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Spatial Selectivity of Rat Hippocampal Neurons: 
Dependence on Preparedness for Movement 

observe the environment by head movement 
and exploratory myostatial sniffing, while 
inhibiting attempts at displacement move- 
ments. Single units were isolated and re- 
corded with "stereotrodes" (10) mounted in 
miniature manipulators. The manipulators 
were permanently implanted over the CAl 
region of the hippocampus in rats under 
pentobarbital anesthesia. Several weeks after 
surgery, well-differentiated units were iden- 
tified as CS or theta cells according to 
established criteria. In unrestrained, or free, 
rats the discharge specificity of the cells was 
repeatedly tested by manually transporting 
the animal alternately to an identified place 
field for 5 s, then to a neutral location for 5 s 
(11) (Fig. 1). The short interval between 
each transportation ensured that animals 
maintained an alert behavioral state. In some 
cases animals were left in one location long 

The mammalian hippocampal formation appears to play a major role in the generation enough for us to examine unit activity dur- 
of internal representations of spatial relationships. In rats, this role is reflected in the ing the large amplitude, irregular EEG activ- 
spatially selective discharge of hippocampal pyramidal cells. The principal metric for ity (LIA) (voluntary prolonged imrnobil- 
coding spatial relationships might be the organism's own movements in space, that is, ity), which replaces the theta state after 
the spatial relationship between two locations is coded in terms of the movements cessation of orienting or translational behav- 
exekted in getting from one to the other. Thus, information from the motor iors (12). Animals &re then restrained and 
programming systems (or "motor set") may contribute to coding of spatial location by cells were again tested for place specificity 
hippocampal neurons. Spatially selective discharge of hippocampal neurons was and relation to EEG (Fig. 1). A recovery 
abolished under conditions of restraint in which the animal had learned that locomo- session was included to ensure the recording " 
tion was impossible. Therefore, hippocampal neuronal activity may reflect the associa- integrity. Behavior during the free, restraint, 
tion of movements with their spatial consequences. and recovery conditions was very similar in 

that animals engaged in head movements 

I N RATS, THE HIPPOCAMPAL FORMA- that is, movements that carry the animal and myostatial sniffing. During free and 
tion plays a major role in the encoding from one place to another (7). Furthermore, recovery conditions animals also extended 
of spatial memory (1). Specifically, hip- the responsiveness of CS cells to spatial their limbs in anticipation of contact with 

pocampal pyramidal cells recorded in freely location is modulated by the velocity and the tabletop and made small shifts of pos- 
moving rats display both selectivity and direction of movement ( 8 ) ,  indicating a ture. However, they were not actually loco- 
memory for spatial location (2). In contrast, possible influence of "motor set" (9). moting during the 5-s sampling epochs. 
studies with restrained rabbits and ~rimates We investigated the possible role of mo- Of 66 units recorded. 12 were classified as " 
emphasize hippocampd cellular involve- tor set for location-specific discharge activity theta cells. The remaining 54 were identified 
ment in associative learning (3) ,  suggesting in freely moving and restrained rats. Four as CS cells, of which 38 (70%) exhibited 
that neuron activity is related to learned animals were trained to tolerate restraint, place specificity in the experimental environ- 
stimulus-response contingencies (4). There which was implemented by snugly wrapping ment. Thirty-one of these cells could be 
is little sign of place-specific neuronal activa- the body and limbs in a towel fastened with monitored during the conditions of free, 
tion in such studies. However, the same cells clips. This procedure allowed the animal to restraint, and recovery. There was an almost 
that develop representations of conditioned 
responses also engage in spatial coding in 
extended environments (5 ) ,  suggesting that 
the two types of activity may reflect process- 
ing of fundamentally similar kinds of infor- 
mation. 

