm and Frost, 1986; 
Maquet et al., 1990). However, PET studies are limited in their 
ability to resolve changes across short periods of time, which 
leads to difficulty in resolving activity patterns in behavioral 
states of brief duration. In addition, autoradiography requires 
tissue fixation for analysis, disallowing analysis of activity vari- 
ations within a state or comparison between states in the same 
subject. 

Recently developed optical techniques can resolve patterns 
of neural activity, revealing the functional architecture of a re- 
gion. Voltage-sensitive dyes, for example, are used to measure 
voltage changes across the membrane in cells and isolated nerves 
in vitro (Cohen and Lesher, 1986; Bonhoeffer and Staiger, 1988) 
from groups of cells in intact, restrained preparations (Grinvald 
et al., 1984), and from groups of cells in intact, behaving in- 
vertebrates (London et al., 1987). Dye preparations are useful 
for assessing short-term changes in membrane potential; how- 
ever, dyes can be toxic when used repeatedly in chronic prep- 
arations that survive several months. 

Light-scattering imaging techniques, which measure reflected, 
refracted, or transmitted light without the use of dyes, are more 
appropriate for chronic recordings. The wavelength measured 
in light scattering recordings dictates the specific cellular or vas- 
cular activities that can be assessed. Thus, different sources of 
light reflectance changes, such as protein conformation, blood 
volume, and cell volume variations, can be distinguished by 
appropriate wavelength selection. In addition, several activity- 
related processes have disparate time courses. Glial cell swelling 
(Kimelberg and Frangakis, 1985; Walz and Hinks, 1985) and 
increases in blood volume following heightened neural activity 
(Frostig et al., 1990) occur over a few seconds, while neuronal 
cell volume (Tasaki and Byrne, 1992) and protein conformation 
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Figure 1. Schematic drawing of a cross section of 1.6-mm-diameter 
optic probe. The probe is surrounded by flexible optic fibers for tissue 
illumination (a). Four macroelectrodes record hippocampal or cortical 
EEG (b). The image conduit consists ofat least 10,000 individual fibers. 
Each fiber is either 4 pm (high-resolution conduit) or 10 pm in diameter 
(c), encased by glass cladding of 1 pm (d), which prevents cross talk 
between fibers. 

changes (Landowne, 1992) which are usually associated with 
action potentials, develop on the order of milliseconds. We 
measured scattered light (660 or 700 nm), which is principally 
affected by neural and glial volume variations between states 
and incorporates both fast (milliseconds) and slow (seconds) 
processes. 

Previous investigations of light scattering in the visual cortex 
recorded clusters of neural activity and defined columnar struc- 
tures in intact, restrained preparations (Grinvald et al., 1986; 
Frostig et al., 1990; Ts’o et al., 1990). Light-scattering imaging 
techniques also revealed coherence between reflected light and 
EEG amplitudes from the dorsal hippocampus of the freely 
behaving cat (Rector et al., 1992). Thus, the technique used in 
the present study can assess neural activity patterns with high 
temporal resolution in the freely behaving animal, and sample 
activity changes over extended periods of time. 

Despite the well-organized disposition of cells within the hip- 
pocampus (Amaral and Witter, 1989) and the topographical 
organization of afferents and efferents (Ikeda et al., 1989; Ta- 
mamaki and Nojyo, 1990), few experiments describe the activity 
of neighboring neuronal groups in the intact dorsal hippocam- 
pus. We used a 1.6-mm-diameter fiber optic probe to transmit 
a coherent image from the surface of the dorsal hippocampus 
to a charge-coupled device (CCD) video camera. We compared 
reflected light levels across behavioral states in the freely be- 
having cat to study the simultaneous activity patterns of dorsal 
hippocampal neurons over naturally occurring sleep-waking 
states. Measurements of the surrounding neocortex display dif- 
ferent electrophysiological patterns during REMS and AW, and 
served as a reference for comparison of state-related activity in 
the dorsal hippocampus. 

