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Abstract

Head direction (HD) cells, found in the rodent Papez circuit, are thought to form the neural
circuitry responsible for directional orientation. Because NMDA transmission has been implicated
in spatial tasks requiring directional orientation, we sought to determine if the NMDA antagonist
dizocilpine (MK-801) would disrupt the directional signal carried by the HD network. Anterior
thalamic HD cells were isolated in female Long-Evans rats and initially monitored for baseline
directional activity while the animals foraged in a familiar enclosure. The animals were then
administered MK-801 at a dose of .05 mg/kg or 0.1 mg/kg, or isotonic saline, and cells were re-
examined for changes in directional specificity and landmark control. While the cells showed no
changes in directional specificity and landmark control following administration of saline or the
lower dose of MK-801, the higher dose of MK-801 caused a dramatic attenuation of the
directional signal, characterized by decreases in peak firing rates, signal to noise, and directional
information content. While the greatly attenuated directional specificity of cells in the high dose
condition usually remained stable relative to the landmarks within the recording enclosure, a few
cells in this condition exhibited unstable preferred directions within and between recording
sessions. Our results are discussed relative to the possibility that the findings explain the effects of
MK-801 on the acquisition and performance of spatial tasks.
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Investigations of the neurochemical substrates of navigational behavior have indicated an
important role for the N-methyl-D-aspartate (NMDA) subtype of the glutamate receptor.
Given the widely held view of the critical role of the hippocampal formation in spatial
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memory (e.g., Jarrard, 1993; Morris, Garrud, Rawlins, & O'Keefe, 1982; Olton, Walker, &
Gage, 1978), and the likelihood that NMDA receptor-mediated plasticity may be a cellular
mechanism of memory formation in the hippocampus (e.g., Bliss & Collingridge, 1993), it is
perhaps not surprising that administration of NMDA antagonists have been shown to impair
behavior in a variety of spatial memory paradigms including the Morris water maze
(Ahlander, Misane, Schott, Ogren, 1999; Davis, Butcher, & Morris, 1992; Morris,
Anderson, Lynch, and Baudry, 1986; Morris, Steele, Bell, & Martin, 2013; Steele and
Morris, 1999), the radial arm maze (Butelman, 1989; Ward, Mason, & Abraham, 1990;
Shapiro and O'Connor, 1992), and the active allothetic place avoidance task (Stuchlik, and
Vales, 2005).

While the issue of the true mechanism by which NMDA antagonists interfere with spatial
behavior has been debated (e.g. Cain, Saucier, Hall, Hargreaves, & Boon, 1996; Keith &
Rudy, 1990), the role of the NMDA receptor in spatial memory acquisition continues to be
the subject of investigation, some of the more recent studies finding that knockout mice
lacking functional NMDA receptors in distinct subregions of the hippocampus show a
pattern of spatial deficits dependent on which hippocampal regions are affected (Bannerman
et al., 2008; Nakazawa, Sun, Quirk, Rondi-Reig, Wilson, & Tonegawa, 2003; Place et al.,
2012; Tsien, Huerta, & Tonegawa, 1996).

Another critical discovery related to our understanding of the neurophysiology of spatial
orientation is the identification of several classes of neurons that seem to encode correlates
of spatial navigation. Place cells, recorded most often in the CA regions of the hippocampus,
become active when the animal is within a particular area of an environment, the ‘place
field” of the recorded cell (O'Keefe & Dostrovsky, 1971). Head direction (HD) cells, found
in regions of the thalamus and other limbic structures, become active when the animal
orients its head in a particular direction of the horizontal plane, the ‘preferred direction’ of
the recorded cell (Sharp, Blair & Cho, 2001; Taube, 1995). Grid cells, found in the dorsal
caudal medial entorhinal cortex, discharge at multiple locations in an environment forming a
repeating grid-like pattern that could be used to encode movement trajectory (Fyhn, Molden,
Witter, Moser, & Moser, 2004; Moser & Moser, 2008). Lastly, border cells of the medial
entorhinal cortex become active when the animal approaches the walls or boundaries of the
proximal recording environment (Solstad, Boccara, Kropff, Moser, & Moser, 2008). These
four cell types respond to many of the same cues that are thought to be important for
navigation, such as environmental landmarks and signals of self-movement, and are thought
to work together to form the brain network used for navigational behavior (Derdikman &
Moser, 2010; McNaughton et al., 1996; O'Keefe & Nadel, 1978).