Two hippocampal cell types, complex 
spike (CS) and theta cells, can be identified 
electrophysiologically as pyramidal cells and 
interneurons, respectively (6). In the freely 
moving rat, both CS ahd theta cells dis- 
charge in phase with the rhythmic (theta) 
electroencephalogram (EEG) that accompa- 
nies orienting or translational movements, 
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Fig. 1. Time histograms of two -5.0 o 5.0 -5.0 o 5.0 
simultaneously recorded CS cells 2 Time (s) Time (s) 

Loc. 1 Loc. 2 L0c. 1 LOC. 2 
(cell 1 and cell 2) from one animal ,? 
as it was manually transported from 1 C e  i C ~ I I  2 
the place field of one cell (Loc. 1) 5 Restrant , Restraint 

~ n t o  the place field of the other cell 4 

(Loc. 2) durlng the free (top pan I I 
4 

els) and restraint (lower panels) 
condtlons, each place field thus 
served as a neutral locatlon for the 
other place field (1 1). Spatldy se- 5 o o 50 -50 o 5 o 
lective firlng was abolished under Time (s) TI me (s) 
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complete suppression of CS cell place speci- 
ficity during restraint, compared to free and 
recovery conditions [F(2,30) = 55.35, P < 
0.00011 (Fig. 2A). There was also an overall 
decrease in the discharge rate of CS [F  
(2,30) = 22.85, P < 0.0011 and theta cells 
during restraint [F(2,11) = 14.18, P < 
0.0051. The decrease in mean firing rate for 
CS ceis was due almost entirely to &creased 
discharge in the previously determined place 
field [F(2,30) = 31.64, P < 0.00011. No 
cell was observed to increase its firing rate 
during restraint. Although discharge activity 
in the place field was not significantly differ- 
ent from the neutral location in the re- 
strained state (Fig. 2B), there was a small, 
but significant correlation between the 
specificity scores in the two states, indicat- 
ing a very slight residual specificity. Place 
specificity scores for 12 CS units examined 
during LIA were slightly reduced, compared 

Fig. 3. (A) Mean place 
specificity scores (1 1) 
and (B) mean EEG 
power ratio scores for 12 
CS cells recorded from 
the CA1 region of the 
hippocampus during the 
three behavioral condi- 
tions of free, restraint, 
and LIA. EEG scores 
were computed as the ra- 
tio of total s~ectral DOW- 

Flg. 2. (A) Mean place specificity scores (11) for 
CS cells in the four behavioral conditions: free, 
restraint, recovery, and LIA. Numbers in bars 
represent units per treatment condition. There is a 
loss in specificity as a result of restraint and a 
slight decrease during LIA. (B) Mean discharge 
rate for 12 cells as animals were manually moved 
into the previously determined place field (open 
bars) or neutral location (solid bars) under the 
four behavioral conditions. The loss of specificity 
during restraint is entirely due to decreased dis- 
charge in the place field. Bars, mean + SEM; 
asterisks, significant difference (P < 0.05) be- 
tween place field and neutral location. 

to free and recovery conditions, confirming 
an earlier report (13) (Fig. 2A). 

The hippocampal EEG under the differ- 
ent conditions exhibited a restraint-induced 
decrease in spectral power for type I (move- 
ment) theta (at about 7 to 10 Hz) and 
increased power at lower frequencies (1  to 4 
Hz) (Fig. 3C). Furthermore, type I1 (senso- 
ry) theta (about 6 Hz) (12) was not elimi- 
nated during the restraint condition, sug- 
gesting that the reduction in specificity was 
not due to inattention to environmental 
stimuli. Elimination of this sensory theta by 
atropine (25 to 50 mgikg) had no discern- 
able effect on place specificity in either the 
free or restraint conditions. Thus, there was 
a dissociation between reduction of theta 
power and loss of place specificity (Fig. 3, A 
and B). 