Materials and Methods 
Optical recording device 
The imaging device, which used a coherent optic probe and miniaturized 
video camera, has been described elsewhere (Rector and Harper, 199 1; 

Rector et al., 1993). Light at 660 or 700 nm wavelength was conducted 
from a light-emitting diode (LED) to the target tissue, either through 
the probe cladding or through separate optic fibers surrounding the 
image conduit. Reflected light traveled through 6- or 12-pm-diameter 
(with cladding) fibers bundled into a 1.6-mm-diameter coherent image 
conduit (Fig. 1). The fibers of the conduit had a 5” acceptance range for 
light traveling perpendicular to the plane of the probe tip. The image 
conduit was directly coupled to a 128-by-128 pixel CCD, where each 
sensing element was 25 pm in diameter and gathered light from a 650 
pm2 area. Thus, we achieved a fiber-to-pixel ratio of at least 2: 1. The 
signal-to-noise ratio of the CCD camera was 54 dB (500: 1). 

Surgical procedures 
Studies were carried out on nine adult cats (six female and three male) 
2.8-4.0 kg in weight. Under sodium pentobarbital anesthesia, four sets 
of insulated, multistranded, stainless steel wires (Cooner Wire, Chat- 
sworth, CA) were placed into the lateral costal diaphragm to determine 
electrocardiographic (ECG) activity. Electromyographic (EMG) activity 
related to inspiratory efforts was recorded from the same leads placed 
in the diaphragm. Cortical surface electrical activity was assessed by a 
pair of screw electrodes placed over the sensorimotor cortex, and neck 
muscle activity was recorded by flexible wires placed into the nuchal 
musculature. Eye movements were recorded from two screw electrodes 
placed in the posterior section of the orbital plate accessed through the 
frontal sinus. Hippocampal electroencephalographic (EEG) activity con- 
tralateral to the optic probe was recorded through a bipolar electrode 
(coordinates A4.0, L6.5, H9.0; Berman, 1968). Leads from four EEG 
macroelectrodes surrounding the optic probe were led to a nine-pin 
connector. The remaining electrophysiological recording electrodes were 
led subcutaneously to a 20-pin connector. Both connectors were at- 
tached to the surface of the skull with stainless steel screws and dental 
acrylic. 

The optical recording device was stereotaxically positioned and fixed 
on the alveus of the CA 1 /CA2 border of the right dorsal hippocampus 
(A2.5, L&O, H8.5: Berman, 1968) in five cats. annroximatelv 2 mm 
deep to the surface of the suprasyivian cortex (three cats), and in the 
lateral temporal cortex (one cat) (Fig. 2). A 3-mm-diameter column of 
tissue above the probe was removed by aspiration prior to probe in- 
sertion. The skull was sealed around the probe with bone wax and dental 
cement to minimize movement artifact during later recording. Probe 
placement was verified postmortem with histological procedures. Re- 
cordings obtained after 2 weeks following postsurgical recovery were 
discarded for two animals whose histological analyses revealed signs of 
gliosis (Fig. 2B). Data collected during the first 2 weeks were further 
compared to those obtained from subjects without signs of gliosis, to 
ascertain that distribution patterns lay within valid range for statistical 
analysis. 

General recording procedures 
Following recovery from surgery, the animals were habituated to a 
sound-attenuated 1 m3 recording chamber maintained at room tem- 
perature (approximately 22°C). This chamber was designed to allow 
recording from unrestrained animals. Food and water were available 
for consumption ad lib. Experiments began 1 week after surgery. Data 
were collected approximately every other day for a maximum of 10 d 
per cat. During each recording, the animals were allowed to sleep un- 
disturbed for at least two complete sleep-waking cycles. 

State classification 

Sleep and waking states were scored according to standard electro- 
physiological criteria (Ursin and Sterman, 198 l), including cortical and 
hippocampal EEG, neck muscle tonus, and eye movements. Active 
waking (AW) and rapid eye movement sleep (REMS) were both char- 
acterized by rhythmical slow activity (4-9 Hz) in the hippocampal EEG, 
desynchronized neocortical EEG, and rapid eye movements. We se- 
lected epochs of REMS with muscle atonia, whereas muscle tonus was 
high and variable during AW. Epochs with overt rhythmicity in fluc- 
tuation of neck muscle tone and eye movement were not included in 
the analysis to exclude grooming and eating behaviors from AW. Periods 
of quiet waking (QW) were defined by low-voltage, desynchronized 
hippocampal and neocortical EEG, high-amplitude neck muscle tone 
without fluctuation, and eyes open as measured through the electro- 
oculogram. Feline stage 2 sleep (QS), characterized by continuous, large- 
amplitude slow waves (O-1.5 Hz) intermixed with 12-14 Hz spindle 
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Figure 2. Histology: representative 60 
pm slices of brain tissue from a probe 
placement site in the hippocampus (A), 
and in the neocortex (B). Slices were 
stained for neuronal cell bodies with 
Nissl blue. 