The present study examines the effect of NMDA blockade on the directional selective
activity of anterior thalamic HD cells. In accordance with the view that the HD cell system
plays an important role in the brain circuitry that mediates directional orientation, lesions of
select anatomical components of the HD cell circuit cause deficits in spatial navigation tasks
(Aggleton, Hunt, Nagle, and Neave, 1996; Clark, Rice, Akers, Candelaria-Cook, Taube, and
Hamilton, 2013; Van Groen, Kadish, and Wyss, 2002; Wilton, Baird, Muir, Honey, and
Aggleton, 2001) and on the directional signal carried by place cells (Calton, et al., 2003).
These findings, along with the previously described evidence that spatial behavior is also
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disrupted by NMDA antagonists brings up the possibility that the effects of NMDA
blockade on spatial navigation may be mediated at least partly by a disrupted HD system.
We sought to test this possibility by examining the basic directional-specific activity of
anterior thalamic HD cells following administration of low or high doses of the
noncompetitive NMDA antagonist dizocilpine (MK-801).

Subjects and Surgical Procedures

23 female Long-Evans rats 3-6 months of age served as subjects. The rats were singly
housed in Plexiglas cages and maintained on a 16/8 hour light/dark cycle. Following
recovery from surgery, water was available ad libitum but access to food was restricted as
necessary to maintain body weights in the range of 85-90% of free feeding weights. All care
and treatment of the animals was approved by the CSUS Institutional Animal Care and Use
Committee and adhered to the APA ethical principles of animal use.

Standard surgical procedures were used for electrode implantation. Animals were
anesthetized using a cocktail containing ketamine (30 mg/kg), xylazene (6mg/kg), and
acepromazine (1mg/kg). An incision was made in the scalp to expose the skull and holes
were drilled for the electrode and six anchor screws. The electrode was placed slightly
dorsal to the right anterior dorsal nucleus (ADN) of the thalamus based on coordinates (1.5
mm posterior to bregma, 1.4 mm lateral to bregma, 3.6 mm dorsal to the dura) provided by
Paxinos and Watson (1998). After placement of the electrode, the assembly was secured to
the skull using orthopedic cement, the wound was packed with antibiotic ointment, and the
incision was sutured closed. Animals were given a minimum of seven days of postoperative
recovery before experimental sessions began.

Recording Apparatus

During recordings animals foraged for food pellets inside a wooden cylindrical enclosure
(51 cm tall; 76 cm in diameter). The enclosure was painted gray, except for an approximate
100° arc of the inner wall that was painted white to provide a visible landmark. The
enclosure was surrounded by a black curtain extending from the ceiling to the floor to hide
visible landmarks outside of the enclosure. A white noise generator masked potential
auditory cues and four lights arranged symmetrically on the ceiling provided illumination. A
pellet dispenser mounted on the ceiling dropped food pellets (bio-serve; Frenchtown, NJ) at
random intervals to encourage foraging behavior.

A data acquisition system (Neuralynx; Bozeman, MT) was used to monitor and record
electrical signals from the brain and also to track the head position of the animal by
monitoring the position of red and blue LEDs attached to the headstage. The electrodes
consisted of a bundle of 16 25-um diameter insulated nichrome wires wrapped around the
pins of a custom connector that was potted in acrylic. The recording headstage (Neuralynx
HS-18; Bozeman, MT) was connected by a recording cable to a motorized commutator
which relayed the signal to the data acquisition system located in an adjoining room. Spikes
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on individual wires were amplified (20-50K), bandpass filtered (600-6000 Hz), and stored
for offline sorting based on spike shape using custom software.

Daily screening for HD cells involved plugging the headstage onto the animal, placing the
animal in the recording enclosure, and examining the electrical signal for direction-
dependent cellular activity indicative of an isolated HD cell. If no HD cell was present, the
electrode was lowered by 25-50 um and the animal was returned to its homecage. If a HD
cell was found the recording apparatus was prepared for data collection.

Drug Exposures

During experimental sessions, animals were administered the noncompetitive NMDA
antagonist dizocilpine (MK-801) or isotonic saline. The drug was obtained from Tocris
Bioscience (Ellisville, MO), and dissolved in isotonic saline. All injections were
administered intraperitoneally at a final injection volume of 2 ml/kg.

Experimental Procedure

Figure 1 illustrates the basic design of the experiment. Each HD cell was recorded over four
8-minute recording sessions, during which the animal foraged for food pellets inside the
recording enclosure. At the start of each session, the floor paper was changed to eliminate
olfactory cues and the rat was given disorientation treatment by slowly it in a cardboard box
for 30-60 s before placing the animal in the recording enclosure. All landmark
manipulations occurred out of the view of the animal while the animal was within the
cardboard box. In the first session (Pre-injection/Standard), the cell was recorded with the
enclosure oriented so that the white landmark on the enclosure wall was centered in the
north quadrant. Immediately following this was the Pre-injection/Rotated session, in which
the cell was recorded following a 90 deg rotation of the enclosure so that the landmark was
centered in the West quadrant. Following these baseline sessions, the animal was
immediately given disorientation treatment, moved to another room, and injected with
isotonic saline (Group Saline), MK-801 at a dose of 0.05 mg/kg (Group Low MK-801), or
MK-801 at a dose of 0.1 mg/kg (Group High MK-801). Following the injection, the animal
was returned to its homecage for 30 minutes to allow for drug absorption. When the
experiment resumed the cell was recorded with the landmark oriented in the North position
(the Post-injection/Standard session) and then again with the landmark oriented in the West
position (the Post-injection/Rotated session).

