
RESEARCH ARTICLE

Spatial and Working Memory Is Linked to

Spine Density and Mushroom Spines

Rasha Refaat Mahmmoud4,1☯, Sunetra Sase1☯, Yogesh D. Aher1, Ajinkya Sase1,

Marion Gröger2, Maher Mokhtar4, Harald Höger3, Gert Lubec1*

1 Department of Pharmaceutical Chemistry, University of Vienna, 1090 Vienna, Austria, 2 CF Imaging,

Medical University of Vienna, 1090 Vienna, Austria, 3 Core Unit of Biomedical Research, Division of
Laboratory Animal Science and Genetics, Medical University of Vienna, Brauhausgasse 34, A-2325
Himberg, Austria, 4 Department of Pediatrics, Faculty of Medicine, Assuit University, Assuit, Egypt

☯ These authors contributed equally to this work.

* gert.lubec@univie.ac.at

Abstract

Background

Changes in synaptic structure and efficacy including dendritic spine number and morphol-

ogy have been shown to underlie neuronal activity and size. Moreover, the shapes of indi-

vidual dendritic spines were proposed to correlate with their capacity for structural change.

Spine numbers and morphology were reported to parallel memory formation in the rat using

a water maze but, so far, there is no information on spine counts or shape in the radial arm

maze (RAM), a frequently used paradigm for the evaluation of complex memory formation

in the rodent.

Methods

24 male Sprague-Dawley rats were divided into three groups, 8 were trained, 8 remained

untrained in the RAM and 8 rats served as cage controls. Dendritic spine numbers and indi-

vidual spine forms were counted in CA1, CA3 areas and dentate gyrus of hippocampus

using a DIL dye method with subsequent quantification by the Neuronstudio software and

the image J program.

Results

Working memory errors (WME) and latency in the RAM were decreased along the training

period indicating that animals performed the task. Total spine density was significantly

increased following training in the RAM as compared to untrained rats and cage controls.

The number of mushroom spines was significantly increased in the trained as compared to

untrained and cage controls. Negative significant correlations between spine density and

WME were observed in CA1 basal dendrites and in CA3 apical and basal dendrites. In addi-

tion, there was a significant negative correlation between spine density and latency in CA3

basal dendrites.
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Conclusion

The study shows that spine numbers are significantly increased in the trained group, an

observation that may suggest the use of this method representing a morphological parame-

ter for memory formation studies in the RAM. Herein, correlations between WME and

latency in the RAM and spine density revealed a link between spine numbers and perfor-

mance in the RAM.

Introduction

Changes in synaptic structure that usually occur by activity have been proposed to underlie

learning and memory. Dendritic spines, which are specialized protrusions that form the site for

excitatory synaptic contact, can undergo changes in size, shape and number in response to

activity. The dendritic spine density is a good marker for the number of hippocampal excit-

atory synapses. Since learning effects are long-lasting, structural changes that occur to hippo-

campal synapses are supposed to correlate with spatial learning [1–3].

The hippocampal formation is closely related to spatial learning and memory. Many of the

hippocampal synapses have plastic properties, which were proposed to play a vital role in the

learning process [4].The hippocampus plays an important role in the declarative form of mem-

ory, which means retrieving daily facts and incidences[5, 6]. In addition, recent work that was

done on neuronal firing in animal and human behaviour, using functional imaging of brain in

humans has demonstrated the importance of the hippocampus for spatial memory. Neuropsy-

chological analyses of humans and animals that had hippocampal damage, revealed how hip-

pocampal neurons can carry out elemental cognitive processes to perform declarative memory

[7].

A strong association of dendritic spine density in the hippocampus and memory has

been established using several behavioural paradigms. The encoding of newly formed mem-

ories in a conditioning paradigm showed increased spine density in CA1 pyramidal cells in

adult male rats [1, 8] and female rats [9]. It was shown that dendritic spine density was

increased on pyramidal cells in CA1 following performance of two different spatial memory

tasks, the Morris water maze and object placement which might suggest that they are mor-

phological substrates for memory [3, 10]. Moreover, structural changes of hippocampal

synapses and formation of new synaptic contacts has been proposed to be a possible mecha-

nism in the late phase of long-term potentiation (LTP), a correlate of plasticity, which is

involved in learning and memory[11]. In addition it was shown that existing spines in the

hippocampus endure structural modifications that result in LTP [1, 8]. It has been illus-

trated that LTP induces increased spine density [12] while long-term depression reduces

spine numbers[13]. In addition, new spines were formed in dentate gyrus following LTP

[14]. This indicates that there is a strong connection between dendritic spine density and

memory in the hippocampus.

The aforementioned data signifies that spatial memory performance results in increased

spine density. However, the spine morphology following the performance in the radial arm

maze has not been published so far. Herein, dendritic spine morphology, density, types and

numbers of spines were examined in hippocampi of rats trained in the radial arm maze

(RAM), a paradigm for testing spatial working memory (WM) and indeed, an increase of

mushroom spine density in the trained group was observed along with a significant correlation

between spine density and working memory errors and latency.
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Material and Methods

1. Radial arm maze (RAM)

1.1 Animals. Male Sprague Dawley rats, aged between 12–14 weeks, were used in the

experiment. They were bred and maintained in cages made of Makrolon and filled with auto-

claved woodchips in the Core Unit of Biomedical Research, Division of Laboratory Animal Sci-

ence and Genetics, Medical University of Vienna. Food and water in bottles was available ad

libitum. The room was illuminated with artificial light at an intensity of about 200 lx in 2 m

from 5 am to 7 pm. Experiments were carried out between 8 am and 2 pm. All procedures were

carried out according to the guidelines of the Ethics committee, Medical University of Vienna

and were approved by Federal Ministry of Education, Science and Culture, Austria (BMWFW-

66.009/0114-WF/II/3b/2014). All efforts were made to minimize animal suffering and to

reduce the number of animals used.

