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Abstract

Activation of prefrontal cortical (PFC), striatal, and hippocampal dopamine 1-class receptors (D1R
and D5R) is necessary for normal spatial information processing. Yet the precise role of the D1R
versus the D5R in the aforementioned structures, and their specific contribution to the water-maze
spatial learning task remains unknown. D1R- and D5R- specific in situ hybridization probes
showed that forebrain restricted D1R and D5R KO mice (F-D1R/D5R KO) displayed D1IR mRNA
deletion in the medial (m)PFC, dorsal and ventral striatum, and the dentate gyrus (DG) of the
hippocampus. DSR mRNA deletion was limited to the mPFC, the CA1 and DG hippocampal
subregions. F-D1R/D5R KO mice were given water-maze training and displayed subtle spatial
latency differences between genotypes and spatial memory deficits during both regular and
reversal training. To differentiate forebrain D1R from D5R activation, forebrain restricted D1R KO
(F-D1R KO) and D5R KO (F-D5R KO) mice were trained on the water-maze task. F-D1R KO
animals exhibited escape latency deficits throughout regular and reversal training as well as spatial
memory deficits during reversal training. F-D1R KO mice also showed perseverative behavior
during the reversal spatial memory probe test. In contrast, F-D5R KO animals did not present
observable deficits on the water-maze task. Because F-D1R KO mice showed water-maze deficits
we tested the necessity of hippocampal D1R activation for spatial learning and memory. We
trained DG restricted D1R KO (DG-D1R KO) mice on the water-maze task. DG-D1R KO mice
did not present detectable spatial memory deficit, but did show subtle deficits during specific days
of training. Our data provides evidence that forebrain D5R activation plays a unique role in spatial
learning and memory in conjunction with D1R activation. Moreover, these data suggest that mPFC
and striatal, but not DG D1R activation are essential for spatial learning and memory.
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Introduction

The water-maze task is a spatial learning and memory paradigm whereby an animal
randomly swims to find a hidden escape platform. Successful water-maze spatial learning
requires the hippocampus (Morris et al., 1982). The hippocampus is hypothesized to form an
allocentric representation of location whereby external cues provide spatial information
regarding position of an escape platform (Eichenbaum et al., 1990; Nakazawa et al., 2002).
Relatedly, the dorsal striatum and ventral striatum contribute to spatial processing of early
water-maze learning (Annett et al., 1989; Groenewegen et al., 1987; Lee et al., 2014;
Woolley et al., 2013). Moreover, the PFC is necessary for water-maze reversal training,
which requires extinguishing previous spatial associations and updating newly acquired
information into pre-existing spatial schemas (Bartlett, 1932; Lacroix et al., 2002; Piaget,
1926). The hippocampus is also required for updating spatial schemas (Bethus et al., 2010;
Dragoi and Tonegawa, 2013; McKenzie et al., 2013; Tse et al., 2007). Although the brain
structures required for processing spatial information are well known, the mechanisms
underlying spatial learning and memory in these structures remain unclear.

Dopamine 1- and 5-receptor (D1R and D5R) activation is linked to spatial learning and
memory processing (Bethus et al., 2010; O’Carroll et al., 2006; Sawaguchi and Goldman-
Rakic, 1991; Silva et al., 2012). Constitutive deletion of the D1R significantly impairs
regular and reversal learning on the water-maze task (EI-Ghundi et al., 1999; Granado et al.,
2008; Holmes et al., 2001; Karasinska et al., 2000; Smith et al., 1998). However, constitutive
D5R deletion has not shown deficits in water-maze spatial learning and memory (Holmes et
al., 2001). Direct injection of D1R/D5R antagonists into the hippocampus impairs regular
and reversal water-maze learning, while injection into the striatum impairs water-maze
spatial learning and memory (Mele et al., 2004; Silva et al., 2012). However, constitutive KO
and pharmacological studies cannot differentiate the specific contribution of region-specific
D1R and D5R activation in spatial learning and memory. Constitutive D1R deletion is not
region specific, while D1R/D5R antagonists cannot discriminate between D1Rs and D5Rs
(Missale et al., 1998). Moreover, the D1R and D5R receptor are functionally distinct (Lee et
al., 2002; Liu et al., 2000; Sarifiana et al., 2014). Thus, constitutive KO and pharmacological
techniques are unable to differentiate the functional role of subregion-specific PFC, striatal,
and hippocampal D1Rs and D5Rs in spatial learning and memory.

In this study, we overcome the aforementioned limitations of pharmacological and
constitutive KO studies by utilizing region-specific D1IR/D5R KO, D1R KO, and D5R KO
mice. We found that deletion of both forebrain D1Rs and D5Rs resulted in spatial learning
and memory deficits. When comparing single forebrain D1R deletion from forebrain D5R
deletion, D1R deletion produced spatial learning and memory deficits while forebrain D5R
deletion did not. Given the deficits in forebrain D1R, but not D5R, KO animals we tested the
necessity of hippocampal D1Rs in spatial learning and memory. Dentate gyrus (DG) D1R
deletion resulted in subtle latency deficits but no statistical differences were found on spatial
memory performance. Although forebrain D5R deletion did not impact spatial learning and
memory, the double D1R and D5R KO animals showed qualitative phenotypic differences
when compared to forebrain D1R KO mice. Thus, D5R activation in conjunction with D1R
activation play a vital role in spatial information processing. In using our subregion specific
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KO mice, we further the understanding of D1R and D5R function in spatial learning and
memory.