Analysis of Cellular Data

The directional specificity of recorded cells was qualitatively examined by constructing
polar plots of firing rate (FR) by HD for each session. This was accomplished by dividing
the 360° directional range into sixty 6° bins and then calculating the average firing rate of
the recorded cell during the periods in which the head of the animal was oriented within
each directional bin. In addition, cellular data from individual cells recorded in Pre-
injection/Standard and Post-injection/Standard sessions were subjected to Rayleigh tests
(Batschelet, 1981) to determine if spikes were significantly distributed in a non-random
manner relative to HD, as would be expected if the cell was directionally tuned. The critical
statistic of the Rayleigh test is the mean vector length, r, which varies between 0 and 1, with
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higher values indicating that the distribution of spike directions is clustered, i.e. distributed
in a nonrandom fashion (Batschelet, 1981). In their raw form the spike/HD distributions are
not suitable for this analysis as the test assumes that spikes have an equal chance of
occurring in each directional bin and some directional bins will always be sampled more
than others as the animal freely moves about during the recordings. To overcome this
limitation, the number of spikes occurring in each directional bin was adjusted based on
what would be expected if it had been sampled only as often as the fewest sampled bin
(Calton and Taube, 2005). These adjusted spike/directional bin values were then subjected
to Rayleigh tests using the CircStat MATLAB Toolbox for Circular Statistics (Berens,
2009).

The effects of drug injection were determined on the following basic directional
characteristics of recorded cells: peak firing rate, background firing rate, signal-to-noise, and
directional information content. The peak firing rate (FRpeak) Was the average firing rate
corresponding to the preferred direction (i.e. the directional bin with the highest average
firing rate across the session). The background firing rate (FRpgng) was the average firing
rate of the three directional bins centered at 180° opposite the preferred direction. Signal to
noise was calculated using the ratio: (FRpeak- FRbgnd) / FRpeak, Producing scores that ranged
between 0 and 1. This formula was utilized instead of the more traditional FRpeak/FRpgnd,
because several cells had very low background rates and others had background rates of zero
making the statistic fluctuate widely and impossible to calculate for some cells using the
latter formula. Directional Information Content is a measure of how many bits of HD
information is conveyed by each spike (Skaggs, McNaughton, Gothard, & Markus, 1993)
and was calculated by the following formula: X pi (/1) logs (4i/A), where p; is the
probability that the head pointed in the ith directional bin, J; is the mean firing rate for bin i,
and A is the mean firing rate across all directional bins.

The stability of the HD cell preferred directions between sessions provided an index of
whether the landmark cues in the recording environment effectively controlled the
directional specificity of the recorded cells. This analysis was performed using the cross-
correlation method described by Taube & Burton (1995). In brief, the FR by HD function of
one session was shifted in 6° increments while correlating this shifted function with the non-
shifted function from the second session. The amount of shift required to produce the
maximal Pearson r correlation between the two sessions is defined as the preferred direction
shift between the sessions. These scores were then subjected to Rayleigh tests (Batschelet,
1981) to determine if the scores were distributed randomly (as would be the case if the
preferred directions were not controlled by landmarks within the apparatus) or if the
preferred direction shifts tended to cluster in a predictable direction (as would be the case if
the preferred directions were controlled by the apparatus landmarks). Also calculated using
these preferred direction shifts was the mean vector angle, m, which estimates the mean
angle of the sample (Batschelet, 1981). To determine if the distribution of preferred
direction shifts was different across drug conditions, we utilized an F-test of the
concentration parameter of each distribution (Batschelet, 1981). This inferential test
examines if two distributions of angular scores differ in their concentration around the mean
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vector angle (Batschelet, 1981), an expected finding if NMDA blockade reduces landmark
control of the HD signal.

Analysis of Movement Behavior

Histology

Results

Two measures were used to assess changes in animal movement following drug
administrations. First, to provide an overall activity index of the animal, the recording
enclosure was divided into eight pie-slice shaped regions and the number of times each
minute the animal's head crossed between regions was computed. Second, the average
movement speed of the animal for each session was calculated by assigning each 30 Hz
video/spike record a movement speed score based on the distance the head of the animal
moved between the start and end of the 1-second time period centered on that record, and
the average of these movement speed scores was then calculated for the entire session.

At the completion of the experiments, animals were anesthetized deeply and a small anodal
current (20 pA for 20 sec) was passed through one electrode wire to conduct a Prussian blue
reaction. The animals were then perfused transcardially with saline followed by 10%
formalin in saline and the brains were removed and placed in 10% formalin for at least 48
hr. The brains were then placed in a 10% formalin solution containing 2% potassium
ferrocyanide for 24 hr and then reimmersed in 10% formalin (24 hr) before being sectioned
(40 um) in the coronal plane, stained with cresyl violet, and examined microscopically for
localization of the recording sites. All recording electrodes were localized to the ADN or
having passed through ADN.