activity in the neocortical and hippocampal EEG, as well as minimal 
eye movements and intermediate muscle tone, was used as the reference 
for state comparisons to AW, QW, and REMS. Changes in state between 
active and quiet waking occurred rapidly (< 1 set), and thus, to achieve 
stable recording conditions and for ease of state scoring, a minimum 
state duration for acquisition of 15 frames (45 set) was used. To ensure 
a “natural” sleep-waking cycle, no experimental manipulations, such 
as sleep deprivation or external arousal, were employed. Thus, any single 
state may not have been present for sufficient duration in a recording 
period for adequate analysis. To collect a sufficient sample of all states, 
each cat was studied over several recording periods. 

Optical and electrophysiological acquisition procedures 
Video output of the CCD array was amplified, digitized by an eight-bit 
framegrabber, and stored on a computer. To maximize the dynamic 
range of the digitizer (discussed in Inoue, 1986), the LED voltage was 
set before each experiment to two-thirds the maximal reflectance am- 
plitude, the black level (0) was set to approximately one-half the am- 
plitude of the minimal pixel value, and the gain on the amplifier was 
set so that the maximal amplitude pixel was represented by a value of 
approximately three-quarters of a O-255 range. The framegrabber was 
triggered to read any frame in l/60 set through computer logic that 
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Figure 3. Overall activity changes. The histogram illustrates the over- 
all state-dependent change in activity expressed as the negative per- 
centage change in reflectance from baseline (QS) reflectance levels. Data 
were normalized and averaged across all animals from hippocampal 
and neocortical placement sites. 

sensed a pulse initiated by the cardiac R wave. Sampling of frames 
relative to the timing of the cardiac pulse minimized potential move- 
ment artifact from cardiovascular sources. Transfer of a frame to the 
computer was accomplished over a 3 set time period, after which a new 
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Figure 4. Single experiment activity changes: histogram. The histo- 
gram illustrates the state-dependent change in activity from four dif- 
ferent sleep-wake cycles in four separate cats: hippocampal probe-place- 
ment cats (HI, H2), and neocortical probe-placement cats (CJ, C2). 
Activity is expressed as the negative percentage change in reflectance 
from baseline (QS) reflectance levels. SDS of the mean never exceeded 
O.Ol%, and, thus were not included in the histogram. 

Table 1. Standard deviations: comparison between sites and states 

State Hippocampus Neocortex 

Qs 0.7 1.3 
REM 1.0 2.1 

QW 2.2 2.4 
AW 2.5 3.6 

Average 1.6 2.4 

Levene’s test for variability within image-averaged normalized data grouped by 
state shows the variance between all states to be significantly different at p < 
0.0001, with the following three exceptions: AW is significantly different from 
QW in the neocortex at p = 0.01, QW is not significantly different from REM in 
the neocortex @ = 0.15), and QW is not significantly different from AW in the 
hippocampus (p = 0.7). 

scan was initiated. This transfer rate was sufficient to resolve activity 
patterning changes between sleep-waking states. The video signal was 
also stored on S-VHS video tape at a continuous frame rate (60 non- 
interlaced frames/set). Concurrent electrophysiological activity (includ- 
ing electrical activity from recording electrodes attached to the fiber 
bundle) was bandpass filtered (ECG, l-100 Hz; EMG, 10 Hz to 1 kHz; 
EEG, 0.1-40 Hz), written onto polygraph paper, and stored as a mul- 
tiplexed signal on the videotape audio channels. Electrophysiological 
signals were also digitized and stored on a separate computer at appro- 
priate rates according to Nyquist frequency guidelines. 

Image processing 

Processing of the video frames was performed on an A3000 video com- 
puter (Commodore Business Machines, West Chester, PA). Reflectance 
amplitude was calculated and recorded for each pixel of each image 
frame. 