1.2 Apparatus. The maze was made out of black plastic and kept at an elevation of 80 cm

above the floor in a room with numerous visual cues. The central platform had a diameter of

50 cm with 12 arms (12cm x 60cm) projecting radially outwards. A plastic cylinder was used to

restrict the movement of rats in the centre before the start of training. Lifting of the cylinder

was controlled by a pulley system from the far end of the room.

1.3 Procedure. RAM training was performed as described in Levin et al and Timofeeva

et al [15] with some modification. In brief, rats were handled for 5 days for adaptation (30

min/day/rat) and to reduce the body weight to 85%. Water was provided ad libitum during the

training. The amount of food (sniff Spezialdiäten GmbH, Germany) was provided to maintain

a lean, healthy body weight of approximately 85% of the free-feeding weight during training.

Out of 12 arms, eight arms were baited with food during the training and four remained un-

baited. Before the start of the training, rats were given two habituation sessions in which food

was placed all over the maze and rats were allowed to explore the maze and eat the food for five

minutes. During the training session, the same arms were baited for each rat once at the begin-

ning of each session to assess working memory, while the other four arms were always left un-

baited in order to test reference memory. The pattern of baited and un-baited arms were con-

sistent throughout testing for each rat but differed among rats. Each trial started by placing the

rat onto the central platform, after 10 seconds the cylinder was lifted slowly and the rat was

allowed to enter any arm. The session lasted eight minutes or until all eight baited arms were

entered-whatever occurred first. Arms were baited only once and a repeated entry into a baited

arm was counted as a working memory error (WME), whereas any entry into an un-baited

arm was recorded as a reference memory error (RME). The rats were given 10 training sessions,

one training per day. The training sessions were recorded with a computerized tracking video

camcorder: 1/3 SSAM HR EX VIEW HAD. Six hours after the end of the tenth training ani-

mals were perfused using 1.5% paraformaldehyde for immunohistochemistry.

Untrained animals spent the same time in the RAM as their counterparts but the arms were

not baited.

2. Immunofluorescence (IF) studies

2.1 Animal perfusion and brain preparation. Eight mice each from the three groups were

anesthetized with 400 mg/kg body weight of ketamine and 30 mg/kg body weight xylazine and

perfused intracardially with ice-cold PBS (0.1M) at a pH of 7.6 for approximately 2 min. The ani-

mals were perfused with 1.5% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer,

whole brains were dissected and post-fixed for 1 h in the same 1.5% PFA, transferred to 0.1 M

sodium phosphate buffer and 200 μm sections sliced with a vibrotome on the following day.
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2.2 Dendrite morphology/morphometry studies. DIL dye staining was performed on 2–3

sections of each animal. Solid DIL crystals(1,1´-dioctadecyl-3,3,3´,3´tetramethylindocarbocya-

nine perchlorate; Sigma, C D-282) were ground into a fine powder and applied to the slices with

a Hamilton syringe (Hamilton, Switzerland)[16]. DIL crystals that adhered to the surface of the

syringe tip were transferred to the surfaces of the slices. Special care was taken to avoid damaging

the slices and to prevent the formation of dye clumps. Slices were incubated in 0.1 M sodium

phosphate buffer at room temperature for 16 h to allow the DIL crystals to diffuse along the

membranes. After 16 h slices were post-fixed with 1.5% PFA in 0.1 M sodium phosphate buffer

for 30 min. All slices were counterstained for cell nuclei with DAPI (1.5 μg/mL, 4’,6-diamidino-

2-phenylindole, Invitrogen, Carlsbad, CA, USA) in the final step of incubation. The slices were

washed with 0.1 M sodium phosphate buffer for 2 min and mounted with fluorescent mounting

media (Dako Fluorescent Mounting Media; S3023), and the spines were visualized.

Dendrites in CA1 area (apical and basal dendrites), CA3 area (apical and basal dendrites)

and also in the molecular layer of dentate gyrus, dendrites were randomly selected for imaging

DIL fluorescence. Primary dendrites were excluded from the analysis. Dendritic spines were

imaged with a Zeiss 700 confocal laser scanning microscope (LSM 700). Dendrites were ran-

domly imaged using an oil immersion 63× objectives at 2 × zoom and 1024 × 1024 pixel resolu-

tion. The spectral detectors were adjusted to capture emission from a helium/neon laser at

wavelengths of 555–630 nm for DIL staining, and the pinhole diameter was maintained at 1

Airy unit. The Z stack acquisitions were performed with fluorescence z-stacks of 5–8 μm thick-

ness consisting of sections at 0.3 μm increments were rapidly scanned within a 33.8 × 33.8 μm

imaging area. The image acquisition was set at a range of 8 bits. Spine densities were calculated

by quantifying the number of spines per 30 μm of dendritic length. For each group approxi-

mately 40–50 apical and basal dendrites each from CA1 and CA3 and40-50 dendrites from

molecular layer of dentate gyrus were quantified separately. Dendritic length was measured

using NIH Image J software and spine numbers were counted manually in 3 dimensions using

Z stacks. Spine type analyses were performed using the NeuronStudio software (http://

research.mssm.edu/cnic/tools-ns.html) [17–19]. Spine shapes were classified as thin, mush-

room, stubby and others by “NeuronStudio” on the basis of the aspect ratio, head-to-neck ratio

and head diameter. Spines with a neck can be classified as either thin or mushroom and those

without a neck are classified as stubby. Spines with a neck are labeled as thin or mushroom on

the basis of head diameter. This method is in agreement with well-accepted methods for spine

type classification [20, 21]. The analysis was performed blinded.

3. Statistical analyses

Statistical analyses were performed with Graph Pad software version 5.00.288 (Prism; Graph Pad,

San Diego, CA, USA). For RAM, data was analyzed by repeated measures one-way ANOVA fol-

lowed by Bonferroni post-hoc test. The data are reported as means ± SEMs. Spine density was

calculated by dividing total number of spines per length of dendrite. For spine types, the number

of each spine type relative to total number of spines was calculated. For analyzing group mean

differences in spine densities and types of spines, multi-comparison one-way ANOVA followed

by Bonferroni post-hoc test was used. The data are reported as means ± SDs. Spearman Correla-

tion was used for correlation analysis between spine density andWME and latency.