A total of 31 HD cells were recorded from the 23 rats, with 8 cells recorded in the Saline
condition, 11 cells recorded in the Low MK-801 condition and 12 cells recorded in the High
MK-801 condition. In the case when an animal had more than one cell recorded in the study
(5 animals), each cell was recorded in separate sessions with at least 24 hours between cell
recordings. Table 1 presents the recording history of those animals from which more than
one cell was recorded.

Effects of MK-801 on Behavior

As other studies have commonly reported (e.g. Hill & Scorza, 2012; Koek, Woods, &
Winger, 1988; Murata & Kawasaki, 1993) administration of MK-801 led to an alteration of
the locomotion of the animals. In the case of the low dose, this effect appeared as a
generalized increase in activity without obvious interruption of overt foraging behavior.
Administration of the high dose of MK-801 produced a much more dramatic effect, with
animals exhibiting hyperactive, stereotyped locomotion that typically involved continuous
running along the inside perimeter of the recording cylinder. It is also notable that foraging
behavior ceased following high dose MK-801 administration. Figure 2A presents example
movement trajectories of the first two minutes of Pre-injection/Standard and Post-injection/
Standard sessions in each of the three conditions, while Figure 2B displays the effect of
injection on the overall activity index and on movement speed. Saline administration
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produced no significant effect on the activity index [t(7) = 0.501, p =.632] or on movement
speed [t(7) = 1.10, p = .308]. Administration of the low dose of MK-801 marginally
increased the activity index [t(10) = 2.21, p = .051] and significantly increased movement
speed [t(10) = 5.25, p < .001]. Lastly, administration of the high dose of MK-801
significantly increased both the activity index [t(11) = 3.40, p =.006] as well as movement
speed [t(11) = 7.72, p < .001].

Drug Effects on Basic Directional Characteristics of HD Cells

Figure 3 presents FR by HD tuning curves for three example cells in each condition. Prior to
injection, all cells appeared to exhibit directional-specific activity characterized by an
elevated firing rate over a narrow range of head directions, and this activity was controlled
by the location of the landmarks in the recording enclosure as indicated by the
corresponding change in preferred direction when the position of the landmark was shifted
between Pre-injection/Standard and Pre-injection/Rotated conditions. Following injections,
directional specificity was maintained for cells recorded in the Saline condition and was
relatively unchanged for most cells following the low dose administration of the NMDA
antagonist. In contrast, the directional-specific activity of cells was dramatically affected by
administration of the high dose of MK-801. In these cells, drug administration led to
dramatic decreases in peak FR accompanied by increases in background FR, to the extent
that the FR by HD tuning curves exhibited little evidence of directional-specific activity.
Surprisingly, despite this noticeable degradation of directional modulation after high dose
drug administration, Rayleigh analyses indicated that all cells (including those recorded in
high dose drug conditions) remained directionally tuned following drug administration,
although the index of directionality, mean vector length, was significantly lower for high
dose cells (described below).

Table 2 presents the means (+ SEMs) on the basic measures of directional specificity
calculated from the Pre-injection/Standard and Post-injection/Standard sessions of each
condition. As expected, in the case of saline cells these measures did not change markedly
following the injection, and while those in the Low MK-801 condition appeared to trend
towards a weak attenuation of directional specificity, this effect was not significant on any
of the measures. In contrast, cells recorded from animals in the High MK-801 condition
showed significantly degraded responses in nearly all of the directional measures.
Specifically, cells in the High MK-801 condition showed significant decreases in Peak FR,
Signal-to-Noise, Directional Information Content, and Mean Vector Length. In five
instances, High MK-801 cells were recorded the next day to determine if they had recovered
from the attenuation of directional activity observed after drug administration (bottom right
panel of Fig. 3). In each of these cases, the directional activity appeared to recover on the
following day.

Drug Effects on Landmark Control and Stability of the HD Signal

The ability of landmark cues to control the preferred direction of HD cells following NMDA
blockade was examined by calculating the directional shift in the FR by HD tuning curves

between sessions. Figure 4 presents polar plots of the directional shifts between sessions. As
is typical of HD cells, prior to drug administration, cells in all conditions were controlled by
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the visual landmarks in the recording enclosure. This is indicated by the finding that shifts
between Pre-injection/Standard and Pre-injection/Rotated sessions were centered on 90° for
all three conditions, the same direction and distance in which the landmarks were rotated
between those sessions.