State averaging. State-averaged images were generated by calculating 
the average reflectance ofeach pixel with the same x-y coordinates from 
every frame gathered in a particular state. The number of frames in- 
cluded in the average ranged from 15 to 50, depending on the duration 
of the state. The image processing software utilized a 32-bit integer for 
internal data representation, allowing averaging of up to 16 million 
eight-bit images without possibility of data overflow. State-averaged 
images were subtracted from the mean QS image from the same sleep- 
waking cycle to obtain reflectance changes between states. In keeping 
with the precedent set by other investigations of neurally mediated 
optical changes (e.g., Grinvald et al., 1986), subtracted images were 
pseudocolored to display regional and directional activity changes for 
those pixels which were significantly different between conditions 
(ANOVA, (Y = 0.05). A decrease in reflectance from baseline was dis- 
played as a positive value, correlating with increased neural activity. 

Image averaging. Average reflectance values were calculated across 
all pixels within each image frame. These values were then normalized, 
according to the following procedure, to show the negative percentage 
change in reflectance [-hR(O/o)], or the percentage change in activity 
from the baseline state. The average reflectance value of each image 
(R,) within QS, REMS, AW, and QW, was subtracted from, then di- 
vided by, the mean reflectance value of all images from the baseline 
state (R,,): 

-AB(%) = activity change (%) = [(R,, - R,)/R,,] x 100 

The image-averaged normalization procedure accounted for differences 
in light input and gain settings between experiments, yet allowed for 
the full range of image-averaged reflectance variation within and be- 
tween states. Normalized overall activity values were plotted over time. 

Statistical analysis. An unbalanced, repeated-measures ANOVA 
(BMDP-SV, Dixon et al., 1990), with a restricted maximum likelihood 
algorithm to account for missing data points, was performed on state- 
averaged, normalized data to calculate the significance of the activity 
differences between states, experiment dates, and probe placement sites. 
The unbalanced, repeated-measures ANOVA was used because the 
composition of states within each experiment date and the number of 
experiments per subject varied. A general mixed-model analysis of vari- 
ance (BMDP-3V) was performed using image-averaged, normalized 
data to estimate the mean and standard deviation of overall reflectance 
during each state on each experiment date. A regression analysis was 
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Figure 5. Single experiment activity changes: images. The same data samples used for the histograms of Figure 4 are here displayed m image 
form. Pixel-by-pixel differences between the state shown and QS are displayed where significant at 01 = 0.05. The color bar in the lower portion of 
the figure is the pseudocolor scale used to illustrate changes in activity. Yellow to redpixels indicate areas of increased activity (decreased reflectance), 
with white representing an activity increase of 3.3%. Blue to purple pixels indicate areas of decreased activity (increased reflectance), with black 
representing an activity decrease of 3.3%. Greenplxels indicate no significant difference in activity between the two states. Each image is approximately 
1.6 mm in diameter. 
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performed to analyze trends in state-related activity across experiment 
dates, which assisted in determining whether the data gathered from 
the optic measurement system were consistent over extended periods 
of time. A Box-Cox analysis (BMDP-7D) was applied to image-aver- 
aged, normalized data to con&m normal distrib&ons. The Levene test 
for data variability differences (BMDP-SD) was also applied to image- 
averaged, normalized data to ensure that all data were comparable, and 
to assess the contribution of state to variability in light reflectance. 
Variability calculations were also made for each state to assess the 
potential contribution of movement artifact to image variability. 

Since the data were collected from differing numbers of experiments 
per cat, the mean percentage change in activity between states was 
determined by averaging state-grouped, normalized data across all ex- 
perimental dates for each subject, followed by averaging across all sub- 
jects within each placement site. 

Results 
Overall state changes 

Sleep-waking state significantly affected image-averaged reflec- 
tance in the hippocampus and the neocortex (p < 0.00 1). Since 
no significant subject effects emerged, normalized data were 
averaged across animals within each placement group to form 
the summary histogram in Figure 3. SE bars signify the variance 
between subjects. 

Hippocampus. Optical measures of overall activity in the hip- 
pocampus increased 0.9% + 0.3 (mean + SE, p < 0.04) in 
REMS and 2.0% + 0.5 (p < 0.001) in AW relative to QS, and 
declined 2.0% ? 0.4 (p < 0.001) during QW as compared to 
QS in the dorsal hippocampus. 