Materials and Methods

Animals

All experiments were carried out on homozygous flx D1R, D5R, or D1R/D5R male mice
(C57/BL6 background) that were either positive (KO mice) or negative carriers (flx control
mice) of the cre-recombinase transgene. DG-D1R KO animals were trained between 16 and
24 weeks of age, while forebrain animals were between 28 and 40 weeks of age. The
original characterization of DG-D1R and F-D1R/D5R KO animals showed that deletion of
the D1R or D5R was complete and spatially restricted during the aforementioned ages
(Sarifiana et al., 2014). Each cage contained 2 to 4 mice with ad libitum access to food and
water. Experiments and analyses were conducted blind to mouse genotypes. All mice were
on a 12 hour light/dark cycle. All procedures conformed to the Institutional and NIH
guidelines.

Water-Maze Training and Testing

The Morris water-maze task was used to assess spatial learning and memory. All mice were
given four training trials per day (45 min. inter-trial interval) for ten consecutive days. Mice
were given 90 seconds to find a 12 cm platform submerged in opaque water ina 1.6 m
diameter pool. The starting point to find the platform was pseudo-randomized for each
training trial. If mice did not find the platform within 90 seconds, they were placed onto the
platform for 15 seconds. High contrast external cues were prominently displayed on each
wall of the training room surrounding the pool. On days 6 and 11, mice received a 60 second
probe trial. During the probe, the submerged platform was removed, and the animal was
placed into the pool center at the start of the probe. During reversal training and probe trials,
the animal received the same protocol as described above. However, during reversal training,
the platform was moved to the adjacent quadrant. If a mouse exhibited floating behavior
during a single probe trial, they were removed from analysis. If the mouse floated during
both probe trials (e.g., reverse probe 1 and 2), they were removed from the study. All water
maze data was collected using Image Water 2020 software.

In Situ Hybridization and Receptor Quantification

See references (McHugh et al., 2007; Sarifiana et al., 2014) for /in situ hybridization probes
and general methods. See references (Lazic, 2009; Sarifiana et al., 2014) for receptor
quantification.

Behavioral Batteries

Open field activity - Mice were handled for 2-min each day for three consecutive days
before the start of the open field test. Activity was measured by infrared beam interruption
and recorded in 1-min intervals over a 10-min period (F-D5R flx and KO) or 15-min period
(F-D1R flx and KO) (Digiscan apparatus, Accuscan Instruments). DG-D1R KO and F-
D1R/D5R KO mice open field and rotarod behavior have previously been reported and do
not show abnormal gross motor activity (Sarifiana et al., 2014).
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Rotarod — Mice were placed on a rotating platform that increases in the rate of rotation over
the period of 300 seconds. The time from placement onto the apparatus to the time to fall
was recorded.

Data analysis

Results

Data analysis was performed with GraphPad PRISM software (GraphPad, San Diego, CA)
and all reported values are as SEM. Statistical significance was determined by 2 x ANOVA
with multiple comparisons performed with Bonferroni, Fisher least significant differences,
posttests or by two-tailed unpaired Student’s t-tests; P < 0.05 was considered significant.

D1R and D5R Forebrain Expression and Deletion Patterns

Forebrain KO mice were developed by crossing CaMKII-Cre mice (Tsien et al., 1996a) with
floxed (flx) D1IR/D5R, D1R, and D5R mice (Sarifiana et al., 2014). Using a D1R and D5R
specific riboprobe, we show that the DIR mRNA is expressed throughout the dorsal and
ventral (V) striatum and mPFC, which consists of the infralimbic (IL), prelimbic (PC), and
anterior cingulate cortices (ACC) (Fig. 1A—C). D1R mRNA expression was also observed in
the DG of hippocampus, consistent with our previous report (Sarifiana et al., 2014) (Supp.
Fig. 2A). D5R mRNA signal was primarily observed in the IL/PL region, with minimal
expression in the ACC, and sparse signal throughout the striatum (Fig. 11-K). DSR mRNA
expression was also observed in CAl, CA3, and DG subregions of the hippocampus,
consistent with our previous report (Sarifiana et al., 2014) (Supp. Fig. 2C).