The effect of drug administration on landmark control can be assessed by examining the
directional shifts between Pre-injection/Standard and Post-injection/Standard sessions
(Figure 4B). Because in these session comparisons the apparatus landmarks were at the
same positions between the two sessions, the directional shifts between the sessions would
be clustered around the zero position if the landmarks in the apparatus continued to
effectively control directional-specific activity following injections. As would be expected,
shifts were clustered around zero in the case of the Saline condition, and this tendency
continued for the Low MK-801 condition. In contrast, while the shifts for High MK-801
condition still seemed clustered around zero, the distribution of shifts appeared more
variable. A Rayleigh analysis of the directional shifts within each condition showed that for
all three conditions the distribution of shifts were nonrandom [mean vector lengths (r) =
0.99, 1.0, and 0.55; mean vector angles (m) = -1.5°,-3.3°, and -13.3° for Saline,
LowMK-801, and High MK-801, respectively; ps < .05]. Concentration tests performed
between Saline and each drug condition to determine if drug administration led to a change
in the amount of clustering around the central angle showed no differences between Saline
and LowMK-801 [F(7,10) = 1.87, p = .33] but significant decreases in concentration relative
to the Saline condition for High MK-801 [F(11,7) = 54.5, p < .001] condition.

Figure 4C presents polar plots of directional shifts between the Post-injection/Standard and
Post-injection/Rotated sessions for all three conditions. In this comparison, because the
landmarks in the apparatus were rotated by 90° between the two sessions we would expect
cells to show directional shifts of 90° if the HD cell remained tuned to the landmarks
following landmark rotation. As in the previous comparison, directional control by the
landmarks in the apparatus appeared normal in saline and Low MK-801 conditions and
moderately diminished in the High MK-801 condition. While Rayleigh tests indicated that
the distribution of directional shifts was nonrandom within each of the three conditions (rs
=.99, .99, and .69; ms = 84.0°, 84.0°, and 81.1° for Saline, Low MK-801, and High
MK-801, respectively), significant concentration decreases were found for High MK-801
[F(11,7) = 19.8, p < .001] relative to saline. Altogether, these measures support the
conclusion that despite the large degradation of basic directional characteristics following
high dose NMDA blockade, what remained of the directional specificity of these cells
typically continued to be controlled by the landmarks in the apparatus.

Observed Instances of Directional Instability—As described above, while in many
cases the higher dose of MK-801 produced a large degradation of basic directional
characteristics (i.e. decreases in peak firing rate accompanied by increases in background
rate) leading to the overall effect of the directional signal being “noisier”, this attenuated
directional specificity often appeared somewhat stable and controlled by the landmarks in
the recording enclosure (e.g. the predictable shifts between sessions illustrated in Figure 4).
In a few instances, however, cells from the High MK-801 condition appeared to remain
directionally sensitive but exhibited unstable preferred directions, i.e. preferred directions
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that shifted from one moment to the next, within the recording session. This effect can be
illustrated by calculating the “instantaneous preferred direction” of the cell across the
duration of the recording session (see the Figure 5 caption). Using this procedure, the
majority of cells showed degraded but stable directional tuning following administration of
high dose NMDA antagonist. An example of this pattern is shown by the plots of Figure 5A,
where in the Pre-injection session the instantaneous preferred directions were localized to a
narrow range of head directions, and following drug administration these periods of high
activity were concentrated in a wider directional range with an increase in extraneous spikes,
but the overall directional range was still relatively consistent over the course of the
recorded session. In contrast, the panels of Figure 5B were produced from a cell that seemed
to show directional dependency but an unstable preferred direction following administration
of the high dose of MK-801. The activity of this cell following drug administration seemed
constrained to isolated bursts that show a gradual shift in head direction within the session.
When the time scale is expanded to better reveal the burst activity and head direction traces
are added (third panel of Figure 5B) it becomes apparent that the burst activity is gradually
shifting in a counterclockwise direction as the animal moved about the enclosure. This
evidence of unstable preferred directions following drug administration was found in three
High MK-801 cells (27%). None of the saline or Low MK-801 cells exhibited this pattern of
activity. This effect was somewhat but not entirely animal specific, as one rat (KS24)
showed the effect in both of its two recorded cells, but the other cell was recorded from a rat
(BL3) that also had several cells that did not show the effect. It is also notable that this latter
cell (BL3.cell2) is responsible for producing each of the largest outliers in the preferred
direction shifts shown in Figures 4B and 4C. To assess whether these unstable cells were
largely responsible for the observed degraded basic directional characteristics of the High
MK-801 condition, we reanalyzed the basic tuning characteristics after omitting these three
cells, and the tuning characteristics remained significantly degraded (all ps < .05),
supporting the notion that this is an additional effect beyond that observed in the majority of
cells and is not statistically responsible for the overall impairment of the HD system in the
high dose condition.