Results

Rats show improved performance in the RAM

Rats were trained in the RAM analyzing working memory error (WME) and latency revealing

that rats showed improved performance in the RAM task. Significant reduction of WMEs
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(P = 0.0018, f value = 3.437) was observed over the course of trainingwhen rats (n = 8) were

trained in the twelve arm radial maze. Fig 1A shows the trend of decreasing number of WMEs

made by the animals with respect to the training sessions. WMEs became statistically different

from day 8 onwards.

The RMEs counted were not significant and representative fig is provided in Fig A in S1 Fig.

Significant reduction of latency (P = 0.0101, f value = 2.738, n = 8) was observed as provided

in Fig 1B. Latency was significant on day 8 (P = 0.0294) and day 10 (P = 0.0383).

The untrained animals (n = 8) were placed in the RAM for exactly the same time as that of

the corresponding trained animals with the same protocol except that the arms were not baited.

Thus, they were exploring the RAM randomly without any particular aim (in this case, search-

ing food pellets). The cage control animals (n = 8) remained in their homecage throughout the

experiments.

Trained, untrained and cage control rats (n = 8 per group) were perfused after 6h transcar-

dially with 1.5% paraformaldehyde (PFA) in 0.1M sodium phosphate buffer, whole brains were

dissected and 200 μm sections were sliced with a vibrotome on the following day. These slices

were stained by using DIL dye staining and were examined by LSM 700 microscope in three

different areas of the brain hippocampus: CA1 (apical and basal) dendrites, CA3 (apical and

basal) dendrites and molecular layer of dentate gyrus. In case of CA1 and CA3, care was taken

to choose pyramidal neurons, which were well separated from each other. Representative DIL

dye staining in CA1 is provided in Fig B in S1 Fig. Subsequently, dendritic spine density was

examined.

Spine density of apical and basal dendrites in the CA1 area of
hippocampus was increased following training in the RAM

Totally 40 apical and basal dendrites each were selected from each rat (n = 8) (5 neurons per

each rat) per each group (trained, untrained and cage control). The total spines studied for

each group were: for cage control, 3613 spines from apical and 3752 from basal; for untrained,

3742 spines from apical and 3363 spines from basal; while for the trained group, 5647 spines

from apical and 6176 from the basal were counted.

Fig 1. Radial armmaze training. (A) Working memory error curve (WME); (B) Latency curve. WMEwere significantly decreased on day- 8, 9 and 10
compared to day-1. Mean and SEM are shown in the graph. Latency was significantly decreased on day- 8 and day- 10 compared to day- 1. The total
numbers of errors were analyzed using repeated measurements ANOVA (* P < 0.05, F = 3.437)]

doi:10.1371/journal.pone.0139739.g001
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CA1 apical (f value = 19.42, P value 0.0001) and basal (f value = 16.93, P value 0.0001)

dendritic spine densities were increased in the trained group in comparison to both, untrained

and cage control groups as shown in Figs 2A and 3A, respectively.

Mushroom spines were increased on CA1 apical as well as basal
dendrites following RAM performance

Spine morphology was assessed following RAM performance wherein the individual spines

types as branched, mushroom, thin and stubby were analyzed.

The percentage of branched spines in apical (n = 40, f value = 53.78, P value< 0.0001) and

basal dendrites (n = 40, f value = 29.95, P value< 0.0001) in CA1, as shown in Fig 2B and 2C

Fig 2. Spinemorphology of CA1 apical dendrites. (A) Graphical representation of spine density/30μm of apical dendrites in the CA1 subarea; (B)
Representative images of DIL dye staining of apical dendrites of the CA1 subarea where the mushroom spines are represented by yellow colour, thin spines
by blue colour, branched spines by white colour and stubby spines by green colour (scale bar = 20 μm); (C) Graphical representation of percentage of
branched, thin, mushroom and stubby spines per total spines of apical dendrites of CA1 subarea.

doi:10.1371/journal.pone.0139739.g002

Spatial andWorking Memory Is Linked to Spine Density

PLOS ONE | DOI:10.1371/journal.pone.0139739 October 15, 2015 6 / 15



(for apical dendrites); Fig 3B and 3C (for basal dendrites) showed that branching of spines was

significantly decreased in trained and cage control groups in comparison to untrained animals.

The percentage of thin spines on both apical (f value = 9.25, p value = 0,0002) as well as

basal dendrites (f value = 20.75, P value< 0.0001) in CA1 area was decreased in trained ani-

mals in comparison to untrained and cage controls in the same area as shown in Fig 2B and 2C

(for apical dendrites) and Fig 3B and 3C (for the basal dendrites).

Herein, it was shown that the percentage of mushroom spine types of apical (f

value = 51.39, P value< 0.0001) as well as basal dendrites (f value = 83.94, P value< 0.0001)

was significantly increased in the trained group in comparison to the untrained and cage

Fig 3. Spinemorphology of CA1 basal dendrites. (A) Graphical representation of spine density/30μmof basal dendrites in the CA1 subarea; (B)
Representative images of DIL dye staining of basal dendrites of the CA1 subarea (scale bar = 20 μm); (C) Graphical representation of the percentage of
branched, thin, mushroom and stubby spines per total spines of basal dendrites of the CA1 subarea; Spine density and mushroom spines were increased in the
trained group in the CA1 apical and basal dendrites; (D) Negative Spearman Correlation of spine density/30μmof basal dendrites of CA1 subarea with working
memory error (WME) (r = -0.74, p = 0.04; r ranges from -1 to 0 to +1 where, -1 = 100% negative correlation, 0 = no correlation and +1 = 100% positive
correlation). Statistical evaluation was carried out by multi-comparison one-way ANOVA followed by post-hoc Bonferroni's test. Data is provided asmean±SD
(*P < 0.05;**P� 0.01 ***P < 0.001; ****P < 0.0001)].

doi:10.1371/journal.pone.0139739.g003
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controls as shown in Fig 2B and 2C (for apical dendrites) and Fig 3B and 3C (for the basal

dendrites).