D1R and D5R deletion in F-D1R/D5R KO animals was quantified (Fig. 1G, H, and O,P).
Significant reduction of D1IR mRNA in the infralimbic (IL), prelimbic (PC), and anterior
cingulate cortices (ACC) (IL/PL - unpaired t test, P < 0.05; ACC - unpaired t test, P < 0.01)
was observed in F-D1R/D5R KO mice (Fig. D-F and G). Significant deletion was also
observed in the dorsal medial (DM), dorsal lateral (DL), and ventral striatum (VS) (DM -
unpaired t test, P < 0.001; DL- unpaired t test, P < 0.05; VS - unpaired t test, P < 0.0001)
(Fig. 1D-F and H). Consistent with our previous findings, D1R deletion also occurred in the
DG of the hippocampus (Sarifiana et al., 2014) in KO animals (Supp. Fig. 2B). The D5R
mRNA signal was significantly reduced in the IL/PL subregions of the mPFC (unpaired t
test, P < 0.0001) (Fig. 1L and O). Although some reduction of the D5R mRNA signal in the
DM striatum seems to occur, there is no significant difference in the DSR mRNA signal
between KO and control animals (P = 0.2216). There was not significant differences
between KO and control animals when comparing DL or V striatum D5R mRNA levels (Fig.
1M,N, and P). Consistent with our previous findings, D5R deletion also occurred in the DG
and CA1 hippocampal subregions (Supp. Fig. 2D) (Sarifiana et al., 2014).

Forebrain D1R and D5R Deletion Impairs Spatial Learning and Memory

D1R/D5R flx control and forebrain D1IR/D5R KO (F-D1R/D5R KO) animals received
water-maze training of four trials per day for 10 consecutive days. During each training trial,
mice were given up to 90 seconds to find a submerged and hidden escape platform. F-
D1R/D5R KO animals did not show a significant difference between genotypes in their
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latency to platform across regular training [two-way ANOVA, F(1, 14)genotype = 3.846, P =
0.0701] (Fig. 2A). However, Bonferroni post-test reveals a significant difference between
genotypes on day-2 (P < 0.05) of water-maze training. When multiple comparisons are not
corrected for, using Fishers least significant differences (LSD) post-test, a significant
difference in latency to platform between genotypes on day 1 (P =0.0235) and 2 (P =
0.0036) (Fig. 2A) is revealed. Memory consolidation during regular water-maze training did
not significantly differ between genotypes (unpaired t test, P > 0.05) (Supp. Fig. 1K). On
days 6 and 11, the escape platform was removed and animals were given a 60 second spatial
memory probe test. During the probe-1 trial, F-D1R/D5R KO animals did not exhibit a
significant difference in time spent in the target quadrant as compared to control mice
(unpaired t test, P > 0.05) (Fig. 2B-D). In contrast, F-D1R/D5R KO mice exhibited a
significant difference in time spent in the target quadrant during the probe-2 trial (unpaired t
test, P < 0.05) (Fig. 2E-G). To test the animal’s ability to extinguish the original platform
location and update new spatial information into a pre-existing spatial schema, mice were
given reversal training (Fig. 2H). In reversal training, the escape platform was moved to the
opposite quadrant and mice were given the same training schedule as during regular training.
The latency curves during reversal training did not significantly differ between F-D1R/D5R
KO animals and control mice [two-way ANOVA, F(9, 126)nteraction = 0-6857, P = 0.7208]
(Fig. 2H). Bonferroni post-test did not reveal a significant difference between genotypes on
any single training day. Using Fishers LSD post-test, we found that F-D1R/D5R KO animals
were significantly slower to reach the platform on days 2 (P < 0.0279) and 3 (P < 0.0195) in
comparison to control mice during reversal training (Fig. 2H). Memory consolidation during
reversal training was not significantly different between F-D1R/D5R KO and control
animals (unpaired t test, P > 0.05) (Supp. Fig. 4K). KO and control animals did not
significantly differ in time spent in the target quadrant (unpaired t test, P > 0.05) during
reversal probe-1 (Fig. 21-K). On the second reversal probe trial, F-D1R/D5R KO mice spent
significantly less time in the target quadrant compared to control mice (unpaired t test, P <
0.05) (Fig. 2L—N).

F-D1R/D5R KO animals displayed similar swim speed during probe-1 (unpaired t test, P >
0.05), but enhanced swim speeds during probe-2 in comparison to flx control animals
(unpaired t test, P < 0.05) (Supp. Fig. 1L). Swim speeds did not significantly differ in F-
D1R/D5R KO mice for reversal probes-1 and -2 (probe-1 — unpaired t test; P > 0.05; probe-2
— unpaired t test; P > 0.05) (Supp. Fig. 4L). No significant differences were found between
F-D1R/D5R KO animals and control mice in thigmotaxis during regular and reversal spatial
memory probes (Supp. Fig. 1J and 4J). The rotarod task is an important behavioral protocol
to test gross motor ability in rodents (Crawley, 1999). Gross motor impairments could affect
swimming ability during water-maze training. We previously reported that F-D1R/D5R KO
mice did no show impaired motor behavior as measured on the rotarod task (Sarifiana et al.,
2014).