Our results indicate that motor set makes 
a major contribution to spatially selective 
activity in CA1 cells. This contribution may 
be simply a gating mechanism. Alternative- 
ly, information about actual movements or 
possible movements may play a more hnda- 
mental role in the representation of spatial 

Restraint 
a LIA 

Free 
]L Restraint h LIA 

er in the 6- to 9- the- 
ta) band divided by that 
for the 1- to 4-Hz (LIA) P 

band. (C) Typical power 2 0.5 .- - 
spectra recorded in the - 
CA1 region of the hip- ' '0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 
pocampus for one ani- EEG frequency (Hz) 
mal during the three be- 
havioral conditions. Manually transporting the unrestrained (free) animals into and out of the place 
field was associated with high unit place specificity, intense EEG activity in the theta band, and lower 
power in the LIA band. Under restraint, the same manipulation was associated with an abolition of 
place specificity and only a moderate reduction in the EEG ratio (due to both a reduction of the higher 
frequency theta components and an increase in the LIA band). Under LIA the EEG power ratio was 
lowest, but there was only a partial reduction in place specificity. Thus, the loss of place specificity is not 
accounted for by the change in EEG state. Bars, mean + SEM. 

location. The persistence of head movement 
and exploratory sniffing in addition to type 
I1 (sensory) theta EEG activity recorded 
during restraint indicates that the animals 
were attending to environmental cues and 
also that such activity is not responsible for 
place-specific discharge. Although the loss 
of spatial firing was accompanied by a re- 
duction of type I (movement-related) theta 
activity, the latter effect must be coincidental , , 
rather than causal, because inactivation of 
the medial septa1 projection to the hippo- 
campus by local anesthesia completely abol- 
ishes both types of theta activity, with no 
effect on CA1 place selectivity in freely 
moving animals (1 4). When free, animals 
could have moved, but thev rarelv did so 
apart from limb extension and some head 
and sniffing movements that were common 
to all conditions. 

We thus favor the hypothesis that infor- 
mation on the preparedness for movement 
must be an intrinsic component of the infor- 
mation projected to the hippocampus by 
way of its cortical afferents, and this infor- 
mation on ~ re~a redness  must do more than 

I I 

simply gate hippocampal output. The data 
are consistent with two related hypotheses 
concerning the role of hippocampal activity 
in spatial representation: a proposal that the 
spatial role of the hippocampus may be 
primarily that of learning about spatially 
directed movements (15) and a proposal that 
spatial representation involves the formation 
of conditional associations between repre- 
sentations of movements and representa- 
tions of locations (16). In additidn. other 

\ f 

investigators (1 7) found that stimulus- 
evoked unit activity in human hippocampus 
is decreased if subjects are instructed not to 
respond to the stimuli. Finally, the depen- 
dence of location-specific discharge on the 
animal's perceived ability to engage in 
movements through space may partly ac- 
count for the relatively small number of 
spatially selective neurons recorded from 
hippoc&npus in primates and rabbits under 
conditions of restricted translational move- 
ment (4). 
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Activation of Salivary Secretion: Coupling of Cell 
Volume and [Ca2+Ii in Single Cells 

High-resolution differential interference contrast microscopy and digital imaging of 
the fluorescent calcium indicator dye fura-2 were performed simultaneously in single 
rat salivary gland acinar cells to examine the effects of muscarinic stimulation on cell 
volume and cytoplasmic calcium concentration ([Ca2+li). Agonist stimulation of fluid 
secretion is initially associated with a rapid tenfold increase in [Ca2+li as well as a 
substantial cell shrinkage. Subsequent changes of cell volume in the continued presence 
of agonist are tightly coupled to dynamic levels of [Ca2+Ii, even during [Ca2+]i 
oscillations. Experiments with ca2+ chelators and ionophores showed that physiologi- 
cal elevations of [Ca2+Ii are necessary and sufficient to cause changes in cell volume. 
The relation between [Ca2+Ii and cell volume suggests that the latter reflects the 
secretory state of the acinar cell. Agonist-induced changes in [Ca2+Ii, by modulating 
specific ion permeabilities, result in solute movement into or out of the cell. The 
resultant cell volume changes may be important in modulating salivary secretion. 