The percentage of stubby spines was decreased in the trained group in comparison to the

untrained group and the cage control in CA1 apical dendrites (f value = 14.6, P value<

0.0001) and for the basal dendrites (f value = 3.04, Pvalue = 0.0508). The dynamics of stubby

spines is not well understood but they are mainly considered to be immature spines [22]. The

representative images of spine density and types of CA1 are shown in Fig 2B and 2C (for apical

dendrites) and Fig 3B and 3C (for the basal dendrites).

Although spine morphology and counts have been already carried out in a learning and

memory paradigm, the Morris Water Maze, no direct link between learning and memory and

spine counts and morphology was reported and therefore the corresponding correlations were

performed herein [3].

CA1 basal dendritic spines are negatively correlated with WMEs

In order to establish a link between dendritic spine density and the training in RAM, spine den-

sity was correlated with the corresponding WMEs and latency. Spines on CA1 apical dendrites

were not correlated, however, spine density of basal dendrites was negatively correlated with

corresponding WMEs (r = -0.74, p value = 0.03) as shown in Fig 3D.

Spine density was increased in apical and basal dendrites of CA3
following RAM performance

There is no report on spine numbers or morphology following training in the RAM in CA3

and dentate gyrus in spatial working memory, so the study was performed in the RAM.

In the CA3 area totally 40 apical and basal dendrites each were selected from each rat

(n = 8) (5 neurons per each rat) per group (trained, untrained and cage control). The total

spines studied for each group were: for cage control, 3739 spines from apical and 3575 from

basal; for untrained, 3843 spines from apical and 3898 spines from basal; while for the trained

group, 7390 spines from apical and 4685 from the basal were counted.

CA3 apical dendritic spine density was also increased in the trained group (f value = 30.33,

P value< 0.0001) and in CA3 basal dendrites (f value = 9.331, P value = 0.0002) in compari-

son to both, untrained and cage control groups, as shown in Figs 4A and 5A.

In dentate gyrus, the molecular layer was selected and totally 40 dendrites were selected

from each rat (n = 8) (5 neurons per each rat) per each group (trained, untrained and cage con-

trol). The total spines studied for each group were: for cage control, 3681 spines; for untrained,

4139 spines and for trained group, 5134 spines.

Dendritic spine density in the dentate gyrus (f value = 2.275, P value = 0.1065) was compa-

rable to trained and cage control groups as shown in Fig 6A.

Spine morphology in CA3 and dentate gyrus showed same trend as that
of CA1 area

The branched spines in apical(f value = 45.01, P value< 0.0001) and basal dendrites(f

value = 43.36, P value< 0.0001) of CA3 and dentate gyrus(f value = 24.01, P value =<

0.0001) showed significantly decreased numbers in trained and cage control in comparison to

that of untrained animals. The graphical figs for CA3 are illustrated in Figs 4C (apical) and 5C

(basal), and in the dentate gyrus it is shown in Fig 6C.

The percentage of thin spines on both, apical as well as basal dendrites of CA3 and dentate

gyrus was decreased in trained in comparison to untrained and cage controls. In the untrained

Spatial andWorking Memory Is Linked to Spine Density
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group the percentage of thin spines in the apical part of CA3 was (f value = 28.51, P value<

0.0001), while in the basal part it was (f value = 31.59, P value< 0.0001) as shown in Figs 4C

and 5C, respectively and in the dentate gyrus it was (f value = 37.19, P value< 0.0001) as

given in Fig 6C.

The percentage of mushroom spine types of apical (f value = 110, P value< 0.0001) as well

as basal dendrites (f value = 90.24, P value< 0.0001) of CA3 and dentate gyrus(f value = 107,

P value< 0.0001) were significantly increased in the trained group in comparison to the

untrained and cage controls as shown in Figs 4C (CA3 apical), 5C (CA3 basal) and 6C for den-

tate gyrus.

Fig 4. Spinemorphology of CA3 apical dendrites. (A) Graphical representation of spine density/30μm of apical dendrites of CA3 subarea; (B)
Representative images of DIL dye staining of apical dendrites of CA3 subareawhere the mushroom spines are represented by yellow colour, thin spines by
blue colour, branched spines by white colour and stubby spines by green colour; (scale bar = 20 μm); (C) Graphical representation of percentage of
branched, thin, mushroom and stubby spines per total spines of apical dendrites of CA3 subarea;(D) Negative Spearman Correlation of spine density/30μm
of apical dendrites of CA3 subarea with working memory error (WME) (r = -0.72, p = 0.04; r ranges from -1 to 0 to +1 where -1 = 100% negative correlation,
0 = no correlation and +1 = 100% positive correlation).

doi:10.1371/journal.pone.0139739.g004
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The percentage of stubby spines were decreased in the trained and untrained groups in com-

parison to the cage control in CA3 apical dendrites (f value = 4.098, P value = 0. 185) and in a

basal CA3 area (f value = 9. 363, P value = 0.0001) and in the dentate gyrus (f value = 4.995,

P value = 0. 008) as shown in Figs 4C (for apical CA3 dendrites), 5C (for basal CA3 dendrites)

and 6C (for dentate gyrus dendrites).

Thus, CA3 and dentate gyrus show the same trend as that of the CA1 area where the num-

ber of mushroom spines was increased following training.