Forebrain D1R Deletion Impairs Spatial Learning, Memory, and Results in Perseverative

F-D1R KO mice exhibited deficits in spatial learning. F-D1R KOs showed deficits in their
latency to reach the platform during training when compared to control animals [two-way
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ANOVA, F(1, 19)genotype = 8.076, P = 0.0104] (Fig. 3A). Bonferroni post-test revealed a
significant difference between genotypes on day 3 of training. Fisher’s LSD post-test also
showed a significant difference between F-D1R KO and control animals on Day 3 of
training (P = 0.0041) (Fig. 3A). No significant differences in memory consolidation during
training was observed between KO animals and control mice (unpaired t test, P > 0.05)
(Supp. Fig. 1E). F-D1R KO animals exhibited similar performance during probe-1 (unpaired
t test, P > 0.05) (Fig. 3B-D) and probe-2 (unpaired t test, P > 0.05) (Fig. 3E-G) trials as
compared to control animals. F-D1R KO mice exhibited significant latency deficits across
reversal training [two-way ANOVA, F(1, 19)genotype = 7-763, P = 0.0118]. Although
Bonferroni post-test did not reveal any significant differences during any day of training,
Fishers LSD post-test showed significant latency differences at several days across training
(Fig. 3H). F-D1R KO animals also displayed consolidation deficits during reversal training
(unpaired t test, P < 0.05) (Supp. Fig. 4E) as compared to controls. During reversal spatial
memory probe-1 (Fig. 31-K), F-D1R KO mice displayed perseverative behaviors as shown
by their increased return to the original platform location during regular water-maze training
(unpaired t test, P < 0.05) (Fig. 31 inset). On the reversal probe-2 trial, D1R-KO mice
showed significant deficits in spatial memory performance as compared to control animals
(unpaired t test, P < 0.05) (Fig. 3L-N).

The striatum is essential for the development of motor skills (Jueptner et al., 1997). F-D1R
KO mice showed no difference in swim speed during probe-1 (unpaired t test; P > 0.05) and
probe-2 trials (unpaired t test; P > 0.05) (Supp. Fig. 1F). Similarly, F-D1R KO animals did
not show a significant difference in swim speed during reversal probes (probe-1 and -2, P >
0.05) (Supp. Fig. 4F). F-D1R KO animals mice did not significantly differ in thigmotaxis
behavior during probe-1 (unpaired t test, P > 0.05), but significantly reduced levels of
thigmotaxis during probe-2 (unpaired t test, P < 0.05) (Supp. Fig. 1D). During reversal
probes, F-D1R KO animals did not show significant differences in thigmotaxis during
probe-1 (unpaired t test, P > 0.05) but significant reduction during probe-2 (unpaired t test, <
0.01) (Supp. Fig. 4D). F-D1R KO animals did not significantly differ in total distance
traveled in the open field task when compared to control mice [two-way ANOVA, F(1,

14) genotype = 2.836, P = 0.1143] (Supp. Fig. 3A). Moreover, F-D1R KO present similar
motor activity on the rotarod task in comparison to flx control animals [two-way ANOVA,
F(1, 14)genotype = 0.2266, P = 0.6414] (Supp. Fig. 3C)..

Forebrain D5R Deletion Does not Result in Observable Spatial Learning and Memory

Deficits

F-D5R KO mice did not significantly differ in latency during training [two-way ANOVA,
F(1, 17)genotype = 2-495, P = 0.1326] (Fig. 4A), memory consolidation (unpaired t test, P >
0.05) (Supp. Fig. 1H), and time spent in the target quadrant during the spatial memory probe
trials as compared to flx controls (probe -1 and -2, unpaired t test, P > 0.05) (Fig. 4B-D and
E-G). F-D5R KO mice did not exhibit observable deficits in reversal escape latency [two-
way ANOVA F(1,16)genotype = 0.05639, P = 0.8153] (Fig. 4H) or memory consolidation
(unpaired t test, P > 0.05) (Supp. Fig. 4H) during reversal training. F-D5R KO mice did not
exhibit observable reversal spatial learning and memory deficits on reversal probe-1 or
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reversal probe 2 (Probe-1 and -2, unpaired t test, P > 0.05) as compared to control mice (Fig.
41-K and L-N).

F-D5R KO mice showed no significant difference in swim speed during probe-1 (unpaired t
test, P > 0.05) and probe-2 trials (unpaired t test, P > 0.05) (Supp. Fig. 11). During reversal
probes-1 and -2 F-D5R KO animals did not show significant differences in swim speed
(reversal probe-1 and -2, unpaired t test, P > 0.05) (Supp. Fig 41). F-D5R KO animals
displayed similar thigmotaxis behavior during probe-1 (unpaired t test, P > 0.05), but
significantly reduced levels of thigmotaxis during probe-2 (unpaired t test, P < 0.05) (Supp.
Fig. 1G). During reversal probes -1 and -2, F-D5R KOs did not significantly differ in
thigmotaxic behavior (probe -1 and -2, unpaired t test, P > 0.05) (Supp. Fig. 4G). F-D5R KO
animals did not significantly differ in total distance traveled in the open field task when
compared to control mice [two-way ANOVA, F(1, 30)genotype = 0.3935, P = 0.5352] (Supp.
Fig. 3B). F-D5R KO animals did not present significant differences in motor activity on the
rotarod task [two-way ANOVA, F(1, 14)genotype = 1.013, P = 0.3313] (Supp. Fig. 3D).