Relationship of movement speed with impaired directional signal—As
mentioned previously, the animals in the High MK-801 condition became quite hyperactive
following drug administration, exhibiting dramatic increases in the overall activity index as
well as average running speed. This behavioral change may be important because the
instantaneous movement characteristics of the animal, including angular head velocity, and
movement speed have been shown to affect the activity of HD cells (Blair & Sharp, 1995;
Taube, 1995). To assess whether this movement effect might account for the impaired
directional signal following high dose drug administration, the previously described analysis
of HD cell basic directional characteristics was repeated in High MK-801 cells after
matching pre- and post-injection cellular data on movement speed. To accomplish this, the
video/spike records of each session was rank ordered on movement speed from slowest to
fastest and then the slowest pre-injection samples and fastest post-injection samples were
eliminated in equal numbers until the average movement speed was equivalent between the
two sessions. Figure 6 shows tuning curves from several example cells before and after this
data transformation, illustrating that there appeared to be only modest effects of this
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transformation on the overall directional specific activity of recorded cells. Following this
matching on movement speed, High MK-801 cells continued to show drug-induced
degradation of most directional measures including DIC [Pre-injection mean = 1.15 + .18
bits, Post-injection mean = 0.27 + .13; t(10) = 7.76 bits, p < .001] Peak FR [Pre-injection
mean = 88.5 + 6.4 Hz, Post-injection mean = 45.4 + 10.5 Hz; t(10) = 4.09, p = .002], Signal
to Noise [Pre-injection mean = 0.94 +.02, Post-injection mean = 0.60 + .06; t(10) = 5.65, p
<.001], and mean vector length [Pre-injection mean = 0.71 + .06, Post-injection mean =
0.20 +.05; t(10) = 10.1, p < .001], despite the fact that the procedure eliminated the
differences in running speed [Pre-injection mean = 92.5 + 11.9 mm/sec, Post-injection mean
=92.5 + 11.8 mm/sec; t(11) = 0.2, p > .05], as well as crossings [Pre-injection mean = 16.1
* 4.2 crossings/min, Post-injection mean = 11.3 + 2.1 crossings/min; t(10) = 1.20, p > .05].
In summary, this additional analysis provides evidence that our observed impairment of the
HD system following high dose drug administration was not simply an artifact of the drug-
induced movement alteration.

Discussion

The present study is the first published finding of the effects of NMDA blockade on the HD
system. We found that systemic application of the noncompetitive NMDA antagonist
MK-801 produced dose-dependent effects on most directional characteristics of anterior
thalamic HD cells. The lower dose of MK-801 produced no significant effects on the basic
directional-specific activity of these cells and also did not affect the stability of the
directional signal relative to the landmarks in the recording enclosure. One potential
limitation of this lack of drug effect observed in the low dose condition is the relatively
small sample size. It is possible that with a larger sample the relative modest effects
observed in the low dose condition would have been significant.

In contrast, the higher dose affected nearly all aspects of the directional signal, including
peak firing rates, signal to noise ratio, directional information content, and mean vector
length. Despite the dramatic weakening of the directional signal following high dose NMDA
blockade, the attenuated directional signal of HD cells was still somewhat controlled by the
landmarks in the apparatus in most cells. In a minority of cells, however, high dose NMDA
blockade seemed to lead to unstable directional specific activity with preferred directions
gradually drifting from one preferred direction to another within recording sessions. The
qualitative difference between this latter effect and the others is considerable, as the other
effects of NMDA antagonism could be interpreted as the directional signal simply becoming
“noisier” thereby affecting the overall strength of the signal but not necessarily the stability
of the spatial representation imbedded within the signal. The finding that NMDA blockade
leads to unstable directional signals in the HD system would likely be a much more
disruptive effect on any behavioral processes supported by this system.

Motor Disruption as a Potential Mechanism for the Observed Effects

It is a common observation that animals receiving systemic administration of MK-801
exhibit abnormal locomotor behavior characterized by hyperactivity, ataxia, and behavioral
disorganization (e.g., Hill & Scorza, 2012; Koek, et al., 1988; Murata & Kawasaki, 1993). In
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fact, the motor effects of MK-801 are so disruptive at the higher ends of the dosing spectrum
that some researchers have concluded that it is not possible to dissociate the potential
cognitive effects of this drug from the motor disturbances in the case of certain tasks such as
the Morris Water Maze (e.g., Ahlander, Misane, Schott, & Ogren, 1999). While it is clear
that gross motor impairment and behavioral disorganization can interfere with the physical
performance of a spatial task such as a water maze, it is less obvious that this behavioral
disruption in-of-itself would necessarily impact the directional signal carried by the HD
system, especially considering the relatively simple foraging task utilized in the present
study. On the other hand, some studies have found evidence that the movement state of the
animal can affect the HD system. In their efforts to assess the relative contributions between
vestibular, motor, and proprioceptive cues in the generation and maintenance of the HD
signal, a number of researchers have performed recordings during restraint and/or passive
rotation of the animal through different head directions. The commonly reported effects of
these treatments are decreases in the preferred firing rate by 20-50%, without changes in the
preferred directions of recorded cells (Bassett, Zugaro, Muir, Golob, Muller, & Taube, 2005;
Taube, 1995; Zugaro, Tabuchi, Fouquier, Berthoz, & Wiener, 2001).