Neocortex. Like the hippocampus, overall activity increased 
1.6% + 0.5 (p < 0.001) in the neocortex during AW and de- 
creased 1.7 + 0.6 (p < 0.008) during QW. However, unlike the 
hippocampus, overall activity decreased during REMS 2.7% rfr 
1.3 (p < 0.002), relative to QS. During REMS, the neocortical 
EEG was desynchronized, whereas the hippocampus displayed 
highly synchronous EEG patterns in the 4-9 Hz range. The 
amplitude and direction of reflectance change differed between 
the hippocampus and neocortex only for the REMS-QS com- 
parison (p < 0.004), as demonstrated in Figure 3. 

Activity changes between states during four representative 
experiments from four separate animals, are shown in Figure 4. 
AW and QW change similarly when comparing hippocampal 
to cortical placements, but REMS shows higher activity than 
QS in hippocampal placements and lower activity than QS in 
neocortical placements. The corresponding difference images in 
Figure 5 were obtained by subtracting REM, QW, and AW 
average images from a QS average image and color coding for 
activity change. Patterns of increased and decreased activity 
appeared across each image. The hippocampus consistently dis- 
played distinct spatial patterns of stripes and bands of activity 
in every animal under one or more conditions; however, the 
neocortex showed regions of increased or decreased activity that 
usually formed patches, rather than bands. 

Variability influences 

The variability of image-averaged normalized reflectance values 
between states is described in Table 1. We took substantial 
precautions to minimize reflectance variations induced by brain 
movements by using a closed-skull preparation and by time- 
locking image acquisitions to the cardiac pulse. Additionally, 
four EEG macrowires extended beyond the probe and restrained 
tissue movement. As shown in Table 1, brain movements were 
not the principal contributing factor to image variability within 
states. For example, overall image-to-image reflectance vari- 

ability in the hippocampus, as calculated by Levene’s test, did 
not significantly differ (p = 0.7) between QW (without move- 
ments) and AW (with high muscle tonus and movements). We 
selected REMS epochs with muscle atonia and without phasic 
myoclonus. REMS showed higher signal variability than QS (p 
< O.OOl), indicating that muscle activity or movements did not 
significantly contribute to image variability. 

The hippocampus exhibited less image-averaged overall vari- 
ability than the neocortex (p < O.OOl), as is demonstrated by 
the average SD calculated for each placement site (Table 1) and 
by the time series plot of image-averaged, normalized activity 
changes (Fig. 6). The time course traces in Figure 6 are samples 
of activity changes within states. For example, the dip in activity 
during QW in Figure 6A does not always occur in the early 
portion of the state or for the precise duration shown. However, 
the overall trends and the within-state image variability are 
typical of each probe placement group. Overall activity in- 
creased in the hippocampus (Fig. 6A) during REMS but de- 
creased in the neocortex (Fig. 6B), as was seen in the images of 
Figure 5. 

Trends in state-specific activity differences across experiment 
dates are plotted in Figure 7. This figure demonstrates that 
significant differences in activity occur between experimental 
dates. Note, however, that the relationship between states re- 
mains intact within each probe placement group. Thus, in Figure 
7A (hippocampus), REMS and AW traces show higher activity 
levels than the QS trace over experimental dates, despite vari- 
ations in the exact percentage of activity increase between ex- 
periments. The relationship between QW and QS activity levels 
was more variable in the hippocampus, but either the difference 
did not attain statistical significance (dates 1, 3, and 8) or QW 
was significantly less active than QS. Figure 7B (neocortex) also 
shows variations in activity levels within each state across dates, 
but again, the activity level relationship between each state and 
QS was consistent across dates. REMS and QW both displayed 
lower activity than QS across experiments, and AiV exhibited 
increased activity levels. Although significant activity differ- 
ences occurred between dates, regression analyses of the activity 
in each state across dates (Table 2) revealed that no significant 
positive or negative trend in activity occurred across experiment 
dates (p = 0.24 and 0.15 in the hippocampus and neocortex, 
respectively). 

Histology 

Among the hippocampal placements, all probes were within 1 
mm of the dorsal hippocampal surface illustrated in Figure 2A 
in rostrocaudal and mediolateral planes, and all probes rested 
on the alveus in the CAlKA2 border region. In both hippo- 
campal and neocortical placements, positions were unchanged 
from one experiment to the next in the same cat, since the probes 
were cemented in place, and no evidence of displacement was 
found on histological examination. 