DG D1R Deletion Does not Impair Spatial Memory

We recently reported on the generation and characterization of a DG-restricted D1R KO
mouse line (DG-D1R KO). We showed that D1Rs are primarily expressed in the DG of the
hippocampus. In order to spatially restrict and isolate D1R function in hippocampal-
dependent spatial learning and memory, we trained DG-D1R KO mice on the water-maze
task. Control D1R flx and DG-D1R KO mice Control and DG-D1R KOs exhibited similar
escape latencies during training [two-way ANOVA, F(1, 29)genotype = 2.896, P = 0.0995]
(Fig 5A). Bonferroni post-test did not reveal a difference between genotypes on any single
day during training. However, a Fisher’s LSD post-test revealed significant differences on
days 5 (unpaired t test, P < 0.05) and 7 (unpaired t test, P < 0.05) (Fig 5A). Memory
consolidation during regular training was similar between DG-D1R KO animals and control
mice (Supp. Fig. 1B). There was no difference between control and DG-D1R KO mice on
the time spent in the target quadrant on probe-1 (unpaired t test, P >0.05) and on probe-2
(unpaired t test, P >0.05) (Fig. 5B-D and E-G). We observed no significant difference
between control D1R flx and DG-D1R KO mice on reversal training latency [two-way
ANOVA, F(1, 29)genotype = 2.103, P = 0.1578] (Fig. 5H). Bonferroni post-test did not reveal
significant differences between genotypes on any single day of training. However, Fisher’s
LSD post-test revealed significant differences between DG-D1R KO and flx controls on day
8 (unpaired t test, P < 0.05) (Fig. 5H). Memory consolidation was similar between DG-D1R
KO animals and control mice (Supp. Fig. 4B). Time spent in the target quadrant during
reversal probe-1 (unpaired t test, P > 0.05) (Fig. 51-K) and -2 (unpaired t test, P > 0.05) (Fig.
5L-N) were not significantly different between genotypes. Both flx and DG-D1R KO
animals displayed similar time spent using non-spatial strategies to search for the escape
platform, that is, thigmotaxis (Supp. Fig. 1A)

DG-D1R KO mice showed no significant differences in swim speed during probe-1
(unpaired t test, P > 0.05) and probe-2 trials (unpaired t test, P > 0.05) (Supp. Fig. 1C).
During reversal probes-1 and -2 DG-D1R KO animals did not show a significant difference
in swim speed (probe-1 and -2, unpaired t test, P > 0.05) (Supp. Fig 4C). DG-D1R KO
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animals did not show a significant difference in thigmotaxis during regular and reversal
probes (probe-1 and -2, unpaired t test, P > 0.05, reversal probe-1 and -2, unpaired t test, P >
0.05) (Supp. Fig. 1A and 4A). We previously reported that DG-D1R KO mice did exhibit
significant impairment in motor behavior as measured on the rotarod task or significant
differences traveled in the open field task (Sarifiana et al., 2014).

Discussion

In this study, we found that forebrain D1R, but not D5R, activation is crucial for spatial
learning and memory, and DG D1Rs are not necessary for spatial memory. Our /n situ data
shows that forebrain D1IR mRNA signal is reduced in the IL/PL, ACC, and MD, ML, and V
striatum in F-D1R/D5R KO mice (Fig. 1D—H). In contrast, the DSR mRNA signal was
significantly reduced only in the IL/PL region (Fig. 1L and O). During water-maze training,
F-D1R/D5R KO animals showed slight deficits in latency to platform during regular and
reversal learning (Fig. 2A and H). Still, F-D1R/D5R KO mice reach the same criterion as
their flx control counterparts. F-D1R/D5R KO animals showed spatial memory deficits
during both regular and reversal training (Fig. 2E and L). To differentiate the contribution of
forebrain D1R from D5R activation in spatial learning and memory processing, we utilized
forebrain restricted D1R and D5R KO animals. F-D1R KO mice displayed deficits in spatial
learning and memory. Specifically, F-D1R KO animals displayed deficits in escape latency
during regular water-maze training (Fig. 3A). However, F-D1R KO animals learned the
spatial location of the escape platform well enough to show spatial memory that’s similar to
that of flx control animals (Fig. 3B and E). In contrast, F-D1R KO mice presented greater
latency deficits during reversal training (Fig. 3H), as well as deficits in memory
consolidation (Supp. Fig. 4E) and spatial memory (Fig. 3L). Moreover, during reversal
probe-1, F-D1R KOs swam back to the original water-maze platform location significantly
more than the control animals, suggesting deficits in extinguishing the prior platform
location (Fig. 31 inset). Although F-D5R KO animals did not exhibit any observable deficits
in spatial learning and memory (Fig. 4 and Table 1), double F-D1R/D5R KO mice presented
deficits that differed from F-D1R KOs. Moreover, unlike F-D1R KO mice, F-D1R/D5R KO
animals were able to extinguish the prior escape platform location to update the former
spatial schema learned during regular water-maze training. Unexpectedly, DG-D1R KO
mice only showed a slight impairment during water-maze regular and reversal training, but
no significant difference in spatial memory performance in comparison to control mice (Fig.
5 and Table 1). Taken together, our data shows for the first time that forebrain D5R
activation must contribute to spatial information processing. We also demonstrate that mPFC
and striatal, but not DG, D1Rs are essential for spatial learning and memory.