While we do not completely discount the effects of locomotor impairment on our findings,
we think it unlikely that this effect can account for a majority of our effects for several
reasons. First, the studies described above relating the HD signal to the movement state of
the animal found these attenuating effects using restraint and/or slow passive rotation of the
animal during recordings. In addition to the potential inhibition of proprioceptive, motor,
and efferent copy signals produced by restraint, slow passive movements of the animal will
reduce the overall sampling of head directions, likely leading to a distorted tuning function
given that the function is calculated from the average firing rate at each different head
direction. In contrast, our high dose drug effects were accompanied by behavioral
hyperactivity and, if anything, our animals overly sampled the full directional range
compared to controls. In addition, our observed attenuation of the HD signal (a reduction in
peak FR of greater than 50% and a reduction in DIC of greater than 80%) appeared larger
than those found in restraint/passive movement studies, and our occasional finding of
preferred directions shifting within sessions was never reported by these other studies. Also,
the disruptive effects of restraint/passive rotation on the HD system are not a universal
finding, as a more recent study by Shinder and Taube (2011) utilizing a surgically implanted
device for securing the animal's head to a turntable and additional restraints to produce more
complete immobilization than any previous study found very little effects of this treatment
on the directional signal of HD cells. Finally, even after matching pre-injection and high
dose behavioral epochs on running speed we continued to find a dramatic attenuation of the
directional signal following administration of the high dose, providing evidence that the
attenuation was not simply an artifact of the enhanced movement speed during drugged
sessions. In sum, while it is true that our effects of NMDA blockade on the HD system
cannot be completely dissociated from the locomotor effects (a problem shared by many
other published studies of MK-801 on spatial cognition) several reasons suggest that our
effects cannot be largely explained by movement disruption.
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Present Findings Relative to Reports of MK-801 Induced Spatial Impairment

Over the past several decades a number of studies have found spatial deficits in rats
following administration of MK-801. Table 3 provides an overview of many of these
studies. Given these deficits, and the common view that the HD cell network contributes to
the neural circuitry used for spatial navigation, the next logical question is whether our
findings have identified a potential mechanism by which MK-801 causes spatial deficits. In
support of this possibility, as presented in Table 3 many behavioral studies report spatial
deficits following administration of MK801 at doses equal or greater than the dose at which
our effects on the HD system were apparent (e.g., Butelman, 1989; Ward et al., 1990; Uekita
& Okaichi, 2005). Even more convincing, some studies testing multiple doses of MK-801
have found spatial deficits at our high dose 0.1 mg/kg but no or reduced effects at our
ineffective dose of .05 mg/kg (Filliat & Blanchet, 1995; Van der Staay et al., 2011;Whishaw
& Auer, 1989). On the other hand, a few studies do report spatial impairment at our
ineffective dose of .05 mg/kg (Robinson et al., 1989; Whishaw and Auer, 1989), suggesting
that an attenuated HD system was not necessary to produce spatial impairment in these
studies.

One possible explanation for these occasional findings of impaired spatial behavior in the
seemingly absence of HD system impairment is that there is a qualitative difference in the
nature of the HD system impairment by low and high doses of NMDA antagonists. Whereas
higher doses of the drug produce overt degradation of the basic directional signal carried by
the HD system as shown in our study, lower doses may leave the directional signal intact but
instead impair the consolidation of directional information necessary to learn a spatial
relationship in a navigational task. This possibility is supported by findings that while higher
doses of NMDA antagonists may impair both acquisition and performance of spatial tasks,
lower doses may impair acquisition but spare previously acquired performance (Robinson et
al., 1989; Shapiro & Caramanos, 1990; Whishaw & Auer, 1989). In addition, this pattern of
disruption is consistent with the findings of Kentros, Hargreaves, Hawkins, Kandel, Shapiro,
& Muller (1998) that NMDA blockade led to place cells showing impairment in the
experience-dependent consolidation of a new environment without greatly altering the basic
spatial characteristics of the place cells in a familiar environment. As in the case of place
cells, the directional signal carried by the HD system also shows consolidation in new
environments (Dudchenko and Zinyuk, 2005) and so it would be interesting to determine if
this plasticity can be altered by NMDA antagonists. The finding that spatial learning is most
impaired by NMDA blockade when the training occurs in an unfamiliar environment
(Caramanos & Shapiro, 1994; Uekita & Okaichi, 2005) is consistent with the possibility that
the acquisition of a spatial task is dependent on the consolidation of the environment into the
neural circuitry supporting spatial behavior.
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Figure 1.
Overview of experimental procedure.
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sessions for each of the three conditions.
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FR by HD tuning curves in the form of polar plots for three example cells from each
condition. The bottom right panel shows the typical recovery of drug induced attenuation of
directional specificity observed during recordings performed the next day. Cells were
selected for display based on the amount of Post-Injection attenuation of the DIC measure
shown in the session, with the first cell in each condition showing the typical DIC
attenuation of that condition, the second cell showing the magnitude of attenuation typical of
the lowest quartile of cells, and the third cell showing an effect typical of the largest quartile
in the condition. The values shown at the bottom of each panel indicate DIC, Peak FR, and
Background FR for that session.
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Figure 4.
Scatter diagrams showing the amount of angular shift of FR by HD functions between