S ALIVARY FLUID SECRETION IS NOR- 

mally initiated by reflex parasympa- 
thetic stimulation of the acinar cells 

(1). Intracellular Ca2+ (ca2+i) is believed to 
be the primary regulator of salivary fluid 
secretion (1, 2). Elevation of [Ca2+]i is 
thought to stimulate secretion by activating 
ion permeabilities. Specific Ca2+-sensitive 
K+ channels (3) and C1- currents (4) have 
been identified by patch-clamp techniques 
in plasma membranes from salivary gland 
acinar cells. The early phase of stimulation is 
associated with large net movements of C1- 
(5-7) and K+ (8) out of acinar cells. Osmot- 
ic consequences of such ion fluxes would 
have important implications because cell wa- 
ter content affects ion activities, thereby 
influencing the driving forces for secretion, 
and rapid alterations of cell size may modu- 

late specific ion channel activities via cell 
volume-sensing mechanisms (9) .  By simulta- 
neous optical determinations of cell volume 
and [ca2+li during stimulation of single 
salivary gland acinar cells, we show that 
stimulus-secretion coupling in these cells is 
associated with rapid changes in cell volume, 
which appear to reflect the secretory state of 
the cell; the volume changes are shown to be 
caused by and tightly coupled to dynamic 
changes in [Ca2+],. 

Carbachol (10 k M )  caused a rapid rise of 
[Ca2+Ii, as well as a substantial cell shrink- 
age (Fig. 1). [ca2+li rose from a resting 
level of 59 + 4 nM (n = 62) to 474 * 50 
nM (n = 31) within 3 s. Shrinkage was first 
detected close to the time that [Ca2+]i 
reached peaked levels (Fig. 1A). Even 
though the [Ca2+li increase usually began to 

subside during the next 15 to 30 s, the cells 
continued toshrink, reaching a minimum 
volume at 10 to 30 s after the initial rise of 
[ca2+li. Maximum volume loss was 
15% + 1% in = 25'). 

After the initial spike, the response of 
[ca2+li to the continued presence of carba- 
chol varied among cells. Generally, [Ca2+li 
remained considerably higher than resting 
levels for as long as the agonist was present 
(Fig. 1, B and C). Removal of carbachol - " 
caused [ca2+]i to 'return rapidly to resting 
levels (Fig. 1, B and C). In some cells, 
[Ca2+li returned close to resting levels with- 

>. " 
in 5 min in the continued presence of car- 
bachol (Fig. 1D). Despite this variability 
among cells in the l e d  and kinetics of 
the sustained phase of the [Ca2+li response, 
cell volume was correlated with [Ca2+li 
in all cases. Thus, sustained elevated [Ca2+1; 

> - 

was associated with sustained shrinkage 
(Fig. 1B); [Ca2+Ii relaxation to intermediate 
levels was associated with the recovery of 
cell volume to intermediate levels (Fig. 1 C), 
and transiently elevated [ca2+li  was associ- 
ated with sh;inkage followed by volume 
recovery (Fig. ID).  

Secretagogues raise [Ca2+li by mobilizing 
ca2+ from intracellular stores (lo), possibly 
the endoplasmic reticulum (11) associated 
with the basolateral membrane (IZ), as well 
as by enhancing plasma membrane Ca2+ 
permeability (10). the presence of agonist 
and extracellular Ca2+ (Ca2+,), Ca2+ entry 
resulted in a sustained elevation of [Ca2+]i 
in most of the acinar cells examined (Fig. 1, 
B and C). In the absence of Ca2+,, stimula- 
tion was associated with a peak [Ca2+Ii 
(712 t 115 nA4), which was comparable 
(P = 0.4) to that observed for cells stimulat- 
ed in Ca2+-containing medium. However 
[Ca2+li generally returned to resting levels 
within 3 min as intracellular stores became 
depleted (Fig. 2A). Associated with the 
[Ca2+li spike was a rapid cell shrinkage 
(volume loss, 15% * 1%) indistinguishable 
from that observed in ca2+-containing me- 
dium. In cells stimulated in the absence of 
ca2+,, however, the shrinkage was tran- 
sient, and the cells recovered their volumes 
with a time course that was comparable with 
the recovery of [ca2+li  (Fig. 2A). These 
data indicate that mobilization of [ca2+]i 
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