Dentate Gyrus D1Rs Are Not Required for the Morris-Water Maze Task

It is well established that the hippocampus is necessary for spatial learning and memory
(Eichenbaum et al., 1990; Morris et al., 1982; Tsien et al., 1996b). Although, constitutive
D1R deletion results in spatial learning and memory deficits (Granado et al., 2008),
constitutive D5R deletion does not impair spatial learning and memory (Holmes et al.,
2001). Our data shows that F-D5R KO animals do not exhibit significant changes in spatial
learning and memory (Fig. 4). It is therefore possible that D1Rs, but not D5Rs, are necessary
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for spatial learning and memory. Additionally D1R/D5R antagonists infusion into the
hippocampus results in water-maze deficits (Silva et al., 2012). When taken together,
hippocampal D1Rs may be required for spatial learning and memory. However, D1R/D5R
antagonists block norepinephrine and serotonergic receptors (5HT-2) as well as the serotonin
transporter, which expresses throughout the hippocampus (Hicks et al., 1984; Ohlstein and
Berkowitz, 1985; Zarrindast et al., 2011), obscuring a strong conclusion as to whether
hippocampal D1R activation is truly required for spatial learning and memory. Still,
hippocampal D1R activation could underlie spatial learning and memory. Our data, shows
that the D1R primarily expresses in the DG of the hippocampus, but not CA3 or CA1 (Supp.
Fig. 2), which is in agreement with previous findings (Fremeau et al., 1991; Mansour et al.,
1992; Mu et al., 2011; Sarifiana et al., 2014) However, a recent publication suggest that there
is sparse D1R expression in the CA3 and CA1 hippocampal subfields, particularly in
interneurons (Gangarossa et al., 2012). Based on the evidence above, we conclude that DG
D1Rs are not required for spatial memory as assayed by our water-maze task. Further
research studying sparse D1R expression throughout the hippocampus is required to further
understand the role of hippocampal D1R activation on spatial learning and memory.

PFC D1R and D5R Activation Work in Conjunction for Spatial Memory Updating

Although D5R expression occurs throughout all hippocampal subregions, constitutive D5R
KOs and forebrain wide D5R deletion does not appear to significantly affect spatial learning
and memory (Holmes et al., 2001) (Fig. 4). Although D5Rs may not be required for spatial
learning and memory, D5R activation could still be important for spatial memory updating.
D1R and D5R mRNA co-express in the IL/PL cortex (Fig. 1A and 1) and both F-D1R and F-
D5R animals display significant receptor deletion of D1Rs and D5Rs, respectively, in the
IL/PL cortex. F-D1R KO animals differ in phenotype in comparison to F-D1R/D5RKO
animals, which suggests that D5R activation affects spatial learning and memory processing.
More specifically, F-D1R KO animals display perseverative behaviors (Fig 3l insert), while
F-D1R/D5R KO mice do not. Given the importance of the PFC in reversal learning (Lacroix
et al., 2002), it is feasible that D5R deletion in the IL/PL cortex results in the phenotypic
difference between F-D1R and F-D1R/D5R KO mice with regard to perseverative behaviors.
A possible explanation for the observed differences between F-D1R/D5R KO and F-D1R
KO animals is that D1R and D5R activation results in downstream processing that impairs
neuronal computational power. For example, the D1R directly couples to the GIuN1 and
GIuN2A subunits of the n-methyl-d-aspartate receptor (NMDAR) and modulates the
NMDAR ionic currents (Lee et al., 2002; Pei et al., 2004). Similarly, the D5R directly
couples to the y2 subunit of the -y-aminobutyric acid subtype-A receptor (GABAAR),
modulating the inhibitory current (Liu et al., 2000). Given the differences in D1R and D5R
protein coupling, D1R would likely express at excitatory synapses, while D5R expression
would receive inhibitory inputs along the dendritic shafts (Megias et al., 2001; Wierenga et
al., 2008). A difference in D1R and D5R distribution would support enhanced computational
power of single neurons to maximize memory processing and storage (Govindarajan et al.,
2011; Govindarajan et al., 2006). Thus, deletion of both receptors could significantly impair
neuronal computation resulting in spatial processing deficits that underlie perseverative
behavior. The difference in spatial learning and memory phenotypes between F-D1R/D5R
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KO and F-D1R KO mice shows that forebrain D5R activation is certainly contributing to
spatial information processing.