Fig 5. Spinemorphology of CA3 basal dendrites. (A) Graphical representation of spine density/30μm of basal dendrites of CA3 subarea; (B)
Representative images of DIL dye staining of basal dendrites of CA3 subarea (scale bar = 20 μm);(C) Graphical representation of percentage of branched,
thin, mushroom and stubby spines per total spines of basal dendrites of CA3 subarea; (D) Negative Spearman Correlation of spine density/30μm of basal
dendrites of CA3 subarea with working memory error (WME) (r = -0.72, p = 0.04); (E) Negative Spearman correlation of spine density/30 μm of basal
dendrites of CA3 subarea with latency (r = -0.78, p = 0.01, r ranges from -1 to 0 to +1 where -1 = 100% negative correlation, 0 = no correlation and +1 = 100%
positive correlation); (J) Negative Spearman Correlation of spine density/30μm of basal dendrites of CA3 subarea with reference memory error (r = -0.71,
p = 0.04); Statistical evaluation was carried out by multi-comparison one-way ANOVA followed by post-hoc Bonferroni's test. Data is provided as mean±SD
(*P < 0.05;**P� 0.01 ***P < 0.001; ****P < 0.0001)].

doi:10.1371/journal.pone.0139739.g005
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CA3 basal dendritic spines were negatively correlated to WME and
latency

In order to establish a link between dendritic spine density and the training in RAM, spine den-

sity was correlated with the WME and latency. CA3 apical (r = -0.72, p = 0.04, n = 8) and

basal (r = -0.71, p = 0.04,n = 8) dendritic spines were negatively correlated with WMEs as

shown in Figs 4D and 5D. In addition, the basal spine density in CA3 (r = -0.78, p = 0.01,

n = 8) was negatively correlated with corresponding latency as shown in Fig 5E. The

Fig 6. Spinemorphology of molecular layer of dentate gyrus. (A) Graphical representation of spine density/30μm of molecular layer of dentate gyrus; (B)
Representative images of DIL dye staining of of molecular layer of dentate gyrussubarea where the mushroom spines are represented by yellow colour, thin
spines by blue colour, branched spines by white colour and stubby spines by green colour (scale bar = 20 μm); (C) Graphical representation of percentage of
branched, thin, mushroom and stubby spines per total spines of molecular layer of dentate gyrus; Statistical evaluation was carried out by multi-comparison
one-way ANOVA followed by post-hoc Bonferroni's test. Data is provided as mean±SD (*P < 0.05;**P� 0.01 ***P < 0.001; ****P < 0.0001).]

doi:10.1371/journal.pone.0139739.g006

Spatial andWorking Memory Is Linked to Spine Density

PLOS ONE | DOI:10.1371/journal.pone.0139739 October 15, 2015 11 / 15



corresponding correlations indicate that spine densities of basal dendrites are associated with

RAM performance.

Discussion

The increase in spine density on pyramidal neurons indicates an increase of excitatory synapses

as it was previously reported that an increase in the spine density refers to increase in number

of excitatory synapses per neuron associated with the task [20, 21]. Although it has been

shown that spine density following spatial learning task was significantly increased in CA1 [20,

21], there are no published data showing increased spine density after a performance in the

RAM during memory encoding. It was observed that spine density was increased six hours fol-

lowing RAM task in CA1 and the CA3 sub area of the hippocampus. The RAM is a complex

memory paradigm comprising many components as working memory, spatial memory and

long-term memory. Involvement of the hippocampus in working memory has been reported

[23], however, increased dendritic complexity following working memory in the hippocampus

is reported in CA1 where only spine count was analyzed showing increased spine density fol-

lowing consolidation of working memory [24].

In this context the use of the RAM could offer advantages as the increase of synapse is not

only following spatial memory but following an intricate paradigm as it is more commonly

used to check memory performance for testing spatial working memory and spatial reference

error. The observed increase of excitatory synapses in CA1 and CA3 may have resulted in

increased synaptic plasticity that in turn represents the basis for learning and memory mecha-

nisms during the acquisition of complex memory in RAM performance.

The numbers of dendritic spines increase in both, apical and basal dendrites in CA1 and

CA3 sub area suggests that these synapses show equal propensity for RAM performance as it

was previously shown that the basal and apical dendritic synapses showed equal propensity for

an input-specific LTP [25].

Traditionally, spine morphology was mainly analyzed using the Golgi-Cox method which

has several limitations. The Golgi method provides uneven, low frequency staining, which con-

sequences in the uncertainty of a selection bias. Thus use of florescent marker as DIL staining

overcomes these limitations and makes the technique more reliable [26].

The spine density of CA1 and CA3 and corresponding correlations between WMEs estab-

lished a link between spine density and working memory. In addition, corresponding correla-

tions with latency and CA3 reveals direct significance between memory performance and spine

count.

The spine morphology analysis revealed that CA1, CA3 and dentate gyrus showed the same

trend of Results for different spine types. Although spine morphology and spine dynamics is

studied, the mechanism behind some spine types is still unknown. It is proposed that dendritic

spines are modified within minutes that may correspond to the consolidation of initial memo-

ries, whereas increased dendritic spine density after longer periods of time may be part of a

type of continued plasticity necessary for storage of long term memories [27]. It is shown that

acquisition of spatial task showed transient synaptic changes in the CA1 area [28], however,

the spine morphology followed after acquisition of memory following RAM performance is

not studied.

It was demonstrated that branched spines were increased in the untrained animals on apical

and basal dendrites of CA1 and CA3 and on molecular layer of dentate gyrus. The dendritic

branching or splitting of spines with two heads on the same presynaptic button is proposed to

be essential for increased synaptic plasticity in LTP but the underlying mechanism is still elu-

sive[29]. On contrary, branching was lower in trained than in untrained animals, i.e. at
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memory acquisition, which is not a contradiction as branching was studied in a spatial memory

paradigm and no LTP was measured [30] and, moreover, the branching mechanism is not

known.

It was demonstrated that number of thin spines were decreased on CA1, CA3 and dentate

gyrus dendrites. Thin spines are proposed to be transient spines, that are mainly known as

‘learning spines’ and are mainly increased during the acquisition of the task [22]. The RAM

performance task consists of ten days training and on day 10 acquisition of memory was

assessed. However number of thin spines where decreased in the trained animals doesn’t con-

tradicts the results as still there there is no direct evidence to support this idea [31]. This future

findings are needed to study spine dynamics.

The increase in mushroom spines (which have been proposed to be “memory spines” [22]

in the CA1,CA3 and dentate gyrus, may complement information on spine numbers and verify

that mice memorized and acquired the task. The mushroom spines are known to have larger

postsynaptic densities and were proposed to recruit more α-Amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid (AMPA) receptors [32].