Discussion 

Sleep-waking states produced reliable activity changes in the 
dorsal hippocampus that were distinct from the neocortex. REMS 
produced an overall rise in activity relative to QS in the hip- 
pocampus, but produced a decline in activity relative to QS in 
the neocortex. Activity changes of a similar direction and am- 
plitude occurred in the hippocampus and the neocortex during 
AW (activity rise) and QW (activity decline) compared to QS. 
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Figure 6. Time series analysis of image-averaged normalized data. A 
shows image-averaged activity changes (negative percentage change in 
reflectance) of sequential frames, during an experiment where the optic 
probe rested on the dorsal hippocampus. States, indicated above the 
traces, occurred in the order indicated. Transitions and/or other states 
unexamined in this study occurred between the states and, for the sake 
ofclarity, are not shown. B indicates activity changes in images gathered 
from the suprasylvian cortex overlying the dorsal hippocampus. 

Greater image-to-image variability (Fig. 6, Table 1) was ob- 
served in the neocortex compared to the dorsal hippocampus, 
although the hippocampus exhibited more distinct pattern dif- 
ferentiation (Fig. 5). 

Reflectance-physical properties 

Amaral and Witter (1989) and Tamamaki and Nojyo (1990) 
suggest slab-like modules of 0.3-0.6 mm in diameter in the 
dorsal hippocampus. Thus, if the spatial organization of the 
tissue is preserved through the recording procedure, the 1.6- 
mm-diameter probe would be sufficient to resolve such struc- 
tures. Since the fiber optic probe does not use a lens, and the 
illuminating and light-capturing fibers of the probe have a 5” 
light emission/acceptance range, the tissue components closest 
to the probe tip are in sharpest focus. However, each pixel 
represents light scattering from a volume of tissue beneath the 
probe. Investigation of the light scattering properties of the dor- 
sal hippocampus and neocortex are currently underway to assess 
the resolution characteristics ofthe probe and numbers ofneural 
elements contributing to the reflectance value of each pixel. 

Several lines of evidence suggest that the banding patterns 
observed in the hippocampus represent neural phenomena rath- 
er than artifact acquired during image gathering or processing. 
The image processing software used sufficiently large integers 
in the arithmetic calculations (32 bit) to eliminate possibility of 
data overflow when averaging 50 images. In addition, banding 
patterns were found in the hippocampus, but not in the neo- 
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Figure 7. State-dependent activity over experiments: estimation of the 
mean and SE of overall state-dependent activity (negative change in 
reflectance) from the dorsal hippocampus on each experiment date for 
each placement group. A, Hippocampus; up to 10 experiments were 
completed on each animal. Typically, experiments from at least four 
cats were averaged per date, except day 10, when data from one cat 
were entered. B, Neocortex; a maximum of four experiments were com- 
pleted on each animal. Experiments from at least three cats were av- 
eraged for all dates except day 4, when data from one subject contributed 
to the estimate. 

cortex when identical image processing and acquisition tech- 
niques were employed. The banding patterns changed between 
behaviors from the same animal during the same experiment, 
where all images were treated with the same signal acquisition 
and processing techniques. Lastly, patches, rather than bands 
of enhanced or decreased reflectance were found in a study using 
similar acquisition and processing techniques on the ventral 
medullary surface (Dong et al., 1993; Gozal et al., 1993), where 

histological projection patterns would not anticipate the func- 
tional bands or lamellae that are found in the hippocampus. A 
detailed mapping of dorsal hippocampal activity patterns will 
be the subject of future studies. 