Striatal D1R Contribution to Spatial Processing

Lesions to either the medial dorsal or ventral striatum significantly impair early water-maze
training and spatial memory (Annett et al., 1989; Devan and White, 1999). The dorsal
medial DM striatum has been shown to process spatial information, while the DL striatum is
associated with procedural learning (Moorn et al., 2004). We observed a strong deletion in
the ventral striatum, which links spatial information to reinforcing events (van der Meer and
Redish, 2011). The strong deletion of the D1R in the DM and ventral striatum in the D1R-
KO and D1R/D5R KO animals suggests that spatial information would be impaired, while
weaker deletion in the DL striatum suggests impairments in procedural learning. Given the
spatial memory deficits observed in F-D1R KO and F-D1R/D5R KO, but not DG-D1R KOs,
suggests that D1R deletion in the DM and ventral striatum underlies the observed spatial
memory deficits (Fig. 2E,L, and 3L). Moreover, the deletion of D1Rs in the DL striatum
might underlie the deficits observed during spatial learning in F-D1R KO and F-D1R/D5R
KO animals given that procedural nature of water-maze training (Fig. 2A, H and 3A, H).
However, neither F-D1R KO nor F-D1R/D5R KO animals exhibit gross motor deficits as
measured on the rotarod task, suggesting that general motor activity does not underlie the
deficits observed during water-maze training. DG-D1R KO animals also show subtle deficits
during water-maze training, which suggests that DG D1R activation could also contribute to
the spatial component during water-maze training.

The genetic tools used in our current study have provided a unique advantage over
pharmacological and global KO studies by distinguishing the D1R from the D5R with gene-
specific and spatially restricted KOs. Our findings that the primary site of D1R expression is
the DG, and not CAL, are consistent with some previous findings (Fremeau et al., 1991;
Mansour et al., 1992; Mu et al., 2011). However, other previous studies have focused on
hippocampal CA1 D1R activation as the driver of synaptic plasticity, learning, and memory
(Huang and Kandel, 1995; Lemon and Manahan-Vaughan, 2006; Li et al., 2003; Ortiz et al.,
2010; Smith et al., 1998). Some of these previous studies attributed the observed deficits to
CA1 D1Rs, which may be due to sparse expression of CAl D1Rs (Gangarossa et al., 2012).
Still, deficits presumed to be due to CA1 D1Rs may instead be due to disruption of D5R
function. Therefore, future research on D1R versus D5R function in hippocampal memory
processing as well as physiological changes within the hippocampus should be studied
utilizing genetic tools given the limitations of current pharmacological reagents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pattern and Quantification of D1R and D5R Expression
(A) IL/PL D1R mRNA expression. (B) ACC and ventral (V) striatum D1R mRNA

expression (C) dorsal medial (DM) and dorsal lateral (DL) striatum D1R mRNA expression.
(A-C) Black or white dashed lines indicate regions of interest used to quantify D1R and
D5R mRNA signal. (D) IL/PL D1R mRNA expression in F-D1R/D5R KO mice. (E) ACC
and V striatum D1R mRNA expression in F-D1R/D5R KO mice. (F) DM and DL striatum
D1R mRNA expression in F-D1R/D5R KO mice. (G) Quantification of IL/PL and ACC
D1R mRNA signal (D1R/D5R fIx IL/PL, n =7 and F-D1R/D5R KO IL/PL, n = 6; D1R/D5R
fIx ACC, n =4 and F-D1R/D5R KO ACC = 6). (H) Quantification of DM, DL, and V
striatum D1R mRNA signal (D1R/D5R flx DM/DL, n = 3 and F-D1R/D5R KO DM/DL, n =
6; D1R/D5R flx V striatum, n = 6 and F-D1R/D5R KO V striatum = 3). (1) IL/PL D5R
MRNA expression. (J) ACC and V striatum D5R mRNA expression (K) DM and DL
striatum D5R mRNA expression. (L) IL/PL D5R mRNA expression in F-D1R/D5R KO
mice. (M) ACC and V striatum D5R mRNA expression in F-D1R/D5R KO mice (N) DM
and DL striatum D5R mRNA expression in F-D1R/D5R KO mice. (O) Quantification of
IL/PL and ACC D5R mRNA signal (D1R/D5R fix IL/PL, n =5 and F-D1R/D5R KO IL/PL,
n=5; DIR/D5R flx ACC, n = 3 and F-D1R/D5R KO ACC = 5). (P) Quantification of DM,
DL, and V striatum D5R mRNA signal in F-D1R/D5R KO (D1R/D5R flx DM/DL/V
striatum, n = 3 and F-D1R/D5R KO DM/DL/V striatum, n = 4). * denotes P value < 0.05, **
P value < 0.01, *** P value < 0.001, **** P value < 0.0001.
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Figure 2. Performance on water maze training and spatial memory in F-D1R/D5R KO animals
(A) Escape latency (D1R/D5R flx, n = 8; F-D1R/D5R KO, n = 8). (B) Spatial memory