Stubby spines were increased in cage control in studied areas of hippocampus, however, the

dynamics of stubby spines is not well understood but they are mainly considered to be imma-

ture spines [22].

The changes of spine types in CA3 and dentate gyrus is confirmatory as it is known that the

dentate gyrus plays a significant role in RAM performance [33],[34]. Moreover, lesions of den-

tate gyrus and CA3 have shown to impair spatial memory tasks [35]. The changes in spine

morphology in sub areas of hippocampus may represent activation of the tri-synpatic loop.

Conclusion

Taken together, the results demonstrate that spine density was increased paralleling RAM per-

formance and increased excitatory synapses were observed during spatial memory formation.

The increase in mushroom spines may confirm that mushroom spines are "memory spines".

The spine density increase in the individual areas of the hippocampus may point to importance

of these areas in the RAM performance task. In addition to previous work it was shown that

increased spine density is not only following spatial learning but is directly linked to perfor-

mance (working memory errors and latency) in the RAM.

The method may be used as a morphological correlate for learning and memory studies and

may be even used for evaluation of cognitive enhancement in neuropharmacological settings.

Supporting Information

S1 Fig. (A) Reference memory error (RME) curve and (B) DIL dye staining image.

(TIF)

S1 Table. Statistical analysis of spine density.

(DOCX)

S2 Table. Statistical analysis of types of spine of CA1 sub area.

(DOCX)

S3 Table. Statistical analysis of types of spine of CA3 sub area.

(DOCX)

S4 Table. Statistical analysis of types of spine of dentate gyrus.

(DOCX)

Spatial andWorking Memory Is Linked to Spine Density

PLOS ONE | DOI:10.1371/journal.pone.0139739 October 15, 2015 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139739.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139739.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139739.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139739.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139739.s005


Author Contributions

Conceived and designed the experiments: GL. Performed the experiments: RRM SS YDA AS.

Analyzed the data: SS. Contributed reagents/materials/analysis tools: GL RRMMG. Wrote the

paper: GL SS. Performed imaging: RRM. Performed imaging and blind analysis: SS. Animals

experiments: YDA AS. Contributed in financing Rasha Refaat Mahmmoud’s work: MM.

Supervised animal work: HH.

References
1. Leuner B, Falduto J, Shors TJ. Associative memory formation increases the observation of dendritic

spines in the hippocampus. J Neurosci. 2003; 23(2):659–65. Epub 2003/01/21. 23/2/659 [pii]. PMID:
12533625; PubMed Central PMCID: PMC2740640.

2. Leuner B, Shors TJ. New spines, newmemories. Mol Neurobiol. 2004; 29(2):117–30. doi: 10.1385/
MN:29:2:117 PMID: 15126680; PubMed Central PMCID: PMC3279151.

3. Moser MB, Trommald M, Andersen P. An increase in dendritic spine density on hippocampal CA1 pyra-
midal cells following spatial learning in adult rats suggests the formation of new synapses. Proc Natl
Acad Sci U S A. 1994; 91(26):12673–5. PMID: 7809099; PubMed Central PMCID: PMC45501.

4. Bliss TV, Lomo T. Long-lasting potentiation of synaptic transmission in the dentate area of the anaes-
thetized rabbit following stimulation of the perforant path. J Physiol. 1973; 232(2):331–56. PMID:
4727084; PubMed Central PMCID: PMC1350458.

5. Tulving E, Markowitsch HJ. Episodic and declarative memory: role of the hippocampus. Hippocampus.
1998; 8(3):198–204. Epub 1998/07/14. doi: 10.1002/(SICI)1098-1063(1998)8:3&lt;198::AID-
HIPO2&gt;3.0.CO;2-G PMID: 9662134.

6. Eichenbaum H. The hippocampus and declarative memory: cognitive mechanisms and neural codes.
Behav Brain Res. 2001; 127(1–2):199–207. Epub 2001/11/24. S0166432801003655 [pii]. PMID:
11718892.

7. Eichenbaum H. Hippocampus: cognitive processes and neural representations that underlie declara-
tive memory. Neuron. 2004; 44(1):109–20. doi: 10.1016/j.neuron.2004.08.028 PMID: 15450164.

8. Jedlicka P, Vlachos A, Schwarzacher SW, Deller T. A role for the spine apparatus in LTP and spatial
learning. Behav Brain Res. 2008; 192(1):12–9. Epub 2008/04/09. doi: 10.1016/j.bbr.2008.02.033
S0166-4328(08)00105-8 [pii]. PMID: 18395274.

9. Beltran-Campos V, Prado-Alcala RA, Leon-Jacinto U, Aguilar-Vazquez A, Quirarte GL, Ramirez-
Amaya V, et al. Increase of mushroom spine density in CA1 apical dendrites produced by water maze
training is prevented by ovariectomy. Brain Res. 2011; 1369:119–30. Epub 2010/11/13. doi: 10.1016/j.
brainres.2010.10.105 S0006-8993(10)02448-0 [pii]. PMID: 21070752.

10. Eilam-Stock T, Serrano P, Frankfurt M, Luine V. Bisphenol-A impairs memory and reduces dendritic
spine density in adult male rats. Behav Neurosci. 2012; 126(1):175–85. Epub 2011/10/19. doi: 10.
1037/a0025959 2011-23882-001 [pii]. PMID: 22004261; PubMed Central PMCID: PMC3266453.

11. Toni N, Buchs PA, Nikonenko I, Bron CR, Muller D. LTP promotes formation of multiple spine synapses
between a single axon terminal and a dendrite. Nature. 1999; 402(6760):421–5. doi: 10.1038/46574
PMID: 10586883.

12. Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H. Structural basis of long-term potentiation in single
dendritic spines. Nature. 2004; 429(6993):761–6. Epub 2004/06/11. doi: 10.1038/nature02617
nature02617 [pii]. PMID: 15190253; PubMed Central PMCID: PMC4158816.