Reflectance-neural activity correlates 

We interpret a decline in reflectance to indicate a rise in neural 
activity, and a rise in reflectance to indicate a decline in neural 
activity. We observed a decline in 660 nm light reflectance in 
the dorsal hippocampus upon intrahippocampal glutamate ad- 
ministration through a microdialysis probe in the freely behav- 
ing animal (G. R. Poe, D. M. Rector, and R. M. Harper, un- 
published observations), and after Schaeffer collateral stimulation 
(Rector et al., 1993). Similar reflectance changes corresponding 
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Table 2. Regression analysis of activity over experiments 

State r P 

Hippocampus QS 0.00 1.00 

REM 0.03 0.95 

QW 0.32 0.60 

AW 0.30 0.56 

Neocortex QS 0.00 1.00 

REM 0.89 0.11 

QW 0.81 0.19 

AW 1 .oo - 

Data are from regression analysis of activity trends across experiment dates shown 
in Figure 7. QS analyses are based on observed data, as there were no missing 
values. Other regression calculations were based on predicted means, as described 
in Materials and Methods. 

to levels of neural activity were observed during in vivo optical 
mapping of visual cortex ocular dominance columns (Grinvald 
et al., 1986). 

Several mechanisms potentially underlie the reflectance phe- 
nomena observed, including blood perfusion, protein confor- 
mation, and cell volume changes. Although variations in blood 
flow and volume accompany neural discharge, the optical pat- 
terns are unlikely to result solely from blood perfusion dynam- 
ics. Frostig et’al. (1990), studying blood perfusion and neuronal 
activity in the cat visual cortex, found that longer wavelengths 
(red/infrared) optimally correlate to neural activity, and shorter 
wavelengths (green/orange) better demonstrate changes in blood 
flow. Light absorption from blood is maximal at 570 nm (Per- 
kampus, 197 I), rather than at 660 and 700 nm, the wavelengths 
used in our studies. In the blood-free preparation, protein con- 
formation changes that accompany neural activity are optimally 
measured in the ultraviolet range (280-350 nm) (Landowne, 
1992). MacVicar and Hochman (1991), using the blood-free 
preparation of the in vitro hippocampal slice, found that 700 
nm light transmission increased when neural activity increased 
following stimulation of Schaeffer’s collaterals. After using a 
succession of ionic blockades to alter flow across membranes, 
they hypothesized that increased neural discharge results in cell 
swelling, causing increased light transmission. A recent study 
by Tasaki and Byrne (1992) demonstrated that rapid swelling 
and shrinking of nerve fibers upon stimulation occurred on the 
time order of action potentials. They showed that displacement 
of the nerve surface, an increase in the pressure exerted by the 
nerve surface, and a reduction of reflected light intensity all 
occur in conjunction with an increase in water content upon 
electrical stimulation of the fibers. 

The hypothesis that neural tissue swells when neurons dis- 
charge is further supported by studies relating intracellular and 
extracellular volume to neural discharge levels. Neural activity 
in the CA1 region of the hippocampal slice inversely relates to 
the extracellular volume fraction (McBain et al., 1990). In- 
creased synchronous firing accompanies shrinkage of extracel- 
lular space even when synaptic transmission is blocked (Taylor 
and Dudek, 1984a,b; Dudek et al., 1990; Roper et al., 1992). 
Cohen and Keynes (197 1) suggested that cell swelling accom- 
panying ionic exchanges during the action potential reduces the 
refractive index of the intracellular fluid toward that of the 
extracellular fluid. Therefore, when the cell swells, decreased 
light reflects from the cell surface, and increased light is either 
transmitted or absorbed by intracellular elements. Thus, state- 
related changes in discharge frequency and synchrony could 

account for the reflectance changes observed in the dorsal hip- 
pocampus and neocortex. 

Statejindings-hippocampus 

REMS and A W. Functional mapping of brain regions that are 
active during specific sleep states can assist the determination 
of relationships of particular structures to the initiation, main- 
tenance, or participation in sleep states. Measurements of glu- 
cose utilization using PET in the human (Maquet et al., 1990) 
and autoradiographic studies in the cat (Ramm and Frost, 1986) 
reveal decreased glucose utilization in the hippocampus during 
QS than during both REMS and waking. This result supports 
our finding that reflectance measurements of neural activity 
decrease during QS as compared to REMS and AW. The tem- 
poral resolution restrictions of glucose utilization studies, how- 
ever, preclude the subclassification of levels of waking vigilance 
that we have found to be critical when comparing AW versus 
QW to QS. 