probe-1 (D1R/D5R fIx, n = 7; F-D1R/D5R KO, n = 8). (C) D1R/D5R flx heat map of
average search time during probe-1 (t = 197 ms). (D) F-D1R/D5R KO heat map of average
search time during probe-1 (T = 204 ms). (E) Spatial memory probe-2 (D1R/D5R flx, n = 8;
F-D1R/D5R KO, n = 8). (F) D1R/D5R flx heat map of average search time during probe-2
(r =220 ms). (G) F-D1R/D5R KO heat map of average search time during probe-2 (t = 162
ms). (H) Reversal escape latency (D1R/D5R flx, n = 8; F-D1R/D5R KO, n = 8). (I) Reversal
spatial memory probe-1 (D1R/D5R flx, n = 7; F-D1R/D5R KO, n = 7). (J) D1R/D5R flx
heat map of average search time during probe-1 (T = 191 ms). (K) F-D1R/D5R KO heat map
of average search time during probe-1 (T = 115 ms). (L) Spatial memory probe-2 (D1R/D5R
flx, n=7; F-D1R/D5R KO, n = 8. (M) D1R/D5R flx heat map of average search time during
probe-2 (t =276 ms). (N) F-D1R/D5R KO heat map of average search time during probe-2
(T = 140 ms). * denotes P value < 0.05. Fisher’s LSD test was used to determine significance
between genotypes for daily platform latency. ms — milliseconds.
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Figure 3. Performance on water maze spatial learning and memory in F-D1R KO mice

(A) Escape latency (D1R flx, n = 11; F-D1R KO, n = 10). (B) Spatial memory probe-1 (D1R
fIx, n =11; F-D1R KO, n = 10). (C) D1R flx heat map of average search time during
probe-1 (T = 155 ms). (D) F-D1R KO heat map of average search times during probe-1 (t =
142 ms). (E) Spatial memory probe-2 (D1R flx, n = 11; F-D1R KO, n = 10). (F) D1R flx
heat map of average search time during probe-2 (= = 228 ms). (G) F-D1R KO heat map of
average search time during probe-2 (t = 220 ms). (H) Reversal escape latency (D1R flx, n =
11; F-D1R KO, n = 10). (I) Reversal spatial memory probe-1 (D1R fIx, n = 11; F-D1R KO,
n = 10); Inset — crossings of original escape platform location. (J) D1R flx heat map of
average search time during probe-1 (t = 202 ms). (K) F-D1R KO heat map of average search
time during probe-1 (t = 120 ms). (L) Spatial memory probe-2 (D1R flx, n = 11; F-D1R
KO, n = 10). (M) D1R fIx heat map of average search time during probe-2 (t = 191 ms). (N)
F-D1R KO heat map of average search time during probe-2 (t = 124 ms). * denotes P value
< 0.05. Fisher’s LSD test was used to determine significance between genotypes for daily
platform latency. ms — milliseconds.
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Figure 4. Perfor mance on water maze spatial learning and memory in F-D5R KO mice

(A) Escape latency (D5R flx, n = 8; F-D5R KO, n = 10). (B) Spatial memory probe-1 (D5R
flx, n = 8; F-D5R KO, n = 10). (C) D5R flx heat map of average search time during probe-1
(T =178 ms). (D) F-D5R KO heat map of average search time during probe-1 (t = 192 ms).
(E) Spatial memory probe-2 (D5R flx, n = 8; F-D5R KO, n = 10). (F) D5R flx heat map of
average search time during probe-2 (t = 176 ms). (G) F-D5R KO heat map of average search
time during probe-2 (t = 205 ms). (H) Reversal escape latency (D5R flx, n = 8; F-D5R KO,
n =10). (1) Reversal spatial memory probe-1 (D5R flx, n = 8; F-D5R KO, n = 10. (J) D5R
fIx heat map of average search time during probe-1 (T = 155 ms). (K) F-D5R KO heat map
of average search time during probe-1 (= = 160 ms). (L) Reversal spatial memory probe-2
(D5R flx, n = 8; F-D5R KO, n = 10). (M) D5R flx heat map of average search time during
probe-2 (x = 173 ms). (N) F-D5R KO heat map of average search time during probe-2 (t =
173 ms). ms — milliseconds.
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Figure 5. Performance on water-mazetraining and spatial memory in DG-D1R KO Mice
(A) Escape latency (D1R flx, n = 16; DG-D1R KO, n = 15) (B) Spatial memory probe-1

(D1R flx, n = 16; DG-D1R KO, n = 15). (C) D1R flx heat map of average search time
during probe-1 (T = 118 ms). (D) DG-D1R KO heat map of average search time during
probe-1 (T = 123 ms). (E) Spatial memory probe-2 (D1R flx, n = 16; DG-D1R KO, n = 15).
(F) D1R flx heat map of average search time during probe-2 (t = 180 ms). (G) DG-D1R KO
heat map of average search time during probe-2 (= = 206 ms). (H) Reversal escape latency
(D1R flx, n = 16; DG-D1R KO, n = 15). (1) Spatial memory probe-1 (D1R flx, n = 16; DG-
D1R KO, n = 15). (J) D1R fix heat map of average search time during probe-1 (= = 139 ms).
(K) DG-D1R KO heat map of average search time during probe-1 (T = 127 ms). (L) Spatial
memory probe-2 (D1R flx, n = 16; DG-D1R KO, n = 15). (M) D1R flx heat map of average
search time during probe-2 (T = 152 ms). (N) DG-D1R KO heat map of average search time
during probe-2 (t = 159 ms). * denotes P value < 0.05. Fisher’s LSD test was used to
determine significance between genotypes for daily platform latency. ms — milliseconds.
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