13. Bosch M, Hayashi Y. Structural plasticity of dendritic spines. Curr Opin Neurobiol. 2012; 22(3):383–8.
Epub 2011/10/04. doi: 10.1016/j.conb.2011.09.002 S0959-4388(11)00146-2 [pii]. PMID: 21963169;
PubMed Central PMCID: PMC4281347.

14. Yuste R, Bonhoeffer T. Morphological changes in dendritic spines associated with long-term synaptic
plasticity. Annu Rev Neurosci. 2001; 24:1071–89. Epub 2001/08/25. doi: 10.1146/annurev.neuro.24.1.
1071 24/1/1071 [pii]. PMID: 11520928.

15. Levin ED, Timofeeva OA, Yang L, Petro A, Ryde IT, Wrench N, et al. Early postnatal parathion expo-
sure in rats causes sex-selective cognitive impairment and neurotransmitter defects which emerge in
aging. Behav Brain Res. 2010; 208(2):319–27. doi: 10.1016/j.bbr.2009.11.007 PMID: 20015457;
PubMed Central PMCID: PMC2831164.

16. Kim BG, Dai HN, McAtee M, Vicini S, Bregman BS. Labeling of dendritic spines with the carbocyanine
dye DiI for confocal microscopic imaging in lightly fixed cortical slices. J Neurosci Methods. 2007; 162
(1–2):237–43. doi: 10.1016/j.jneumeth.2007.01.016 PMID: 17346799; PubMed Central PMCID:
PMC2692721.

Spatial andWorking Memory Is Linked to Spine Density

PLOS ONE | DOI:10.1371/journal.pone.0139739 October 15, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12533625
http://dx.doi.org/10.1385/MN:29:2:117
http://dx.doi.org/10.1385/MN:29:2:117
http://www.ncbi.nlm.nih.gov/pubmed/15126680
http://www.ncbi.nlm.nih.gov/pubmed/7809099
http://www.ncbi.nlm.nih.gov/pubmed/4727084
http://dx.doi.org/10.1002/(SICI)1098-1063(1998)8:3&lt;198::AID-HIPO2&gt;3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-1063(1998)8:3&lt;198::AID-HIPO2&gt;3.0.CO;2-G
http://www.ncbi.nlm.nih.gov/pubmed/9662134
http://www.ncbi.nlm.nih.gov/pubmed/11718892
http://dx.doi.org/10.1016/j.neuron.2004.08.028
http://www.ncbi.nlm.nih.gov/pubmed/15450164
http://dx.doi.org/10.1016/j.bbr.2008.02.033
http://www.ncbi.nlm.nih.gov/pubmed/18395274
http://dx.doi.org/10.1016/j.brainres.2010.10.105
http://dx.doi.org/10.1016/j.brainres.2010.10.105
http://www.ncbi.nlm.nih.gov/pubmed/21070752
http://dx.doi.org/10.1037/a0025959
http://dx.doi.org/10.1037/a0025959
http://www.ncbi.nlm.nih.gov/pubmed/22004261
http://dx.doi.org/10.1038/46574
http://www.ncbi.nlm.nih.gov/pubmed/10586883
http://dx.doi.org/10.1038/nature02617
http://www.ncbi.nlm.nih.gov/pubmed/15190253
http://dx.doi.org/10.1016/j.conb.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21963169
http://dx.doi.org/10.1146/annurev.neuro.24.1.1071
http://dx.doi.org/10.1146/annurev.neuro.24.1.1071
http://www.ncbi.nlm.nih.gov/pubmed/11520928
http://dx.doi.org/10.1016/j.bbr.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20015457
http://dx.doi.org/10.1016/j.jneumeth.2007.01.016
http://www.ncbi.nlm.nih.gov/pubmed/17346799


17. Dumitriu D, Rodriguez A, Morrison JH. High-throughput, detailed, cell-specific neuroanatomy of den-
dritic spines using microinjection and confocal microscopy. Nat Protoc. 2011; 6(9):1391–411. doi: 10.
1038/nprot.2011.389 PMID: 21886104; PubMed Central PMCID: PMC3566769.

18. Rodriguez A, Ehlenberger DB, Dickstein DL, Hof PR, Wearne SL. Automated three-dimensional detec-
tion and shape classification of dendritic spines from fluorescence microscopy images. PLoS One.
2008; 3(4):e1997. doi: 10.1371/journal.pone.0001997 PMID: 18431482; PubMed Central PMCID:
PMC2292261.

19. Wearne SL, Rodriguez A, Ehlenberger DB, Rocher AB, Henderson SC, Hof PR. New techniques for
imaging, digitization and analysis of three-dimensional neural morphology on multiple scales. Neurosci-
ence. 2005; 136(3):661–80. doi: 10.1016/j.neuroscience.2005.05.053 PMID: 16344143.

20. Harris KM, Jensen FE, Tsao B. Three-dimensional structure of dendritic spines and synapses in rat hip-
pocampus (CA1) at postnatal day 15 and adult ages: implications for the maturation of synaptic physiol-
ogy and long-term potentiation. J Neurosci. 1992; 12(7):2685–705. PMID: 1613552.

21. Bourne JN, Harris KM. Coordination of size and number of excitatory and inhibitory synapses results in
a balanced structural plasticity along mature hippocampal CA1 dendrites during LTP. Hippocampus.
2011; 21(4):354–73. doi: 10.1002/hipo.20768 PMID: 20101601; PubMed Central PMCID:
PMC2891364.

22. Bourne J, Harris KM. Do thin spines learn to be mushroom spines that remember? Curr Opin Neurobiol.
2007; 17(3):381–6. doi: 10.1016/j.conb.2007.04.009 PMID: 17498943.

23. Leszczynski M. How does hippocampus contribute to working memory processing? Frontiers in
Human Neuroscience. 2011; 5. doi: 10.3389/fnhum.2011.00168

24. Wartman BC, Holahan MR. The impact of multiple memory formation on dendritic complexity in the hip-
pocampus and anterior cingulate cortex assessed at recent and remote time points. Front Behav Neu-
rosci. 2014; 8:128. Epub 2014/05/06. doi: 10.3389/fnbeh.2014.00128 PMID: 24795581; PubMed
Central PMCID: PMC4001003.