sessions for each recorded cell. A. Amount of angular shift observed in Pre-injection/
Rotated sessions relative to Pre-injection/Standard sessions. B. Amount of angular shift
observed in Post-injection/Standard sessions relative to Pre-injection/Standard sessions. C.
Amount of angular shift observed in Post-injection/Rotated sessions relative to Post-
injection/Standard sessions. The arrow on each plot denotes the observed mean vector angle
(m) of the shifts of each condition. The length of the arrow denotes the mean vector length
(r), with a length of 1.0 (no variability in shift scores) represented by a vector spanning the
radius of the plot. The letters inside shift indicators denote cells recorded from the same
animals. Angular shift data from three Pre-injection/Rotated Low MK-801 cells and one
Post-injection/Rotated Low MK-801 cell was not available due to equipment problems
during data collection.
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360 .
300
240
180
120

HD by Time scatterplots of instantaneous preferred directions. Instantaneous preferred
directions (scatter points) were defined as the HDs during which the smoothed firing rate of
the cell reached at least three standard deviations above the mean firing rate of the session.
A. Scatterplots from a cell that showed attenuated directional specificity but did not show
unstable preferred directions within the High MK-801 drug session. B. Scatterplots from a
cell that showed a slow drift in preferred direction during the High MK-801 session. The
third panel in each row shows data on an expanded time scale with HD (blue traces) added.
Panel insets show polar plots of FR by HD functions of each cell for the session.
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Original Data
Pre-injection/Standard  Post-injection/Standard
90° 90°
KS24.cell2
180 0° 180 0°
80Hz
24 mm/sec 133 mm/sec
270° 270°

Pre-injecton/Standard  Post-injection/Standard

0° 90°
GR103.cell1
180 0° 180 0°
100 Hz
63 mm/sec 195 mm/sec
270° 270°
Figure 6.
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Matched on Speed

Pre-injection/Standard  Post-injection/Standar«

90° 90°
180% 0° 180 0°
61 mm/sec 61 mnvsec
270° 270°

Pre-injection/Standard  Post-injection/Standar«

90° 90°
180 0° 180 0°
115 mm/sec 114 mm/sec
270° 270°

Example HD by FR tuning curves from High MK-801 sessions before and after matching
Pre- and Post- injection sessions on average movement speed. Inset shows average

movement speed for that session.
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Table 1
History of animals with multiple cell recordings
Rat Fig. 4 Code Condition
BL3 A High MK-801, High MK-801, High MK-801, Saline
BL6 B High MK-801, Saline
BL7 C High MK-801, High MK-801
GR13 D Low MK-801, Low MK-801, Low MK-801
KS24 E High MK-801, High MK-801

Note: The remaining unlisted animals (n = 18) had only a single cell recorded.
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Table 2
Effect of Injection on Basic Directional Characteristics of HD Cells

Saline Pre-injection  Post-injection  Pre vs. Post

Peak FR 575(+4.4) 543 (x4.4) t(7) = 0.93, p = .386
Background FR 3.7 (x.77) 4.5 (x£.93) t(7) = 1.11, p=.302
Signal-to-Noise 0.927 (+.02) 0.909 (+.023) t(7)=1.23,p=.259
Directional IC 0.675 (+.09) 0.735(+.42)  t(7)=0.86, p=.417
Mean Vector Length  0.604 (+.05) 0.594 (+.061) t(7)=0.29, p=.776
Low MK-801 Pre-injection  Post-injection  Pre vs. Post

Peak FR 87.9(+16.0) 81.1(x11.0)  t(10)=0.84, p=.421
Background FR 4.7 (£1.1) 11.0 (£ 3.6) t(10) = 1.81, p=.100
Signal-to-Noise 0.921 (+.02) 0.858(+.04)  t(10)=1.69, p=.122
Directional IC 0.935 (+.21) 0.768 (+.22)  t(10) = 1.49, p=.167
Mean Vector Length  0.632 (+.06) 0.557 (+.07) t(10) = 1.34, p=.209
High MK-801 Pre-injection  Post-injection  Pre vs. Post

Peak FR 779(+43) 37.7(x9.4) t(11) = 4.54, p < .001
Background FR 46 (x1.3) 19.7 (£ 7.5) t(11) = 2.01, p=.069
Signal-to-Noise 0.937 (£.02) 0.501 (+.07) t(11) = 6.50, p<.001
Directional IC 1.10 (+.18)  0.147 (+.09)  t(11) =6.45, p<.001
Mean Vector Length  0.664 (+ .05) 0.172 (£ .05) t(11) =7.97, p<.001

Note: Values are means (+ 1 SEM). Pre vs Post comparisons via a paired two-tailed t-test.
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