Electrophysiological unit recording studies also find increased 
activity in the dorsal hippocampus during REMS and AW com- 
pared to QS. A set of granule cells and interneurons lying above 
the pyramidal layer (Fox and Ranck, 1975) are three to four 
times more active in REMS than in QW and QS (Ranck, 1975; 
Suzuki and Smith, 1985). Complex-spiking pyramidal cells fire 
most frequently during QS. However, their firing frequencies 
are from 50 to 600 times below those of interneurons during 
QS, AW, and REMS. Thus, the highest activity levels observed 
during AW and REMS appear to result primarily from increased 
synchronous firing of interneurons. 

Quiet waking. During QW, reflectance measurements indicate 
that overall hippocampal activity declined as compared to QS. 
Studies of unit discharge in this region reveal that both complex- 
spiking pyramidal cells and interneurons reduce discharge fre- 
quency during the low-voltage asynchronous activity associated 
with QW as compared to QS (Ranck, 1973; Suzuki and Smith, 
1985; Mushiake et al., 1988; Kodama et al., 1989). Thus, hip- 
pocampal electrophysiological data support the change in ac- 
tivity during QW observed through measurements of reflectance 
patterns. 

State jindings- neocortex 

Active and quiet waking. Over most regions of the brain, PET 
and autoradiographic studies (Kennedy et al., 1982; Ramm and 
Frost, 1986; Maquet et al., 1990) detect an increase in glucose 
utilization during waking as compared to QS. However, certain 
cortical regions, such as parietal (Maquet et al., 1990) and su- 
prasylvian areas (Ramm and Frost, 1986), show a mixed or 
decreased level of activity during waking compared to QS. Again, 
these studies do not subclassify the waking states (QW vs AW), 
which are significant in our comparisons to QS. We would pre- 
dict that neural activity during AW would slightly increase as 
compared to QS, but decrease during QW. Indeed, electro- 
physiological studies of fast-conducting pyramidal neurons in 
the neocortex, which constitute the majority of neocortical py- 
ramidal cells, report that firing rates decrease to near zero levels 
during aroused waking without movement (Steriade et al., 1974), 
and the discharge rate of nonpyramidal neurons declines during 
QW to almost half their discharge rate during QS (Evarts, 1964; 
Steriade et al., 1974). Our findings indicate a decrease in activity 
during QW as compared to QS. 

REMsleep. Autoradiographic and PET studies find increased 
glucose utilization during REMS compared to QS in the neo- 
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cortex (Kennedy et al., 1982; Ramm and Frost, 1986; Maquet 
et al., 1990) which would appear to be inconsistent with our 
finding that activity decreased during REMS as compared to 
QS. However, using optical transmission techniques at near- 
infrared (780, 805, and 830 nm) wavelengths, Hayaishi and 
colleagues (Hayaishi, 1990; Onoe et al., 199 1) found that an- 
other correlate of neural activity, deoxyhemoglobin levels, de- 
creased while oxyhemoglobin levels increased in frontal neo- 
cortical circulation during REMS compared to QS and waking. 
They suggest that frontal neocortical neurons may be less active 
during REMS as compared to QS and waking. Our results also 
indicate decreased activity during REMS in the neocortex prox- 
imal to the hippocampus. 

Discharge rates in neocortical neurons vary as a function of 
cerebral area as well as specific state. The diversity of cell groups 
sampled within the neocortex defy a collective statement on 
reflective properties appropriate for overall assessment of cor- 
tical regions. Instead, we emphasize that cortical regions sur- 
rounding the hippocampus apparently reflect light differently 
than the hippocampus during comparable behavioral states. 

Dynamic patterns 

Examination of moment-to-moment reflectance values revealed 
substantial fluctuations over time. Since we sampled reflectance 
at 2.5-3 set intervals, relationships of reflectance to more rap- 
idly changing events, such as the EEG, are not possible. How- 
ever, the moment-to-moment variations in reflectance ampli- 
tude most likely represent underlying changes in neural activity 
within states. Indeed, when images were gathered at higher sam- 
pling rates (Rector et al., 1992) the spectral compositions of 
EEG and image amplitudes were nearly superimposable. 

Summary 

Activity measurements of multiple neurons from the freely be- 
having cat show that the dorsal hippocampus and neocortex 
display differing state-dependent activity patterns. Optical mea- 
sures of neural activity can be assessed in freely behaving ani- 
mals to reveal spatially preserved activity patterns of large groups 
of neurons within and between naturally occurring sleep-waking 
states. 
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