25. Andersen P, Silfvenius H, Sundberg SH, Sveen O. A comparison of distal and proximal dendritic synap-
ses on CAi pyramids in guinea-pig hippocampal slices in vitro. J Physiol. 1980; 307:273–99. PMID:
7205666; PubMed Central PMCID: PMC1283045.

26. Staffend NA, Meisel RL. DiOlistic Labeling of Neurons in Tissue Slices: A Qualitative and Quantitative
Analysis of Methodological Variations. Front Neuroanat. 2011; 5:14. Epub 2011/03/24. doi: 10.3389/
fnana.2011.00014 PMID: 21427781; PubMed Central PMCID: PMC3049322.

27. Kasai H, Fukuda M,Watanabe S, Hayashi-Takagi A, Noguchi J. Structural dynamics of dendritic spines
in memory and cognition. Trends Neurosci. 2010; 33(3):121–9. Epub 2010/02/09. doi: 10.1016/j.tins.
2010.01.001 S0166-2236(10)00002-0 [pii]. PMID: 20138375.

28. Miranda R, Blanco E, Begega A, Santin LJ, Arias JL. Reversible changes in hippocampal CA1 synap-
ses associated with water maze training in rats. Synapse. 2006; 59(3):177–81. Epub 2005/12/13. doi:
10.1002/syn.20229 PMID: 16342058.

29. Harris KM, Fiala JC, Ostroff L. Structural changes at dendritic spine synapses during long-term potenti-
ation. Philos Trans R Soc Lond B Biol Sci. 2003; 358(1432):745–8. doi: 10.1098/rstb.2002.1254 PMID:
12740121; PubMed Central PMCID: PMC1693146.

30. Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation in the hippocampus.
Nature. 1993; 361(6407):31–9. doi: 10.1038/361031a0 PMID: 8421494.

31. Hung AY, Futai K, Sala C, Valtschanoff JG, Ryu J, Woodworth MA, et al. Smaller dendritic spines,
weaker synaptic transmission, but enhanced spatial learning in mice lacking Shank1. J Neurosci. 2008;
28(7):1697–708. Epub 2008/02/15. doi: 10.1523/JNEUROSCI.3032-07.2008 28/7/1697 [pii]. PMID:
18272690; PubMed Central PMCID: PMC2633411.

32. Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, Iino M, Kasai H. Dendritic spine geometry is crit-
ical for AMPA receptor expression in hippocampal CA1 pyramidal neurons. Nat Neurosci. 2001; 4
(11):1086–92. Epub 2001/11/01. doi: 10.1038/nn736 nn736 [pii]. PMID: 11687814; PubMed Central
PMCID: PMC4229049.

33. McNaughton BL, Barnes CA, Meltzer J, Sutherland RJ. Hippocampal granule cells are necessary for
normal spatial learning but not for spatially-selective pyramidal cell discharge. Exp Brain Res. 1989; 76
(3):485–96. PMID: 2792242.

34. Jeltsch H, Bertrand F, Lazarus C, Cassel JC. Cognitive performances and locomotor activity following
dentate granule cell damage in rats: role of lesion extent and type of memory tested. Neurobiol Learn
Mem. 2001; 76(1):81–105. doi: 10.1006/nlme.2000.3986 PMID: 11525255.

35. Lassalle JM, Bataille T, Halley H. Reversible inactivation of the hippocampal mossy fiber synapses in
mice impairs spatial learning, but neither consolidation nor memory retrieval, in the Morris navigation
task. Neurobiol Learn Mem. 2000; 73(3):243–57. doi: 10.1006/nlme.1999.3931 PMID: 10775494.

Spatial andWorking Memory Is Linked to Spine Density

PLOS ONE | DOI:10.1371/journal.pone.0139739 October 15, 2015 15 / 15

http://dx.doi.org/10.1038/nprot.2011.389
http://dx.doi.org/10.1038/nprot.2011.389
http://www.ncbi.nlm.nih.gov/pubmed/21886104
http://dx.doi.org/10.1371/journal.pone.0001997
http://www.ncbi.nlm.nih.gov/pubmed/18431482
http://dx.doi.org/10.1016/j.neuroscience.2005.05.053
http://www.ncbi.nlm.nih.gov/pubmed/16344143
http://www.ncbi.nlm.nih.gov/pubmed/1613552
http://dx.doi.org/10.1002/hipo.20768
http://www.ncbi.nlm.nih.gov/pubmed/20101601
http://dx.doi.org/10.1016/j.conb.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17498943
http://dx.doi.org/10.3389/fnhum.2011.00168
http://dx.doi.org/10.3389/fnbeh.2014.00128
http://www.ncbi.nlm.nih.gov/pubmed/24795581
http://www.ncbi.nlm.nih.gov/pubmed/7205666
http://dx.doi.org/10.3389/fnana.2011.00014
http://dx.doi.org/10.3389/fnana.2011.00014
http://www.ncbi.nlm.nih.gov/pubmed/21427781
http://dx.doi.org/10.1016/j.tins.2010.01.001
http://dx.doi.org/10.1016/j.tins.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20138375
http://dx.doi.org/10.1002/syn.20229
http://www.ncbi.nlm.nih.gov/pubmed/16342058
http://dx.doi.org/10.1098/rstb.2002.1254
http://www.ncbi.nlm.nih.gov/pubmed/12740121
http://dx.doi.org/10.1038/361031a0
http://www.ncbi.nlm.nih.gov/pubmed/8421494
http://dx.doi.org/10.1523/JNEUROSCI.3032-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18272690
http://dx.doi.org/10.1038/nn736
http://www.ncbi.nlm.nih.gov/pubmed/11687814
http://www.ncbi.nlm.nih.gov/pubmed/2792242
http://dx.doi.org/10.1006/nlme.2000.3986
http://www.ncbi.nlm.nih.gov/pubmed/11525255
http://dx.doi.org/10.1006/nlme.1999.3931
http://www.ncbi.nlm.nih.gov/pubmed/10775494

